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FOREWORD 

ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the 
American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub
lished at all. Papers are reviewed critically according to ACS 
editorial standards and receive the careful attention and proc
essing characteristic of ACS publications. Volumes in the 
ADVANCES IN CHEMISTRY SERIES maintain the integrity of the 
symposia on which they are based; however, verbatim repro
ductions of previously published papers are not accepted. 
Papers may include reports of research as well as reviews since 
symposia may embrace both types of presentation. 
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PREFACE 

DURING RECENT YEARS, the study of biological redox components has 
intensified and broadened to include a large number of researchers 
outside the traditional biochemistry areas. Papers on biological redox 
components now regularly appear in such diverse journals as Analytical 
Chemistry, Biochemistry, Inorganic Chemistry, Journal of the Electro-
chemical Society, Journal of Electroanalytical Chemistry, and Bioelectro-
chemistry and Bioenergetics, as well as the more broad-based Journal of 
the American Chemical Society. The Society of Bioelectrochemistry, 
which consists of chemists, biochemists, and physiologists, was founded 
in 1980, and a Gordon Research Conference was started the same year 
in the area of bioelectrochemistry. In addition, numerous symposia are 
now regularly held in Europe and in the United States on topics described 
as bioelectrochemistry, biological electrochemistry, bioanalytical chem
istry, bioinorganic chemistry, inorganic biochemistry, and biomimetic 
chemistry. 

The main purpose of the symposium on which this volume is based 
was to bring together both technique and problem-oriented people from 
many of the above areas. It was hoped that the symposium would stimu
late an exchange of ideas by bringing together investigators from diverse 
backgrounds who were working on closely related topics. Thus, analyti
cal, inorganic, physical, and organic chemists, as well as biochemists 
were included as speakers. 

This volume contains 29 chapters and covers such topics as electron 
transfer in porphyrins, heme proteins, cytochrome oxidase, and copper 
proteins. Model systems for the primary photochemical events of photo
synthesis, the electrochemistry of reduced pterin cofactors, and the elec
trochemistry of molecular oxygen and superoxide are also covered. In 
addition, novel aspects of electron transfer kinetic theory, thin layer 
spectroelectrochemistry, NMR spectroscopy, magnetic circular dichroism 
and surface enhanced Raman spectroscopy are presented in the context 
of biological redox reactions. The presentations include reviews as well 
as reports of original research. 

All of the authors in this collection are leading experts from aca
demic and government research laboratories. Two papers are from 
Canadian laboratories, four are from European laboratories, and one is 
from a Japanese laboratory. The varied backgrounds of the authors and 

xi 
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the balanced range of topics make this volume useful to both students 
and active researchers in the field. 

A grant from the Petroleum Research Fund and financial support 
from the Analytical Chemistry Division of the American Chemical 
Society provided travel funds, which made participation in the confer
ence possible for six speakers from Europe and Japan. I also owe thanks 
to the authors who were extremely prompt in meeting the many dead
lines I imposed upon them. 

KARL M. KADISH 
University of Houston 
Houston, Texas 77004 

July 2, 1982 

xi i 
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1 

Studies of Biological Redox Systems by 
Thin-Layer Electrochemical 
Techniques 

WILLIAM R. HEINEMAN, C. WILLIAM ANDERSON, 1 

H. BRIAN HALSALL, MARILYN M. HURST,2 JAY M. JOHNSON,3 

GEORGE P. KREISHMAN, BARBARA J. NORRIS,4 

MICHAEL J. SIMONE, and CHIH-HO SU5 

University of Cincinnati, Department of Chemistry, Cincinnati, OH 45221 

Thin-layer electrochemical techniques were developed 
for measuring E°' and n-values of biological redox sys
tems. A spectropotentiostatic method combines optical 
measurements of the biocomponent with potential con
trol of a thin solution layer. Coupling of the biocom
ponent to the electrode potential is achieved by chemical 
modification of the electrode or by addition of a 
mediator-titrant. The temperature dependence of E°' is 
determined easily. This condition is exemplified by 
cytochrome c for which measurements were sufficiently 
precise to resolve a nonlinear behavior in the E°' temper
ature dependence. Biocomponents with no observable 
optical properties can be studied by thin-layer pulse 
coulometry and thin-layer staircase coulometry. In these 
techniques, E°' and n are determined by measuring 
charge as a function of potential. The activity of galac
tose oxidase was measured while simultaneously con
trolling its oxidation state. The oxidation state is con
trolled by a gold electrode (coupled with ferricyanide as 
a mediator-titrant) in a thin-layer cell with a peroxide 
electrode inserted in one side. The relative activity of the 
enzyme is monitored by measuring peroxide production 
from the enzyme-catalyzed reaction of substrate. 

1 Current address: Duke University, Department of Chemistry, Durham, NC 27706 
2 Current address: University of North Carolina at Greensboro, Department of 

Chemistry, Greensboro, NC 27412 
3 Current address: Yellow Springs Instrument Co., Yellow Springs, OH 45387 
4 Current address: Abbott Laboratories, North Chicago, IL 60064 
5 Current address: University of Houston, Department of Chemistry, Houston, TX 

77004 

0065-2393/82/0201-0001$06.25/0 
© 1982 American Chemical Society 
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2 BIOLOGICAL REDOX COMPONENTS 

Investigating the r e d o x characteristics o f b i o l o g i c a l r e d o x systems is 
i m p o r t a n t for u n d e r s t a n d i n g b i o l o g i c a l processes s u c h as o x i d a t i v e 

p h o s p h o r y l a t i o n a n d pho tosyn thes i s ( J , 2 ) . T h e m e a s u r e m e n t o f f o r m a l 
r e d u c t i o n p o t e n t i a l s ( Ε ° ' ) a n d e l e c t r o n transfer s t o i c h i o m e t r i c s (re
va lues ) is a s ign i f i can t a spec t o f these i nves t i ga t i ons . M a n y b i o l o g i c a l 
s p e c i e s s u c h as c y t o c h r o m e s (3, 4) a n d f e r r edox ins (5) u n d e r g o he tero
g e n e o u s e l e c t r o n transfer v e r y s l o w l y or i r r e v e r s i b l y . S u c h b e h a v i o r is 
u s u a l l y a t t r i b u t a b l e to severe adso rp t ion o f the b i o c o m p o n e n t or to 
i n s u l a t i o n o f the r e d o x cen te r f rom the e l e c t r o d e b y the s u r r o u n d i n g 
p r o t e i n s t ruc tu re . T h e s e b i o l o g i c a l spec i e s are d i f f i cu l t to s t u d y b y 
c o n v e n t i o n a l e l e c t r o c h e m i c a l m e t h o d s s u c h as c y c l i c v o l t a m m e t r y . 

S p e c t r o e l e c t r o c h e m i c a l t e c h n i q u e s b a s e d o n m e d i a t o r - t i t r a n t s (6) 
h a v e b e e n d e v e l o p e d a n d e f f ec t i ve ly u s e d to m e a s u r e the E°' a n d 
η - v a l u e s for b i o l o g i c a l sys t ems that e x h i b i t i r r e v e r s i b l e e l e c t r o c h e m i 
c a l b e h a v i o r . T h e i n d i r e c t c o u l o m e t r i c t i t r a t ion m e t h o d w a s a p p l i e d to 
the s t u d y o f c y t o c h r o m e c (7), c y t o c h r o m e c o x i d a s e (8-12), i n t ac t 
m i t o c h o n d r i a , a n d s u b m i t o c h o n d r i a l pa r t i c l e s (13). S o l u b l e s p i n a c h 
f e r r e d o x i n a l so w a s s t u d i e d b y th is t e c h n i q u e (14). M e t h o d s b a s e d on 
the t h i n - l a y e r e l e c t r o d e w e r e a p p l i e d to the s t u d y o f c y t o c h r o m e c (3, 
15), m y o g l o b i n (15), a n d ga lac tose o x i d a s e (16). T h e s e t h i n - l a y e r e l e c 
t r o c h e m i c a l t e c h n i q u e s are d e s c r i b e d a n d d i s c u s s e d i n this chap te r . 

Thin-Layer Cells 

A t h i n - l a y e r e l e c t r o c h e m i c a l c e l l conf ines a t h i n s o l u t i o n l a y e r 
adjacent to one or m o r e e l ec t rodes (17). T h e t h i c k n e s s o f th is l a y e r is 
t y p i c a l l y less t h a n 0.3 m m . C o m p l e t e e l e c t r o l y s i s o f e l e c t r o a c t i v e 
spec i e s o c c u r s r a p i d l y as a r e su l t o f the short d i f fus iona l p a t h w i t h i n 
the t h i n s o l u t i o n l aye r . T h i s feature enab l e s r a p i d c o n v e r s i o n o f r e d o x 
c o u p l e o x i d a t i o n states t h r o u g h o u t the t h i n l a y e r b y a p p r o p r i a t e p o t e n 
t i a l c o n t r o l o f the w o r k i n g e l e c t r o d e . T h e e l e c t r o c h e m i c a l t e c h n i q u e s 
d e s c r i b e d here are a l l b a s e d o n this feature o f r a p i d e l e c t r o l y s i s . 

A n o p t i c a l l y t ransparen t t h i n - l a y e r e l e c t r o d e ( O T T L E ) conf ines a 
t h i n l a y e r o f s o l u t i o n adjacent to an e l e c t r o d e that is t ransparen t to 
l i g h t (18). T h i s a r r a n g e m e n t enab les spec t r a l a n d 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 to b e m a d e s i m u l t a n e o u s l y on the t h i n s o l u t i o n l a y e r b y 
an o p t i c a l b e a m p a s s i n g t h r o u g h b o t h s o l u t i o n a n d e l e c t r o d e . 

A n e a s i l y c o n s t r u c t e d O T T L E is the g o l d m i n i g r i d s a n d w i c h e d 
b e t w e e n t w o m i c r o s c o p e s l i d e s w i t h T e f l o n tape spacers , as s h o w n i n 
F i g u r e 1 (3). S o l u t i o n is d r a w n f rom the r e se rvo i r c u p i n t o the t h i n 
l a y e r b y s u c t i o n at the top o f the c e l l . T h e t h i n s o l u t i o n l a y e r is t y p i 
c a l l y 0 . 2 - 0 . 3 m m t h i c k , a c o m p r o m i s e v a l u e that g ives m a x i m u m o p t i 
c a l p a t h l e n g t h w h i l e r e t a i n i n g the t h i n - l a y e r feature o f r a p i d e l e c 
t ro ly s i s . I n s u c h a c e l l o n l y a b o u t 4 0 / x L is e l e c t r o l y z e d i n the v o l u m e 
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1. HEiNEMAN ET AL. Thin-Layer Electrochemical Techniques 
3 

A Β 

Figure 1. Front (A) and side (B) views of OTTLE (3). Key: a, point of 
suction application to change solution; b, Teflon tape spacers; c, micro-
scope slides (1x3 in.); d, solution between microscopic slides; e, trans
parent gold minigrid electrode; f optical path of spectrophotometer; 
g, reference and auxiliary electrodes; h, cup containing solution. (Re

produced from Ref. 3. Copyright 1975, American Chemical Society.) 

d e f i n e d b y the a rea o f the m i n i g r i d , a l t h o u g h a f e w m i l l i l i t e r s are 
r e q u i r e d to use the c e l l . O x y g e n c a n b e e x c l u d e d , w h e n necessary , b y 
p l a c i n g the c e l l i n a p l a s t i c b o x fitted w i t h o p t i c a l w i n d o w s a n d filled 
w i t h i n e r t gas (29). S a m p l e d e o x y g e n a t i o n a n d transfer t e c h n i q u e s 
w e r e d e v e l o p e d . T h e ex t ens ive use o f th i s c e l l is a t t r i b u t a b l e to i ts 
s i m p l i c i t y a n d ease o f f ab r i ca t i on . 

T h e t ransparen t e l e c t r o d e u s e d m o s t of ten i n the O T T L E is g o l d 
m i n i g r i d (3, 18), w i t h e i the r 100 w i r e s / i n . (80% t ransparent ) or 500 
w i r e s / i n . (60% t ransparent ) . M e r c u r y c a n b e d e p o s i t e d o n the g o l d 
m i n i g r i d to e x t e n d the n e g a t i v e p o t e n t i a l r ange (20). O t h e r t r ansparen t 
e l e c t rodes s u c h as p l a t i n u m m e s h (21), t i n o x i d e (6), a n d r e t i c u l a t e d 
v i t r e o u s c a r b o n a lso w e r e u s e d (22). 

S e v e r a l O T T L E c e l l s w e r e d e v e l o p e d for use w i t h b i o l o g i c a l sys
t ems w h e r e a n a e r o b i c i t y a n d s m a l l to ta l v o l u m e are i m p o r t a n t . T h e 
c e l l s h o w n i n F i g u r e 2 r e q u i r e s less t h a n 100 μ-L to fill (23). It is e a s i l y 
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4 BIOLOGICAL REDOX COMPONENTS 

Figure 2. Small-volume OTTLE (23). Key: A, quartz cover plate; 
B, Teflon spacers; C, gold minigrid; D, quartz disk; E, plastic body; 
F, inlet syringe; G, overflow reservoir for reference and auxiliary 
electrode. (Reproduced, with permission, from Ref 23. Copyright 1979, 

Academic Press.) 

m a c h i n e d f r o m a L u c i t e b l o c k . T h e m a c h i n e d b l o c k fac i l i ta tes the 
i n t r o d u c t i o n o f s o l u t i o n b e t w e e n the q u a r t z c o v e r p l a t e a n d the d i s k 
that def ines the t h i n l aye r . C e l l s o f th is t y p e w e r e u s e d e x t e n s i v e l y i n 
o u r s tud ies o f c y t o c h r o m e c. A c e l l o f s i m i l a r d e s i g n w a s u s e d i n 
c o n j u n c t i o n w i t h l i q u i d c h r o m a t o g r a p h y (24). 

A n O T T L E that is p a r t i c u l a r l y u s e f u l for l o w t e m p e r a t u r e m e a 
su remen t s w a s r e p o r t e d (25) . A c i r c u l a t i n g , l o n g - o p t i c a l - p a t h , spec -
t r o e l e c t r o c h e m i c a l t h i n - l a y e r c e l l ( C L O S E T ) that re ta ins the fast e l e c 
t ro lys i s fea ture o f the t h i n - l a y e r c e l l , b u t has a 1-cm o p t i c a l p a t h , w a s 
d e s c r i b e d (26 , 2 7 ) . 

A s e m i p e r m e a b l e t h i n - l a y e r c e l l that enab les c o n t r o l o f the o x i d a 
t i o n state o f a r e d o x e n z y m e w h i l e s i m u l t a n e o u s l y m o n i t o r i n g the 
p r o d u c t o f subs t ra te r e a c t i o n is s h o w n i n F i g u r e 3. T h i s c e l l w a s u s e d 
to s t u d y ga lac tose o x i d a s e [ v i d e in f r a (16)]. 
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1. HEINEMAN ET AL. Thin-Layer Electrochemical Techniques 5 

Spectropotentiostatic Technique 

A spec t ropo ten t ios t a t i c t e c h n i q u e was d e v e l o p e d for d e t e r m i n i n g 
f o r m a l r e d u c t i o n po t en t i a l s , E ° ' , a n d e l e c t r o n s t o i c h i o m e t r i c s , 
η - v a l u e s , o f r e d o x c o u p l e s (3). T h e basis o f th is t e c h n i q u e is c o n t r o l o f 
the ra t io [0 ] / [R] o f the r e d o x c o u p l e i n the t h i n s o l u t i o n l a y e r b y the 
p o t e n t i a l a p p l i e d to the c e l l . T h e r e d o x c o u p l e is i n c r e m e n t a l l y c o n 
v e r t e d f rom one o x i d a t i o n state to the o ther b y a series o f a p p l i e d 
p o t e n t i a l s (E a Ppi) for w h i c h e a c h c o r r e s p o n d i n g v a l u e o f [0]/[R] is de 
t e r m i n e d f rom spec t ra . E a c h p o t e n t i a l is m a i n t a i n e d u n t i l e l e c t r o l y s i s 
ceases so that the e q u i l i b r i u m v a l u e o f [0]/[R] is e s t a b l i s h e d as d e 
fined b y the N e r n s t e q u a t i o n . F o r b i o l o g i c a l sys tems that u n d e r g o 
s l o w - e l e c t r o n t ransfer w i t h the e l e c t r o d e , a m e d i a t o r - t i t r a n t c a n b e 
a d d e d to c o n v e y e lec t rons b e t w e e n e l e c t r o d e a n d b i o c o m p o n e n t , that 
is, c o u p l e the s o l u t i o n p o t e n t i a l to the e l e c t r o d e p o t e n t i a l . R e d u c t i o n / 
o x i d a t i o n o f the b i o c o m p o n e n t is thus i n d i r e c t t h r o u g h the m e d i a t o r -
t i t ran t as s h o w n i n S c h e m e I for a r e d u c t i o n . 

Figure 3. Microscopic cross section of semipermeable thin-layer cell. 
A , 5-μ m thick porous polycarbonate support material for cellulose ace
tate membrane with pores nominally 12 μ m in diameter and a pore 
density of 1 x 10s pores I cm2. B, cellulose acetate membrane that is 
approximately 1 μ m thick and contains pores approximately 6 Â in 
diameter. C , thin layer (~4 x 10~4 cm thick) containing a 500-lpi gold 
minigrid electrode (—2.5 μ m thick). One of the Ag/AgCl electrodes 
behind the thin-layer cell is used as the reference electrode for the 
gold minigrid electrode. The other Ag/AgCl and the Pt electrode are 
used to measure H202 amperometrically. Dimensions of the electrodes 

and the pores are not to scale. 
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6 BIOLOGICAL REDOX COMPONENTS 

Scheme I 

T h e a p p l i c a b l e N e r n s t e q u a t i o n for m e d i a t o r - t i t r a n t a n d b i o c o m p o 
n e n t is 

£ a p P l - £ . + log ^ - £ . + n f t F log [ B J (1) 

w h e r e m a n d refer to the m e d i a t o r - t i t r a n t a n d the b i o c o m p o n e n t , 
r e s p e c t i v e l y ; a n d E°' a n d η are d e t e r m i n e d f r o m a N e r n s t p l o t o f the 
v a l u e s f o r E a p p I a n d the c o r r e s p o n d i n g va lue s o f [ 0 ] / [ R ] , as d e t e r m i n e d 
f rom the spec t r a r e c o r d e d for e a c h p o t e n t i a l . 

T h e spec t ropo ten t io s t a t i c t e c h n i q u e was u s e d e x t e n s i v e l y w i t h 
c y t o c h r o m e c (3, 2 3 , 28-30). T h e c y c l i c v o l t a m m o g r a m i n F i g u r e 4 
i l l u s t r a t e s the ex ten t o f i r r e v e r s i b i l i t y for c y t o c h r o m e c at a g o l d m i n i -
g r i d i n a n O T T L E . T h e a d d i t i o n o f 2 , 6 - d i c h l o r o p h e n o l i n d o p h e n o l 
( D C I P ) as a m e d i a t o r - t i t r a n t enhances the rate o f r e d u c t i o n / o x i d a t i o n 
o f c y t o c h r o m e c b y the f o l l o w i n g i n d i r e c t process at the e l e c t r o d e : 

CI 

a n d i n the so lu t ion : MR + 2 cy t c(ox) M0 + 2 cy t c(red) (3) 
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1. HEINEMAN ET AL. Thin-Layer Electrochemical Techniques 7 

Q01 mA 

OA 0.2 0 - 0 2 -0.4 

Ε, V vs. SCE 

Figure 4. Thin-layer cyclic voltammogram of 0.5 m M cytochrome c in 
0.1 M NaCl, pH 7.0 phosphate buffer. Scan rate 1 mVls. Initial scan, 

positive from —0.6 V. 

Spectra for cytochrome c (with the mediator-titrant added) for a series 
of applied potentials are shown in Figure 5. The cytochrome is fully 
oxidized at 300 mV and fully reduced at -600 mV vs. SCE. Spectra 
were recorded under conditions of equilibrium, that is, current had 
dropped to a negligible level and spectral changes had ceased. About 
10 min is required to achieve equilibrium after a potential change, 
although this time is dependent on the mediator-titrant concentration 
and the OTTLE design. Typical Nernst plots for cytochrome c at vari
ous temperatures are shown in Figure 6. Values of E°f = 262±1 mV vs. 
SHE and η = 1.00 are obtained from the intercept and the slope, re
spectively, at 25°C (3). Thus, very precise values of E°' can be obtained 
for a biological redox system that essentially is electrochemically ir
reversible at a gold electrode. 

The spectropotentiostatic technique, in conjunction with the 
OTTLE, facilitates the acquisition of thermodynamic parameters deal
ing with the temperature dependence of E°' of a biocomponent (28,29). 
The temperature of the OTTLE is easily controlled by clamping a cell 
of the type shown in Figure 2 between two water circulating thermal 
blocks. Nernst plots for cytochrome c at different temperatures are 
shown in Figure 6. The reduction potential of horse heart cytochrome 
c, in various sodium halide solutions in H2O and D2O, was measured 
over the temperature range of 25 to 50°C (28-30). All samples in D 2 0 
and samples in H 2 0 not containing chloride ion give a linear tempera
ture dependence. In aqueous chloride solutions, the temperature de-
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8 BIOLOGICAL REDOX COMPONENTS 

» ι I I I I I 1 1 L 
4 8 0 500 520 540 560 

WAVELENGTH, nm 

Figure 5. Spectra of 0.5 m M cytochrome c with 0.1 m M DCIP 
(mediator-titrant) in 0.5 M phosphate buffer, pH 7.0, for a series of 
applied potentials, vs. SCE (23). (Reproduced, with permission, from 

Ref 23. Copyright 1979, Academic Press.) 

p e n d e n c e is n o n l i n e a r w i t h a n appa ren t i n t e r s e c t i o n p o i n t at 4 2 ° C , as 
s h o w n i n F i g u r e 7. T h i s n o n l i n e a r b e h a v i o r was i n t e r p r e t e d i n t e rms o f 
a s t ruc tu ra l c h a n g e i n the b u l k w a t e r at 4 2 ° C for C 1 ~ - H 2 0 so lu t ions . I n 
th is case the g o o d p r e c i s i o n o f the spec t ropo ten t io s t a t i c t e c h n i q u e is 
essen t ia l i n d e f i n i n g the n o n l i n e a r b e h a v i o r . 
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1. HEINEMAN ET AL. Thin-Layer Electrochemical Techniques 9 

LOG I0]/[R] 

Figure 6. Nernst plots for 0.1 m M cytochrome c, 0.1 m M DC IP 
(mediator-titrant), pH 7.0, 0.1 M phosphate buffer, and 0.1 M NaCl at 
varying temperatures, °C. [0]/[R] obtained at 550 nm from spectra 
recorded in OTTLE of the type in Figure 2 (15). (Reproduced, with 

permission, from Ref. 15. Copyright 1979, Elsevier Sequoia.) 

S p e c t r o p o t e n t i o s t a t i c m e a s u r e m e n t s h a v e b e e n m a d e o n s e v e r a l 
o ther b i o c o m p o n e n t s . S p e c t r a o f m y o g l o b i n w i t h p h e n a z i n e m e t h o s u l -
fate as the m e d i a t o r - t i t r a n t gave a N e r n s t p l o t w i t h Eor = 46 .4 m V vs . 
S H E a n d η = 0 .95 (15). M e a s u r e m e n t s w e r e m a d e at v a r i o u s t e m p e r a 
tures o n the c o p p e r b l u e p ro t e in s a z u r i n , p l a s t o c y a n i n , a n d s t e l -
l a c y a n i n w i t h a p p r o p r i a t e m e d i a t o r - t i t r a n t s (31). V i t a m i n B i 2 has b e e n 
i n v e s t i g a t e d b y O T T L E m e t h o d s (21, 32-36). I n th is case, no 
m e d i a t o r - t i t r a n t s w e r e necessa ry , a l t h o u g h the e l e c t r o d e r eac t i on for 
the coba l t ( I I I ) / coba l t ( I I ) c o u p l e was v e r y s l o w (36). P h o t o s y n t h e t i c 
e l e c t r o n t ranspor t c o m p o n e n t s p r o v e d a m e n a b l e to i n v e s t i g a t i o n b y 
O T T L E t e c h n i q u e s (25). 
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10 BIOLOGICAL REDOX COMPONENTS 

TEMPERATURE, °C 

Figure 7. Temperature dependence of E°' for horse heart cytochrome 
c in 0.10 M sodium halide solutions in H20. Solutions contain 0.10 M 
sodium phosphate buffer, pH 7.0, and 0.1 mM DC1P (29). Key: O, 
Fl~; A, Cl~; Φ, Br~; and • , I~. (Reproduced, with permission,from Ref. 

29. Copyright 1978, Elsevier Sequoia.) 

A l t h o u g h i t was o r i g i n a l l y d e v e l o p e d for the s t u d y o f b i o l o g i c a l 
r e d o x c o m p o n e n t s (3), the O T T L E spec t ropo ten t ios t a t i c t e c h n i q u e is 
e q u a l l y u s e f u l for the s t u d y o f i n o r g a n i c m e t a l c o m p l e x e s (37) a n d 
o r g a n i c c o m p o u n d s (38). 

T h e advan tage o f the O T T L E spec t ropo ten t ios t a t i c t e c h n i q u e is 
the ease w i t h w h i c h the r e d o x state c a n b e c o n t r o l l e d i n the t h i n 
s o l u t i o n l aye r . R e v e r s i b l e r e d o x sys tems c a n b e c y c l e d r e p e t i t i v e l y 
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1. HEiNEMAN ET AL. Thin-Layer Electrochemical Techniques 11 
b e t w e e n o x i d a t i o n states. A d i s a d v a n t a g e is the short o p t i c a l p a t h o f 
the O T T L E , neces s i t a t i ng the use o f h i g h e r concen t ra t ions o f the 
b i o c o m p o n e n t . S i g n a l a v e r a g i n g t e c h n i q u e s a n d m u l t i p l e passes o f the 
o p t i c a l b e a m t h r o u g h the O T T L E c a n m i n i m i z e th is p r o b l e m . 

M e d i a t o r - T i t r a n t s . C o n t r o l o f the s o l u t i o n p o t e n t i a l b y 
r e d u c t i o n / o x i d a t i o n o f the b i o c o m p o n e n t v i a a m e d i a t o r - t i t r a n t (6) is 
c r u c i a l for o b t a i n i n g v a l u e s o f E°' for some b i o l o g i c a l sy s t ems (39) . F o r 
e x a m p l e , hour s ra ther t h a n m i n u t e s are r e q u i r e d to e l e c t r o l y z e c y t o 
c h r o m e c i n the O T T L E i n the absence o f a m e d i a t o r - t i t r a n t (3) . R e 
q u i r e m e n t s for an o p t i m u m m e d i a t o r - t i t r a n t for use i n the O T T L E are 
r a p i d , r e v e r s i b l e he t e rogeneous e l e c t r o n e x c h a n g e w i t h the e l e c t r o d e 
a n d h o m o g e n e o u s e l e c t r o n transfer w i t h the b i o c o m p o n e n t , s t a b i l i t y 
i n b o t h o x i d a t i o n states, absence o f s p e c t r a l p rope r t i e s that in te r fe re 
w i t h o p t i c a l l y m o n i t o r i n g the b i o c o m p o n e n t , a n d absence o f b i n d i n g 
w i t h the b i o c o m p o n e n t c a u s i n g a shif t i n E°f o f the b i o c o m p o n e n t . T h e 
p o t e n t i a l r ange o v e r w h i c h a m e d i a t o r - t i t r a n t w i l l c o n t r o l s o l u t i o n 
p o t e n t i a l was m e a s u r e d for n u m e r o u s c o m p o u n d s (39). A t y p i c a l 
m e d i a t o r - t i t r a n t w i l l c o n t r o l the s o l u t i o n p o t e n t i a l o v e r a range o f 
E0f ± 50 m V . A la rge p o t e n t i a l r ange c a n b e c o v e r e d b y m i x i n g 
m e d i a t o r - t i t r a n t s w i t h £ ° ' v a l u e s that s p a n the d e s i r e d r ange (39) . 

A n a l t e rna t i ve a p p r o a c h to the use o f m e d i a t o r - t i t r a n t s for c o u 
p l i n g the e l e c t r o d e to the b i o c o m p o n e n t is c h e m i c a l m o d i f i c a t i o n o f 
the e l e c t r o d e . A l t h o u g h r e l a t i v e l y n e w , th i s a p p r o a c h a l r e a d y has 
s h o w n p r o m i s i n g resu l t s for c y t o c h r o m e c (40), m y o g l o b i n (41), a n d 
f e r r e d o x i n (5). 

S p e c t r o s c o p i c T e c h n i q u e s . U V - v i s i b l e abso rp t ion s p e c t r o s c o p y 
was the m a i n o p t i c a l t e c h n i q u e u s e d i n c o n j u n c t i o n w i t h O T T L E s tud 
ies o f b i o l o g i c a l sys tems (3). L i g h t - i n d u c e d abso rp t ion changes , 
fluorescence y i e l d changes , a n d c i r c u l a r d i c h r o i s m a lso w e r e m e a 
s u r e d w i t h the O T T L E i n s tud ies o f p h o t o s y n t h e t i c e l e c t r o n t ranspor t 
c o m p o n e n t s (25). 

T h e fluorescence e m i s s i o n s p e c t r u m o f t r y p t o p h a n - 5 9 i n c y t o 
c h r o m e c r e c e n t l y was m e a s u r e d for the o x i d i z e d a n d r e d u c e d forms 
( F i g u r e 8) (42). B e c a u s e fluorescence u s u a l l y is sens i t ive to s m a l l e n v i 
r o n m e n t a l changes o f the fluorophor, s m a l l c o n f o r m a t i o n a l changes i n 
the p r o t e i n c a n b e d e t e c t e d . T h e fluorescence i n t e n s i t y o f the t r y p 
t o p h a n o f c y t o c h r o m e c is a t t enua t ed g rea t l y b y t w o factors: (1) effi
c i e n t e n e r g y transfer to the h e m e a n d (2) q u e n c h i n g b y other cy to 
c h r o m e c m o l e c u l e s i n s o l u t i o n . T a k i n g these t w o factors i n to accoun t , 
the o b s e r v e d ra t io o f fluorescence in t ens i t i e s for the t w o forms c a n b e 
e x p l a i n e d i f one assumes a m o v e m e n t o f the t r y p t o p h a n t o w a r d the 
h e m e o f 0.7 ± 0.3 A o n r e d u c t i o n . B e c a u s e the t w o forms o f the c y t o 
c h r o m e c w e r e g e n e r a t e d i n s i tu i n the O T T L E , this ana lys i s c o u l d b e 
c a r r i e d ou t u t i l i z i n g u n c o r r e c t e d spec t ra . I n a d d i t i o n , the l o w e r de t ec -
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12 BIOLOGICAL REDOX COMPONENTS 

3 5 0 4 0 0 4 5 0 5 0 0 

λ η η ι 

Figure 8. Thin-layer fluorescence emission spectra of tryptophan-59 
in cytochrome c. A, Reduced state, Eappl = -600 mV vs. SCE; B, 
oxidized state, Eappl = 200 mV vs. SCE. 288-nm excitation. Conditions: 
1.0 m M cytochrome c, 0.05 m M DC1P, and 0.5 M NaCl in 0.1 M phos
phate buffer, pH 7.0. (Reproduced, with permission, from Ref. 42. 

Copyright 1982, Academic Press.) 

t i o n l i m i t o f fluorescence e n a b l e s m e a s u r e m e n t s to b e m a d e o n m u c h 
l o w e r concen t ra t ions o f c y t o c h r o m e c t h a n is p o s s i b l e w i t h U V - v i s i b l e 
a b s o r p t i o n s p e c t r o s c o p y . 

Thin-Layer Pulse and Staircase Coulometry 

T w o t h i n - l a y e r e l e c t r o c h e m i c a l t e c h n i q u e s w e r e d e v e l o p e d for 
m e a s u r i n g E°' a n d η o f b i o c o m p o n e n t s w i t h s u c h w e a k s p e c t r a l 
changes that the spec t ropo ten t io s t a t i c t e c h n i q u e is i m p r a c t i c a l (43). 
T h e t w o t e c h n i q u e s d o not r e q u i r e the m e a s u r e m e n t o f o p t i c a l 
changes i n e i the r the b i o c o m p o n e n t or the m e d i a t o r - t i t r a n t . T h e y are 
b a s e d o n the c h a r g e response to p o t e n t i a l p u l s e or p o t e n t i a l s ta i rcase 
e x c i t a t i o n s igna l s . B o t h t e c h n i q u e s c a n b e u s e d w i t h the O T T L E s 
s h o w n i n F i g u r e s 1 a n d 2 . 

T h i n - L a y e r P u l s e C o u l o m e t r y . I n t h i n - l a y e r p u l s e c o u l o m e t r y , 
the e l e c t r o d e p o t e n t i a l is s t e p p e d f rom a s i n g l e i n i t i a l p o t e n t i a l , at 
w h i c h the r e d o x c o m p o n e n t ( s ) is e n t i r e l y i n one o x i d a t i o n state, to a 
series o f po t en t i a l s that c o n v e r t a n i n c r e a s i n g f rac t ion o f the r e d o x 
c o m p o n e n t ( s ) i n t o another o x i d a t i o n state. T h e e x c i t a t i o n w a v e f o r m is 
s h o w n i n F i g u r e 9 A . F o r e a c h p o t e n t i a l , the ra t io o f the concen t ra t ions 
o f o x i d i z e d to r e d u c e d forms, [ 0 ] / [ H ] , o f the r e d o x spec i e s i n the t h i n 
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1. HEINEMAN ET AL. Thin-Layer Electrochemical Techniques 13 

s o l u t i o n l a y e r adjusts b y e l e c t r o l y s i s to the v a l u e r e q u i r e d b y the 
N e r n s t e q u a t i o n (for a r e v e r s i b l e sys tem) . T h e t h i n - l a y e r e l e c t r o d e 
enab l e s the e q u i l i b r i u m [ 0 ] / [ R ] v a l u e c o r r e s p o n d i n g to e a c h p o t e n t i a l 
s tep to b e o b t a i n e d f rom the cha rge r e q u i r e d for e l e c t r o l y s i s o f the t h i n 
s o l u t i o n l aye r . T h e r ange o f the ser ies o f p o t e n t i a l s to w h i c h the e l e c 
t rode is s t e p p e d is s e l e c t e d to s p a n the EOR o f the r e d o x c o m p o n e n t so 
that charges are o b t a i n e d for the ex t r emes o f c o m p l e t e o x i d a t i o n a n d 
r e d u c t i o n as w e l l as for i n t e r m e d i a t e v a l u e s o f [ 0 ] / [ R ] . A p l o t o f the 
c h a r g e for e a c h p o t e n t i a l s t ep v s . the p o t e n t i a l to w h i c h the e l e c t r o d e 
is s t e p p e d g ives a Ç - Ε p l o t that r e s e m b l e s the t r a d i t i o n a l p o l a r o g r a m . 
T h e E°' a n d η - v a l u e s are o b t a i n e d f rom the i n t e r c e p t a n d s l o p e , re
s p e c t i v e l y , o f a N e r n s t p l o t i n the fo rm o f E q u a t i o n 4. 

w h e r e Or is the to ta l cha rge r e q u i r e d to c o n v e r t a l l o f Ο to R. 
T o o b t a i n the EOR a n d η for a n o n e l e c t r o a c t i v e b i o c o m p o n e n t , a 

Q-E p l o t is first o b t a i n e d for a m e d i a t o r - t i t r a n t w i t h a n EOR i n c l o s e 
p r o x i m i t y to the r e d o x p o t e n t i a l o f the b i o l o g i c a l s p e c i e s . S u c h a p l o t 
for the m e d i a t o r - t i t r a n t D C I P is s h o w n b y C u r v e A i n F i g u r e 10. T h e 
b i o c o m p o n e n t is t hen a d d e d to the s o l u t i o n a n d a s e c o n d Q-E p l o t is 
o b t a i n e d . T h e r e s u l t i n g p l o t for the a d d i t i o n o f c y t o c h r o m e c is s h o w n 
b y C u r v e Β i n F i g u r e 10. I n th is case , Q con ta ins the cha rge r e q u i r e d 
to e l e c t r o l y z e b o t h the m e d i a t o r - t i t r a n t ( d i r ec t e l e c t r o n e x c h a n g e w i t h 
the e l e c t r o d e ) a n d the b i o c o m p o n e n t ( i n d i r e c t e l e c t r o n e x c h a n g e b y 

£ a P pi - E°0[R + — l o g QT-Q 

Q 
(4) 

LU 

Φ 

CL 
CL 

α 

T I M E T I M E 

Figure 9. Potential excitation signals for A, thin-layer pulse coulo
metry and B, thin-layer staircase coulometry. (Reproduced from Ref. 

43. Copyright 1981, American Chemical Society.) 
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14 BIOLOGICAL REDOX COMPONENTS 

Ql 
< 

"APPLIED 

Figure 10. Charge-potential curves for thin-layer pulse coulometry. 
Conditions: A, 0.8 m M DC IP; B, 0.55 m M cytochrome c and 0.8 m M 
DCIP; and C, component of Β which is due to cytochrome c as obtained 
by the difference in Β and A. All solutions contain 0.2 M NaCl, pH 
7.0 phosphate buffer. E i n i t i a l = -0.6 V. (Reproduced from Ref. 43. Copy

right 1981, American Chemical Society.) 

h o m o g e n e o u s r eac t ion w i t h the m e d i a t o r - t i t r a n t ) to the a p p r o p r i a t e 
v a l u e o f [ 0 ] / [ f i ] as d i c t a t e d b y the i n d i v i d u a l N e r n s t equa t ions . T h e 
Q-E p l o t for the b i o c o m p o n e n t is o b t a i n e d i n d i r e c t l y f rom the differ
ence o f the a b o v e t w o Q-E p lo t s , C u r v e C i n F i g u r e 10. T h e N e r n s t 
p l o t o f C u r v e C for c y t o c h r o m e c is l i n e a r . C a l c u l a t e d v a l u e s o f E°' 
a n d η for c y t o c h r o m e c are 14 m V vs . S C E a n d 1.00, r e s p e c t i v e l y . 
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1. HEINEMAN ET AL. Thin-Layer Electrochemical Techniques 15 

T h i n - L a y e r S ta i rcase C o u l o m e t r y . I n th is t e c h n i q u e , the e l e c 
t rode p o t e n t i a l is s c a n n e d f rom a n i n i t i a l p o t e n t i a l (at w h i c h the r e d o x 
spec i e s is c o m p l e t e l y i n one o x i d a t i o n state) to a final p o t e n t i a l (at 
w h i c h the r e d o x spec i e s i n the t h i n l a y e r w a s c o n v e r t e d c o m p l e t e l y to 
ano ther o x i d a t i o n state) b y m e a n s o f a s ta i rcase w a v e f o r m as s h o w n i n 
F i g u r e 9 B . E a c h s tep is su f f ic ien t ly l o n g to a l l o w the n e w v a l u e o f 
[ 0 ] / [ R ] to b e e s t a b l i s h e d t h r o u g h o u t the t h i n l a y e r o f s o l u t i o n . T h e 
c u r r e n t a c c o m p a n y i n g e a c h p o t e n t i a l c h a n g e i n the s ta i rcase is i n t e 
g ra t ed to g i v e the v a l u e o f Q r e q u i r e d to e s t a b l i s h the n e w e q u i l i b r i u m 
v a l u e o f [ 0 ] / [ R ] . T h e va lue s o f Q are p l o t t e d as a func t ion o f the 
r e s p e c t i v e po t en t i a l s to w h i c h the e l e c t r o d e is s t e p p e d . T h e r e s u l t i n g 
Q-E c u r v e is p e a k - s h a p e d , a n a l o g o u s to a d i f f e ren t i a l p u l s e v o l t a m -
m o g r a m . T h e E°' a n d η - v a l u e s are o b t a i n e d f r o m the p e a k p o t e n t i a l 
a n d the m i d p o i n t p e a k w i d t h , Δ Ε 1 / 2 , r e s p e c t i v e l y . C a l c u l a t i o n s s h o w 
that Δ Ε 1 / 2 s h o u l d b e as f o l l o w s for a r e v e r s i b l e s y s t e m : η = 1, 9 0 m V ; 
η = 2 , 4 5 m V ; a n d η = 3 , 3 0 m V . 

M e a s u r e m e n t o f E ° ' a n d η for a b i o c o m p o n e n t s u c h as c y t o c h r o m e 
c is a c c o m p l i s h e d b y a n i n d i r e c t p r o c e d u r e a n a l o g o u s to that de 
s c r i b e d a b o v e for the p u l s e m e t h o d . A s ta i rcase v o l t a m m o g r a m for the 
m e d i a t o r - t i t r a n t D C I P a lone is s h o w n b y C u r v e A i n F i g u r e 11. C u r v e 
Β is the v o l t a m m o g r a m for a s o l u t i o n c o n t a i n i n g a concen t r a t i on o f 
D C I P i d e n t i c a l to that for C u r v e A p l u s c y t o c h r o m e c. S u b t r a c t i o n o f 
C u r v e A f r o m Β g ives C u r v e C , w h i c h is the Q-E p l o t for c y t o c h r o m e 
c. T h e p e a k p o t e n t i a l for th is v o l t a m m o g r a m is 18 m V vs . S C E . T h i s 
p o t e n t i a l agrees w e l l w i t h the v a l u e d e t e r m i n e d b y the p u l s e t e c h 
n i q u e . T h e Δ Ε 1 / 2 v a l u e o f 86 m V is i n g o o d a g r e e m e n t w i t h the ex
p e c t e d v a l u e o f 90 m V for a o n e - e l e c t r o n s y s t e m . 

Measurement of Enzyme Activity as a Function of 
Solution Potential 

T h e a c t i v i t y o f m e t a l l o p r o t e i n e n z y m e s s u c h as ga lac tose o x i d a s e 
d e p e n d s o n the o x i d a t i o n state o f the m e t a l that is i n c o r p o r a t e d i n t o the 
p r o t e i n s t ruc ture (44-47). G a l a c t o s e ox idase is a n e n z y m e that is q u i t e 
n o n s p e c i f i c , c a t a l y z i n g the p r o 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 f r o m a 
v a r i e t y o f substrates i n c l u d i n g ga lac tose , g l y c e r i n , d i h y d r o x y a c e t o n e , 
a n d g l y c e r a l d e h y d e (48, 49). T h e o x i d a t i o n o f ga lac tose b y o x y g e n 
c a t a l y z e d b y galac tose ox idase is r ep resen ta t ive o f these reac t ions (50). 

galac tose + 0 2 

galactose 
H 2 0 2 + g a l a c t o h e x o d i a l d o s e (5) 

oxidase 

A c o n v e n i e n t m e t h o d for m o n i t o r i n g a c t i v i t y is m e a s u r e m e n t o f 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 . G a l a c t o s e o x i d a s e con ta ins a s i n g l e c o p -
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16 BIOLOGICAL REDOX COMPONENTS 

2 0 0 1 0 0 0 - 1 0 0 - 2 0 0 

Ε , MV VS SCE 

Figure 11. Charge-potential curves for thin-layer staircase coulo
metry. Conditions: A, 0.25 m M DCIP; Β, 0.25 m M cytochrome c and 
0.25 m M DCIP; and C, cytochrome c component of Β obtained by 
subtracting A from B. Step height = 5 mV; scan direction, positive. All 
solutions contain 0.2 M NaCl in pH 7.0 phosphate buffer. (Reproduced 

from Ref 43. Copyright 1981, American Chemical Society.) 

p e r i o n . T h e e n z y m e is i n a c t i v e i n the r e d u c e d state, C u 1 + , a n d a c t i v e 
i n the o x i d i z e d state (45, 50, 51). 

T h e e n z y m e a c t i v i t y for ga lac tose o x i d a s e as a f unc t i on o f the 
o x i d a t i o n state o f the c o p p e r i o n c a n b e m e a s u r e d w i t h a s e m i p e r m e 
a b l e t h i n - l a y e r e l e c t r o c h e m i c a l c e l l that incorpora tes t w o w o r k i n g 
e l e c t r o d e s . O n e e l e c t r o d e con t ro l s the r e d o x state o f the e n z y m e b y 
c o u p l i n g t h r o u g h a m e d i a t o r - t i t r a n t . T h e s e c o n d e l e c t r o d e measu re s 
a m p e r o m e t r i c a l l y the concen t r a t i on o f h y d r o g e n p e r o x i d e r e s u l t i n g 
f r o m the e n z y m e - c a t a l y z e d r eac t i on (52). I n one c o n f i g u r a t i o n the 
t h i n - l a y e r e l e c t r o c h e m i c a l c e l l c o n s i s t e d o f a g o l d m i n i g r i d e l e c t r o d e 
s a n d w i c h e d b e t w e e n t w o c e l l u l o s e acetate m e m b r a n e s . A cross sec
t i o n o f the c e l l 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 3. T h e c e l l u l o s e 
aceta te m e m b r a n e (a t tached to a p o l y c a r b o n a t e s u p p o r t m e m b r a n e ) is 
p e r m s e l e c t i v e b a s e d o n s i z e . T h u s , the c e l l has the u s u a l cha rac te r i s 
t i cs o f a t h i n - l a y e r c e l l i n that to ta l e l e c t r o l y s i s c a n b e a c h i e v e d r a p i d l y 
b y the g o l d g r i d as l o n g as the spec i e s b e i n g e l e c t r o l y z e d is too l a rge 
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1. HEiNEMAN ET AL. Thin-Layer Electrochemical Techniques 17 

( > 2 0 0 m o l . wt . ) to di f fuse ou t o f the c e l l u l o s e acetate m e m b r a n e o n the 
t i m e sca l e o f the e x p e r i m e n t . Ye t , ma te r i a l s that are s m a l l e n o u g h to 
pass r a p i d l y t h r o u g h the m e m b r a n e c a n b e i n t r o d u c e d i n t o the t h i n 
l a y e r f r o m the adjacent b u l k s o l u t i o n . A p l a t i n u m e l e c t r o d e is p o s i 
t i o n e d aga ins t one o f the m e m b r a n e s . B e c a u s e the m e m b r a n e is 
p e r m e a b l e to H 2 0 2 , R e a c t i o n 5 c a n b e m o n i t o r e d b y m e a s u r i n g the 
c u r r e n t flowing at th is p l a t i n u m e l e c t r o d e w h e n i t is m a i n t a i n e d at a 
p o t e n t i a l su f f i c i en t ly p o s i t i v e to r e o x i d i z e H 2 0 2 to 0 2 (52) . T h u s , b y 
m e a s u r i n g the s t eady state 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 b y m e a n s 
o f the p l a t i n u m e l e c t r o d e b e h i n d one s e m i p e r m e a b l e m e m b r a n e , 
the r e l a t i v e s t eady state a c t i v i t y o f ga lac tose o x i d a s e i n the t h i n l a y e r 
c a n b e d e t e r m i n e d i n the p re sence o f a n y p a r t i c u l a r subs t ra te that is 
i n t r o d u c e d i n t o the b u l k s o l u t i o n a n d a l l o w e d to e q u i l i b r a t e across 
the ou te r c e l l u l o s e aceta te m e m b r a n e . 

T h e t h i n - l a y e r p r o p e r t y o f the c e l l is e x e m p l i f i e d b y the c y c l i c 
v o l t a m m o g r a m i n F i g u r e 1 2 A for bu f f e r ed 4 x 10~ 3 M f e r r i c y a n i d e 
a n d ga lac tose o x i d a s e . A s the p o t e n t i a l o f the g o l d m i n i g r i d is s c a n n e d 
f rom 0 V vs . A g / A g C l to 0.4 V , the a n o d i c c u r r e n t p e a k i n d i c a t e s o x i d a 
t ion o f f e r r o c y a n i d e to f e r r i c y a n i d e . S c a n r e v e r s a l resu l t s i n a c a t h o d i c 
p e a k d u e to r e d u c t i o n b a c k to f e r r o c y a n i d e . B e c a u s e the f e r r o c y a n i d e -
f e r r i c y a n i d e c o u p l e is t r a p p e d w i t h i n the c e l l u l o s e acetate m e m b r a n e , 
the c y c l i c v o l t a m m o g r a m e x h i b i t s t y p i c a l t h i n - l a y e r b e h a v i o r o f n e g l i 
g i b l e p e a k separa t ion a n d p e a k w i d t h s at a ha l f - he i gh t o f a p p r o x i 
m a t e l y 90 m V (17) . 

B e c a u s e the f e r r i c y a n i d e - f e r r o c y a n i d e c o u p l e func t ions as a 
m e d i a t o r - t i t r a n t to c o u p l e the e l e c t r o d e p o t e n t i a l to the ga lac tose 
o x i d a s e r e d o x state, a p o s i t i v e p o t e n t i a l s can conver t s the ga lac tose 
ox idase i n t o its o x i d i z e d fo rm w h i c h ca ta lyzes subst ra te r e a c t i o n w i t h 
0 2 . T h e r e a c t i o n p r o d u c e s H 2 0 2 w h i c h is d e t e c t e d b y a n o d i c c u r r e n t 
flowing at the p l a t i n u m e l e c t r o d e . T h i s c u r r e n t at the p l a t i n u m e l e c 
t rode ( h e l d at +0 .7 V vs . A g / A g C l ) as a f u n c t i o n o f the p o t e n t i a l o f the 
g o l d m i n i g r i d is s h o w n b y the v o l t a m m o g r a m i n F i g u r e 1 2 B . T h e onset 
o f a l i m i t i n g c u r r e n t at c a . 0.3 V v s . A g / A g C l is i n d i c a t i v e o f c o m p l e t e 
ga lac tose o x i d a s e c o n v e r s i o n to the o x i d i z e d f o r m . T h i s c u r r e n t is at 
s t eady state b e c a u s e the ou te r m e m b r a n e is p e r m e a b l e to the g l y c e r i n 
subs t ra te . T h e a p p r o x i m a t e r e v e r s i b i l i t y is i n d i c a t e d b y the r eve r se 
s can b e h a v i o r . 

T h i s c o n f i g u r a t i o n ( F i g u r e 3) is u s e f u l for d e t e r m i n i n g w h e t h e r or 
not there is a n a c t i v i t y d e p e n d e n c e o n s o l u t i o n p o t e n t i a l . H o w e v e r , the 
r e l a t i v e p e r m e a b i l i t y o f the ou te r c e l l u l o s e acetate m e m b r a n e to sub 
strate is so l o w that d i f fus ion o f subs t ra te across the ou te r m e m b r a n e is 
rate l i m i t i n g . T h i s s i tua t ion causes the a p p a r e n t d e p e n d e n c e o f a c t i v i t y 
u p o n s o l u t i o n p o t e n t i a l to b e d i s t o r t e d to a n extent d e p e n d e n t on the 
d i f fus ion coef f ic ien t o f the subs t ra te , the c o n c e n t r a t i o n o f e n z y m e b e 
h i n d the m e m b r a n e , a n d the rate o f the e n z y m e r e a c t i o n (16). 
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18 BIOLOGICAL REDOX COMPONENTS 
CATHODIC f \ 

ANODIC Λ / 

1.0- ^ 

VOLTS VS Ag/AgCl 

Figure 12. Activity-potential profile for the galactose oxidase-
catalyzed oxidation of glycerin. The thin layer contained 4 x 10~3 M 
ferricyanide and also galactose oxidase. The hulk solution was a pH 
7.3, 0.07 M phosphate buffer also 4 χ 10~3 M in ferricyanide and 0.5 M 
in potassium chloride. A, Thin-layer cyclic voltammogram for the 
oxidation/reduction of ferrocyanide-ferricyanide at the gold grid. Scan 
rate = 2 mV/s. B, Plot of H202 current measured amperometrically as 
the gold grid electrode was scanned at 2 mV/s. The scan began after 
glycerin was introduced into the stirred bulk solution at a final con
centration of about 5 x 10~3 M and a steady state H202 current had 

been achieved at the Pt electrode. 
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1. HEiNEMAN ET AL. Thin-Layer Electrochemical Techniques 19 

F o r accura te d e t e r m i n a t i o n o f the d e p e n d e n c e o f a c t i v i t y o n s o l u 
t i o n p o t e n t i a l for ga lac tose o x i d a s e , a s e c o n d c e l l c o n f i g u r a t i o n m u s t b e 
s t u d i e d (16). I n th is con f igu ra t i on a m o r e p e r m e a b l e o u t s i d e m e m 
b r a n e ( 0 . 0 3 - μ η ι pore s ize p o l y c a r b o n a t e ) is u s e d so that d i f fus ion o f 
subs t ra te is not as l i m i t e d as i n the first con f igu ra t i on . H o w e v e r , the 
p e r m e a b i l i t y o f th is m e m b r a n e to m e d i a t o r - t i t r a n t m u s t s t i l l b e l o w 
e n o u g h to m a i n t a i n c o n t r o l o f the s o l u t i o n p o t e n t i a l w i t h i n the e n z y m e 
layer . A l s o , b e c a u s e the pores i n the ou te r m e m b r a n e are l a rge e n o u g h 
for the e n z y m e to e scape , the e n z y m e m u s t b e p o l y m e r i z e d b e h i n d the 
m e m b r a n e . F o r ga lac tose o x i d a s e , p o l y m e r i z a t i o n w i t h g l u t a r a l d e h y d e 
does not affect s i g n i f i c a n t l y the d e p e n d e n c e o f a c t i v i t y o n s o l u t i o n 
p o t e n t i a l . F i n a l l y , e v e n i n th i s con f igu ra t i on , d i f fus ion o f subst ra te 
across the o u t s i d e m e m b r a n e does b e c o m e rate l i m i t i n g as the c o n c e n 
t ra t ion o f e n z y m e b e h i n d the m e m b r a n e is i n c r e a s e d . T h e p o i n t at 
w h i c h d i f fus ion b e c o m e s rate l i m i t i n g d e p e n d s p r i m a r i l y o n h o w rap
i d l y the subst ra te is t u r n e d o v e r b y the e n z y m e . W i t h ga lac tose o x i d a s e 
the rates o f t u r n o v e r are so d i v e r s e for the va r ious substrates that at 
h i g h e n z y m e concen t ra t ions the appa ren t d e p e n d e n c e o f a c t i v i t y o n 
s o l u t i o n p o t e n t i a l c a n b e e x t r e m e l y di f ferent for the v a r i o u s substrates . 
T h u s , l o w e n o u g h e n z y m e concen t r a t i on m u s t be c h o s e n so that the 
rate o f the e n z y m e reac t ion b e c o m e s rate l i m i t i n g . U n d e r these c o n d i 
t ions the d e p e n d e n c e o f a c t i v i t y u p o n s o l u t i o n p o t e n t i a l c a n b e deter
m i n e d (16). 

T h e v o l t a m m o g r a m i n F i g u r e 1 2 B is a u n i q u e m e a s u r e m e n t o f 
r e l a t i v e e n z y m e a c t i v i t y as a f unc t i on o f s o l u t i o n p o t e n t i a l , d i s t o r t e d to 
some d e g r e e b e c a u s e d i f fus ion o f subst ra te i n t o the e n z y m e l a y e r is 
rate l i m i t i n g . T h e shape o f the w a v e is d e t e r m i n e d b y d i f fus ion o f 
subst ra te f rom the s t i r r e d b u l k s o l u t i o n t h r o u g h the s tagnant t h i n - l a y e r 
r e g i o n , the f rac t ion o f ga lac tose ox idase that is i n the e n z y m a t i c a l l y 
a c t i v e o x i d a t i o n state ( c o n t r o l l e d b y the g o l d m i n i g r i d ) , the k i n e t i c s o f 
the s u b s t r a t e - e n z y m e r eac t ion , a n d the s u b s e q u e n t d i f fus ion o f H2O2 
to the p l a t i n u m e l e c t r o d e . A s p r e v i o u s l y e x p l a i n e d , the d i s to r t i on 
c a u s e d b y the fact that subst ra te d i f fus ion across the ou te r m e m b r a n e is 
rate l i m i t i n g c a n b e e l i m i n a t e d 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 . T h i s 
t e c h n i q u e cons t i tu tes a n o v e l a n d s i m p l e m e a n s o f d e t e r m i n i n g the 
d e p e n d e n c e o f a c t i v i t y u p o n s o l u t i o n p o t e n t i a l for 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 e n z y m e - s u b s t r a t e reac t ions . 

Conclusion 

T h i n - l a y e r e l e c t r o c h e m i c a l c e l l s e n a b l e p r e c i s e , r a p i d c o n t r o l o f 
s o l u t i o n r e d o x p o t e n t i a l w i t h s i m u l t a n e o u s a c q u i s i t i o n o f spec t r a o n 
m i c r o l i t e r v o l u m e s o f s o l u t i o n . T h e c e l l s p r o v i d e a v e r s a t i l e m e a n s o f 
d e t e r m i n i n g f o r m a l r e d u c t i o n po ten t i a l s , e l e c t r o n s t o i c h i o m e t r i e s , a n d 
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20 BIOLOGICAL REDOX COMPONENTS 

spectra of biological redox components. They also are applicable to the 
measurement of enzyme activity as a function of solution potential. 
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Spectroelectrochemical Determination 
of Heterogeneous Electron Transfer 
Kinetic Parameters 

ERIC E. BANCROFT and HENRY N. BLOUNT 1 

University of Delaware, Center for Catalytic Science and Technology, Brown 
Chemical Laboratory, Newark, DE 19711 

FRED M. HAWKRIDGE1 

Virginia Commonwealth University, Department of Chemistry, Richmond, VA 
23284 

Four spectroelectrochemical approaches to the determi
nation of heterogeneous electron transfer kinetic param
eters are described. These include single potential step 
chronoabsorptometry for the characterization of irrever
sible heterogeneous electron transfer kinetics, single po
tential step chronoabsorptometry for the characteriza
tion of quasi-reversible heterogeneous electron transfer 
kinetics, asymmetric double potential step chronoab
sorptometry for the characterization of both irreversible 
and quasi-reversible heterogeneous electron transfer 
kinetics, and derivative cyclic voltabsorptometry for the 
characterization of both irreversible and quasi-reversible 
electron transfer kinetics. The validity of these tech
niques is established for the irreversible oxidation of 
ferrocyanide at tin oxide optically transparent elec
trodes in pH 7.00 solution and for the quasi-reversible 
oxidation of ferrocyanide at platinum optically transpar
ent electrodes in the same medium. The applicability of 
these techniques to the determination of the potential 
dependence of the heterogeneous electron transfer rate 
constants for both the reduction of horse heart ferricyto
chrome c and its subsequent reoxidation is demonstrated. 

1 To whom correspondence should be addressed. 
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24 BIOLOGICAL REDOX COMPONENTS 
' J ^ h e c o u p l i n g o f o p t i c a l s p e c t r o s c o p i c p r o b e s w i t h e l e c t r o c h e m i c a l 

pe r tu rba t ions o f o p t i c a l l y t r ansparen t e l e c t r o d e s ( O T E s ) has g i v e n 
r i se to f r u i t f u l h y b r i d m e t h o d o l o g i e s for the assessment o f e l e c 
t r o c h e m i c a l p rope r t i e s o f b i o l o g i c a l m o l e c u l e s ( J ) . T h e ma jo r i t y o f 
these inves t iga t ions h a v e add re s sed the d e t e r m i n a t i o n o f the f o r m a l 
r edox p o t e n t i a l s a n d η - v a l u e s o f b i o l o g i c a l r e d o x m o l e c u l e s ( B R M s ) 
t h r o u g h the use o f e l e c t r o c h e m i c a l m e d i a t o r t i t rants ( M T s ) (2) . B o t h 
o p t i c a l l y t ransparen t t h i n - l a y e r e l e c t r o c h e m i c a l ( O T T L E ) c e l l s , as 
w e l l as s o m e w h a t l a rger " s m a l l v o l u m e " c e l l s , h a v e b e e n s u c c e s s f u l l y 
u s e d i n these s tud ies (3 , 4). 

N e w O T E sys t ems that fac i l i t a te d i r e c t e l e c t r o n t ransfer b e t w e e n 
the e l e c t r o d e p e r se a n d B R M s w i t h o u t a so lu t i on - r e s iden t M T p e r m i t 
s p e c t r o e l e c t r o c h e m i c a l k i n e t i c cha rac te r i za t ions o f heterogeneous 
e l e c t r o n transfer reac t ions o f these spec i e s (5-10). S u c h c h a r a c t e r i z a 
t ions are essen t ia l to 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 t i c aspects o f 
the i n v i v o reac t ions o f B R M s that f unc t i on p h y s i o l o g i c a l l y as in te r fa -
c i a l e l e c t r o n transfer agents [e.g., the c y t o c h r o m e c / c y t o c h r o m e c 
ox idase s y s t e m (11)]. 

F o r those O T E s that e i the r i n h e r e n t l y or b y v i r t u e o f sur face m o d 
i f ica t ion e x h i b i t a p p r e c i a b l e rates o f d i r e c t e l e c t r o n transfer w i t h 
B R M s , s i n g l e p o t e n t i a l s tep s p e c t r o e l e c t r o c h e m i s t r y ( ch ronoab
sorp tomet ry ) has r e c e n t l y b e e n a p p l i e d to the d e t e r m i n a t i o n o f the 
cha rac t e r i s t i c h e t e r o g e n e o u s e l e c t r o n transfer k i n e t i c pa ramete r s for 
these sys tems (8-10). A l t h o u g h u s e f u l , th i s a p p r o a c h has b e e n re
s t r i c t ed ( v i d e infra) to the e x a m i n a t i o n o f u n i d i r e c t i o n a l e l e c t r o n trans
fer processes o f sys t ems that e x h i b i t a v e r y l o w d e g r e e o f e l e c t r o c h e m 
i c a l r e v e r s i b i l i t y . S p e c t r o e l e c t r o c h e m i c a l t e c h n i q u e s h a v e n o w b e e n 
d e v e l o p e d for the d e t e r m i n a t i o n o f the k i n e t i c pa rame te r s charac te r i s 
t i c o f b o t h the f o r w a r d a n d b a c k he t e rogeneous e l e c t r o n transfer p r o 
cesses for sys tems e x h i b i t i n g a n y d e g r e e o f r e v e r s i b i l i t y . 

A h e t e r o g e n e o u s e l e c t r o n transfer s y s t e m m a y b e r e p r e s e n t e d as 

*** 
Ο + ne~ z± R (1) 

w h e r e kfth a n d kbth are the he t e rogeneous e l e c t r o n transfer rate 
constants for the f o r w a r d ( O to R) a n d b a c k ( R to O ) processes , 
r e s p e c t i v e l y . B o t h o f these rate constants c a n b e exp re s sed i n t e rms o f 

1. T h e f o r m a l h e t e r o g e n e o u s e l e c t r o n transfer rate c o n 
stant (kî'jt), w h i c h is that v a l u e o f e i the r kfth or kbth at 
the f o r m a l p o t e n t i a l o f the s y s t e m (EOIR ). 

2. T h e transfer coef f ic ien t o f the e l e c t r o n t ransfer p rocess 
(« ) . 

3. T h e n u m b e r o f e l ec t rons i n v o l v e d i n the rate d e t e r m i n 
i n g s tep i n the e l e c t r o n transfer p rocess (na). 
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2. BANCROFT ET AL. Electron Transfer Kinetic Parameters 
25 

4. T h e o v e r p o t e n t i a l (η) to w h i c h the s y s t e m is s u b j e c t e d 
(η = Ε - E°ôiR, w h e r e Ε is the p o t e n t i a l o f the e l e c t r o d e 
at w h i c h the e l e c t r o n t ransfer process is t a k i n g p l a c e ) . 

I n B u t l e r - V o l m e r f o r m a l i s m , kfth a n d kbth are e x p r e s s e d as 

k,,h = *°, ' Λ e x p [ - ^ (Ε - E°0'IR )] (2) 

a n d 

Kn = Kh e x p [ ( 1 ( £ - £ & ' „ ) ] (3) 

T h e p e r c e i v e d d e g r e e o f e l e c t r o c h e m i c a l r e v e r s i b i l i t y o f the he te roge
n e o u s cha rge t ransfer process is a man i f e s t a t i on o f the m a g n i t u d e o f k0^ 
a n d the t i m e sca l e o f the o b s e r v a t i o n o f the s y s t e m . I f the he t e rogene 
ous e l e c t r o n t ransfer k i n e t i c s o f a s y s t e m are su f f i c i en t ly s l o w ( s m a l l 
k°s'th) that a p p l i c a t i o n o f n e g a t i v e o v e r p o t e n t i a l s ( f avo r ing the f o r w a r d 
r e a c t i o n , E q u a t i o n 2) resu l t s i n a flux o f m a t e r i a l that is d e p e n d e n t o n 
kfth b u t is i n d e p e n d e n t o f kbth, t h e n th is s y t e m c a n b e s a i d to b e e l e c -
t r o c h e m i c a l l y i r r e v e r s i b l e o n the t i m e sca le o f the e x p e r i m e n t . T h e 
d e t e r m i n a t i o n o f kfth as a func t i on o f η f r om e i the r e l e c t r o c h e m i c a l or 
s p e c t r o 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 is s t r a igh t fo rwa rd a n d g ives 
r i se to the e v a l u a t i o n o f a n d a. H o w e v e r , i f the h e t e r o g e n e o u s 
e l e c t r o n transfer k i n e t i c s o f a s y s t e m are m o r e f a c i l e (modera te fc^), 
t h e n a p p l i c a t i o n o f n e g a t i v e o v e r p o t e n t i a l s c a n r e su l t i n a flux o f ma te 
r i a l that is i m p a c t e d b y b o t h kfth a n d kbth. S u c h sys t ems are s a i d to 
e x h i b i t q u a s i - r e v e r s i b l e b e h a v i o r o n the t i m e sca le o f the e x p e r i m e n t . 
T h e e v a l u a t i o n o f h e t e r o g e n e o u s e l e c t r o n transfer k i n e t i c pa ramete r s 
f r o m e l e c t r o c h e m i c a l or s p e c t r o e l e c t r o c h e m i c a l cha rac te r i za t ions o f 
these q u a s i - r e v e r s i b l e sys tems is s o m e w h a t m o r e c o m p l e x t h a n for 
i r r e v e r s i b l e sys tems , b u t c a n b e m o r e i n f o r m a t i v e i n that k i n e t i c i n 
fo rma t ion r e g a r d i n g the b a c k r eac t i on is a l so o b t a i n e d . T o date , he te ro
g e n e o u s e l e c t r o n transfer k i n e t i c s h a v e b e e n r e p o r t e d for th ree b i o l o g 
i c a l m o l e c u l e s . M y o g l o b i n e x h i b i t s i r r e v e r s i b l e e l e c t r o n t ransfer 
k i n e t i c b e h a v i o r at v i o l o g e n - m o d i f i e d g o l d e l e c t r o d e s (fc°^ — 1 0 ~ 9 to 
1 0 " 1 1 cm/s ) . I n contras t , c y t o c h r o m e c b e h a v e s i n a q u a s i - r e v e r s i b l e 
m a n n e r at s e m i c o n d u c t o r a n d m o d i f i e d g o l d surfaces (k^ — 10~ 4 to 
1 0 " 5 cm/s) . S o l u b l e s p i n a c h f e r r i d o x i n a l so e x h i b i t s q u a s i - r e v e r s i b l e 
b e h a v i o r at v i o l o g e n - m o d i f i e d g o l d e l e c t r o d e s (k0^ — 1 0 " 5 cm/s ) . 

F o r b o t h r e v e r s i b l e a n d i r r e v e r s i b l e sys tems , k n o w l e d g e o f the 
k i n e t i c pa ramete r s cha rac t e r i s t i c o f the b a c k r eac t ion is essen t ia l to a n 
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 s o f h e t e r o g e n e o u s e l e c t r o n transfer . 
I n the con tex t o f E q u a t i o n 1, k i n e t i c c h a r a c t e r i z a t i o n o f the b a c k reac
t i o n c o u l d b e r e a d i l y r e a l i z e d b y s i m p l y c a r r y i n g ou t e l e c t r o c h e m i c a l 
or s p e c t r o 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 w i t h so lu t ions c o n t a i n i n g R 
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26 BIOLOGICAL REDOX COMPONENTS 
rather t h a n Ο as i m p l i e d i n the f o r e g o i n g d i s c u s s i o n . A l t h o u g h t rue i n 
p r i n c i p l e , this a p p r o a c h m a y not b e a t t rac t ive e i the r b e c a u s e o f ex
p e r i m e n t a l cons t ra in ts or b e c a u s e o f s a m p l e i n t e g r i t y . T h u s , e x p e r i 
m e n t a l s t rategies that s i m u l t a n e o u s l y afford k i n e t i c i n f o r m a t i o n re
g a r d i n g b o t h f o r w a r d a n d rever se h e t e r o g e n e o u s e l e c t r o n t ransfer 
reac t ions are h i g h l y d e s i r a b l e . 

T h e u t i l i t y o f s p e c t r o e l e c t r o c h e m i c a l t e c h n i q u e s i n the s t u d y o f 
e l e c t r o n t ransfer processes has b e e n a m p l y d e m o n s t r a t e d (12-15). 
T w o major advantages o f s p e e t r o e l e c t r o e h e m i s t r y c o m p a r e d to p u r e l y 
e l e c t r o c h e m i c a l m e t h o d s for the d e t e r m i n a t i o n o f h e t e r o g e n e o u s e l e c 
t ron t ransfer k i n e t i c pa ramete r s are the m o l e c u l a r s p e c i f i c i t y o f the 
o p t i c a l m e a s u r e m e n t a n d f r e e d o m f rom errors a s soc ia ted w i t h c h a r g e 
t ransfer processes , b o t h fa rada ic a n d nonfa rada ic , o ther t h a n the r e d o x 
r eac t i on o f in teres t . B i o l o g i c a l s a m p l e p repara t ions of ten c o n t a i n u n 
k n o w n i m p u r i t i e s as a c o n s e q u e n c e o f i so l a t i on a n d p u r i f i c a t i o n p r o c e 
dures , a n d s u c h i m p u r i t i e s are far m o r e l i k e l y to a d v e r s e l y i m p a c t a n 
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 t han the c o r r e s p o n d i n g s p e c t r o e l e c 
t r o c h e m i c a l one . 

Single Potential Step Chronoabsorptometry: Irreversible 

T h e e x p e r i m e n t a l he t e rogeneous e l e c t r o n t ransfer s y s t e m c a n b e 
r e p r e s e n t e d b y E q u a t i o n 1. A s s u m e that the s a m p l e is present i n the 
o x i d i z e d fo rm a n d that the o p t i c a l abso rbance o f R , the p r o d u c t o f the 
e l e c t r o n t ransfer r eac t i on , w i l l b e m o n i t o r e d w i t h o u t in te r fe rence f rom 
the p recu r so r , O . 

F o r the cha rge transfer process g i v e n b y E q u a t i o n 1, a p p l i c a t i o n o f 
a p o t e n t i a l s tep o f suff ic ient m a g n i t u d e to cause the f o r w a r d r eac t i on to 
p r o c e e d at a rate g o v e r n e d b y kfth g ives r ise (15) to the t i m e - d e p e n d e n t 
abso rbance AR(\,t) o f the e l e c t r o d e r eac t i on p r o d u c t : 

w h e r e C £ a n d D0 are the b u l k c o n c e n t r a t i o n a n d d i f fus ion coeff ic ien t , 
r e s p e c t i v e l y , o f the p r e c u r s o r a n d eR is the m o l a r a b s o r p t i v i t y o f the 
p r o d u c t . I f the m a g n i t u d e o f the p o t e n t i a l s tep a p p l i e d to the O T E 
is su f f i c i en t ly l a rge to cause the f o r w a r d r eac t ion i n E q u a t i o n 1 to 
p r o c e e d at a d i f f u s i o n - c o n t r o l l e d rate, t h e n the t i m e - d e p e n d e n t 
o p t i c a l abso rbance o f the e l e c t r o d e r eac t i on p r o d u c t , AR, is g i v e n 

Systems 

AR(k,t) = €*(λ) σ0ρ0 r 2kfthtil2 

+ e x p 

b y (16) 

(5) 
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2. BANCROFT ET AL. Electron Transfer Kinetic Parameters 27 

T h e ra t io o f the k i n e t i c a l l y c o n t r o l l e d abso rbance ( E q u a t i o n 4) to the 
d i f fus ion-con t r o l l e d abso rbance ( E q u a t i o n 5) affords the n o r m a l i z e d 
abso rbance , AN: 

AN(\,t) = 1 + [exp(£2)erfcU) - 1] (6) 

w h e r e 

i = ^ T (7) 

T h e n o r m a l i z e d absorbance o f the e l e c t r o d e r eac t i on p r o d u c t d e p e n d s 
o n the d i m e n s i o n l e s s k i n e t i c pa ramete r s kfthtll2/D0

112 as s h o w n i n F i g 
u re 1, a n d this w o r k i n g c u r v e p r o v i d e s a c o n v e n i e n t means o f deter 
m i n i n g kf,h (15). 

T h e u t i l i t y o f th is a p p r o a c h has b e e n e x p e r i m e n t a l l y d e m o n 
strated w i t h a m o d e l s y s t e m , the o x i d a t i o n o f f e r r o c y a n i d e i n p H 7.00 
s o l u t i o n at t i n o x i d e O T E s , a n d the resu l t s o b t a i n e d w e r e i n e x c e l l e n t 
a g r e e m e n t w i t h those r e p o r t e d u s i n g p u r e l y e l e c t r o c h e m i c a l t e c h -

- 2 . 0 -1 .0 0.0 1.0 2.0 

L 0 G ( k t h t , / 2 / D ^ / 2 ) 

Figure 1. Working curve for spectroelectrochemical determination of 
heterogeneous electron transfer rate constants for irreversible reac

tions (15). 
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28 BIOLOGICAL REDOX COMPONENTS 
n i q u e s (15) . T h e c h r o n o a b s o r p t o m e t r i c m e t h o d has b e e n s u c c e s s f u l l y 
a p p l i e d to the d e t e r m i n a t i o n o f k°8'th a n d a for the r e d u c t i o n o f m y o g l o 
b i n at v i o l o g e n - m o d i f i e d g o l d m i n i g r i d O T E s (8) . 

T h e v a l i d i t y o f th is a p p r o a c h to the d e t e r m i n a t i o n o f he t e rogene 
ous e l e c t r o n transfer k i n e t i c pa ramete r s is p r e d i c a t e d on the i r r e v e r s i 
b i l i t y o f the cha rge t ransfer process (15) . U s e o f the w o r k i n g c u r v e 
s h o w n i n F i g u r e 1 for the ana lys i s o f da ta d e r i v e d f r o m q u a s i -
r e v e r s i b l e sys t ems c a n r e s u l t i n s ign i f i can t errors i n the c a l c u l a t e d 
h e t e r o g e n e o u s rate constants a n d , i n t u r n , c a n l e a d to false c o n c l u s i o n s 
r e g a r d i n g k°8'th a n d a ( v i d e infra) . 

Single Potential Step Chronoabsorptometry: 
Quasi-Reversible Systems 

I f the e l e c t r o n transfer k i n e t i c s o f the r eac t i on g i v e n i n E q u a t i o n 1 
are su f f i c i en t ly f a c i l e s u c h that a p p l i c a t i o n o f a p o t e n t i a l s tep pe r t u rba 
t i on w h i c h favors the f o r w a r d process resul t s i n a flux o f m a t e r i a l that 
d e p e n d s o n both kfth a n d kbth, t hen the t i m e - d e p e n d e n t ab so rbance o f 
the e l e c t r o d e r eac t ion p r o d u c t is g i v e n b y (17) 

Α (χ rt = *MCokM Γ 0 / . JSM_\ 
R { , ) ( JSLL. , A s _ V L 2 V D 0 " 2 + DR">) π » 2 

V D 0

m D„> 'V 

I n c o n c e r t w i t h the d i f f u s i o n - c o n t r o l l e d abso rbance g i v e n i n E q u a t i o n 
5, the n o r m a l i z e d absorbance for th is q u a s i - r e v e r s i b l e case , AR(K,t)/ 
A g ( X , i ) , is g i v e n b y 

MKt) = [ + e x p ( f 2 ) e r f c ( £ ) " 1 

w h e r e ζ is d e f i n e d b y E q u a t i o n 7 a n d 

kb,h 
D l/2 - Ο DR 

(9) 

(10) 

B e c a u s e E q u a t i o n 9 e m b o d i e s b o t h ζ a n d ξ, th i s fo rm does not r e a d i l y 
l e n d i t s e l f to the express ion o f a w o r k i n g c u r v e w h e r e kfth a n d kbth 

c a n b e e v a l u a t e d f rom a n e x p e r i m e n t a l l y d e t e r m i n e d n o r m a l i z e d 
abso rbance . F o r m a t i o n o f the ra t io 

a n d s u b s t i t u t i o n o f E q u a t i o n s 2 a n d 3 i n t o E q u a t i o n 10 affords 

ξ = ζ[1 + (Dè>yDH"*)exp{naF(E - E°^)/RT}] (12) 
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2. BANCROFT ET AL. Electron Transfer Kinetic Parameters 
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I n v i e w o f the r e l a t i o n s h i p b e t w e e n ξ a n d ζ g i v e n i n E q u a t i o n 12, the 
n o r m a l i z e d abso rbance for the q u a s i - r e v e r s i b l e process ( E q u a t i o n 9) 
c a n b e e x p r e s s e d as a f u n c t i o n o f ζ a n d g ives r i se to a u n i q u e w o r k i n g 
c u r v e for e a c h v a l u e o f the o v e r p o t e n t i a l e m p l o y e d . F i g u r e 2 s h o w s a 
f a m i l y o f s u c h w o r k i n g cu rves c o n s t r u c t e d for na = 1 a n d o v e r p o t e n 
t ia l s that r ange f r o m va lue s a n o d i c o f the E ° ' o f the s y s t e m (η > 0) to 
v a l u e s su f f i c i en t ly c a t h o d i c o f the Ε°' (η < 0) that the s y s t e m is c a u s e d 
to b e h a v e i n a n i r r e v e r s i b l e f a sh ion ( i .e . , the b a c k r e a c t i o n b e c o m e s 
n e g l i g i b l e ) . T h e q u a s i - r e v e r s i b l e w o r k i n g c u r v e for η < —160 m V is 
i n d i s t i n g u i s h a b l e f r o m the i r r e v e r s i b l e case ( F i g u r e 1). 

A c o n v e n i e n t e x p e r i m e n t a l test for th i s p r e d i c t e d c h r o n o a b -
s o r p t o m e t r i c b e h a v i o r o f q u a s i - r e v e r s i b l e sys tems is p r o v i d e d b y the 
o x i d a t i o n o f f e r r o c y a n i d e to f e r r i c y a n i d e at a p l a t i n u m o p t i c a l l y trans
pa ren t e l e c t r o d e i n p H 7.00 p h o s p h a t e buffer . T h e c y c l i c v o l t a m m e t r y 
o f th i s q u a s i - r e v e r s i b l e s y s t e m is s h o w n i n F i g u r e 3. A c q u i s i t i o n o f 
c h r o n o a b s o r p t o m e t r i c da ta f o l l o w i n g s teps to o v e r p o t e n t i a l v a l u e s 
r a n g i n g f rom η = + 7 8 to - 2 6 m V (see F i g u r e 3) gave r i se to the 

-1 .0 

L 0 G ( k f h t , / 2 / D i / 2 ) 

Figure 2. Working curves for spectroelectrochemical determination 
of heterogeneous electron transfer rate constants for quasi-reversible 
reactions. Numerical values correspond to n ai? where η is expressed 

in mV (17). 
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30 BIOLOGICAL REDOX COMPONENTS 

-

ι I 

τ 

IOOUA 

1 

1 1 1 1 1 

m 
Β C D E F G 

I I ι. 
A 

I 1 _ 1 _ 

600 400 200 0 

E (mV vs NHE) 

Figure 3. Cyclic voltammetry of 4.71 m M KfFefCNJe in pH 7.00 phos
phate buffer at a platinum OTE. Area = 0.30 cm2, sweep rate = 50 
mV/s. For single potential step experiments, initial potential A = 66 
mV, diffusion step limit Β = 740 mV, kinetic step limits: C = 502 mV, 

D = 472 mV, Ε = 447 mV, F = 421 mV, and G = 398 mV (17). 

a b s o r b a n c e - t i m e t rans ients s h o w n i n F i g u r e 4. N o t e that i n th is ex
p e r i m e n t a l s y s t e m , the p r e c u r s o r is the r e d u c e d fo rm o f the c o u p l e a n d 
the " f o r w a r d " s tep for the o x i d a t i o n o f f e r r o c y a n i d e co r r e sponds to kbJl 

i n E q u a t i o n 1. T h e absorbance t ransients s h o w n i n F i g u r e 4 w e r e nor
m a l i z e d to the d i f f u s i o n - c o n t r o l l e d case (Trace B , F i g u r e 4) a n d w e r e 
a n a l y z e d u s i n g b o t h the i r r e v e r s i b l e m o d e l a n d the q u a s i - r e v e r s i b l e 
m o d e l . F o r da ta ana lys i s b y the i r r e v e r s i b l e m o d e l , the w o r k i n g c u r v e 
s h o w n i n F i g u r e 1 was u s e d ; for ana lys i s o f the da t a a c c o r d i n g to the 
q u a s i - r e v e r s i b l e m o d e l , w o r k i n g cu rves a n a l o g o u s to those s h o w n i n 
F i g u r e 2 w e r e u s e d , b u t w e r e c o n s t r u c t e d for the e x p e r i m e n t a l o v e r p o 
ten t ia l s e m p l o y e d . T h e resu l t s o f these analyses are s h o w n i n T a b l e I . 
T h e s o l i d c i r c l e s s h o w n i n F i g u r e 4 are the t h e o r e t i c a l abso rbance 
v a l u e s c a l c u l a t e d f rom E q u a t i o n s 8 a n d 12 toge ther w i t h the v a l u e s o f 
y) e m p l o y e d i n the e x p e r i m e n t s . A c c o r d i n g to s i m p l e e l e c t r o n t ransfer 
t heo ry ( E q u a t i o n s 2 a n d 3), l o g (kbth) s h o u l d v a r y l i n e a r l y w i t h o v e r p o 
t e n t i a l . A s s h o w n i n F i g u r e 5, the h e t e r o g e n e o u s e l e c t r o n transfer rate 
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2. BANCROFT ET AL. Electron Transfer Kinetic Parameters 31 

cons tan t for the o x i d a t i o n o f f e r r o c y a n i d e , e v a l u a t e d a c c o r d i n g to the 
q u a s i - r e v e r s i b l e m o d e l , e x h i b i t s the e x p e c t e d b e h a v i o r , w h e r e a s the 
one e v a l u a t e d a c c o r d i n g to the i r r e v e r s i b l e m o d e l does not. F o r the 
i r r e v e r s i b l e da ta t rea tment , there is b o t h a d i s p l a c e m e n t o f the rate 
constants to l o w e r v a l u e s a n d a p r o n o u n c e d d o w n w a r d c u r v a t u r e i n 
the l o g (kbth) v s . η p l o t . A t t e m p t s to fit these da ta d e r i v e d f r o m the 

1 , , , r 

TIME (sec) 

Figure 4. Absorbance-time behavior for single potential step oxida
tion of 4.71 m M ferrocyanide at a platinum OTE in pH 7.00 solu
tion. Solid lines are experimental transients; solid circles are theoreti
cal responses calculated from Equation 8. Curve Β: η = 316 mV, 
theoretical response calculated from Equation 5. Curve C: η = 78 mV, 
k f h = 7.92 x 10~4 cm/s, k b h = 1.59 x 10~2 cm/s; Curve D: η = 48 mV, 
k f , h = 1.44 χ 10~3 cm/s, k b ' h = 9.34 χ 10~3 cm/s; Curve Ε: η = 23 mV, 
k f , h = 2.42 x 10~3 cm/s, k b ' h = 5.92 = 10~3 cm/s; Curve F: η = -3 mV, 
kf,h = 4.14 x 10~3 cm/s, k b h = 3.68 x J0~ 3 cm/s; Curve G: η = -26 mV, 

k f h = 6.66 x 10~3 cm/s, k b h = 2.42 χ 10~3 cm/s (17). 
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q t m V ) 

Figure 5. Dependence of log (k b ( h ) evaluated according to irreversible 
model ( · , k s°;h = 1.35 x 10~3 cmls, (1 - a) = 0.722) and quasi-reversible 
model (O, k s°;h = 3.89 x 10~3 cm/s, (1 - a) = 0.469) on overpotential (17). 

i r r e v e r s i b l e m o d e l to the b e h a v i o r p r e d i c t e d b y E q u a t i o n 3 l e a d to a n 
e r r o n e o u s l y l o w v a l u e o f 1ζ'Λ a n d a n e r r o n e o u s l y h i g h v a l u e o f (1 - a); 
h e n c e , the v a l u e o f a d e t e r m i n e d f rom these da ta w o u l d b e co r re 
s p o n d i n g l y l o w e r t h a n the co r rec t one . C o n s i d e r a t i o n o f the a p p a r e n t 
n o n l i n e a r d e p e n d e n c e o f l o g kbth o n η c o u l d a l so l e a d to the c o n c l u s i o n 
that the t ransfer coef f ic ien t is p o t e n t i a l d e p e n d e n t . 

E x a m i n a t i o n o f F i g u r e 2 r e v e a l s that at s m a l l v a l u e s o f the k i n e t i c 
a r g u m e n t kfth f 1 / 2 / D 0

1 / 2 , a l l w o r k i n g c u r v e s coa l e sce to the same v a l u e 
o f n o r m a l i z e d abso rbance . A t l a rger v a l u e s o f kfth tll2/D0

1'2, ana lys i s o f 
q u a s i - r e v e r s i b l e da t a a c c o r d i n g to the i r r e v e r s i b l e m o d e l l eads to er-
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34 BIOLOGICAL REDOX COMPONENTS 
rors i n the c a l c u l a t e d v a l u e o f kfth. T h i s e r ror increases w i t h i n c r e a s i n g 
v a l u e s o f kfth t1,2/D0

112 a n d less r o b u s t (more a n o d i c ) o v e r p o t e n t i a l s for 
the s y s t e m as r e p r e s e n t e d b y E q u a t i o n 1. T a b l e I I p r o v i d e s i n s i g h t i n t o 
the m a g n i t u d e o f the errors i n the k i n e t i c p a r a m e t e r (kfth tll2/D0

112) 
a r i s i n g f rom ana lys i s o f q u a s i - r e v e r s i b l e da ta a c c o r d i n g to the i r r e v e r 
s i b l e m o d e l . S u m m a r i z e d here are those m a x i m u m v a l u e s o f kfth 

tV2/D0

112 w h i c h , i f d e t e r m i n e d u s i n g the w o r k i n g c u r v e for the i r r e v e r 
s i b l e m o d e l ra ther t h a n the a p p r o p r i a t e w o r k i n g c u r v e for the q u a s i -
r e v e r s i b l e m o d e l , r e su l t i n the s p e c i f i e d r e l a t i v e e r ror i n the cor re 
s p o n d i n g rate constant . A s n f l increases , these kfth tll2/D0

112 v a l u e s 
b e c o m e p r o p o r t i o n a t e l y less s t r ingen t for η < 0, b u t p r o p o r t i o n a t e l y 
m o r e s t r i ngen t for η > 0. 

W h e n e v e r n o r m a l i z e d pa ramete r s are u t i l i z e d i n k i n e t i c ana lys i s , 
a t ten t ion m u s t b e g i v e n to the u n c e r t a i n t y i n the c a l c u l a t e d rate c o n 
stant r e l a t i v e to the u n c e r t a i n t y i n the m e a s u r e d pa ramete r . T h e n o n 
l i n e a r d e p e n d e n c e s o f the n o r m a l i z e d absorbance o n l o g ( Λ / , Λ ί 1 / 2 / Ο 0

1 / 2 ) 
s h o w n i n F i g u r e s 1 a n d 2 l e a d to the c o n c l u s i o n that for a g i v e n o v e r p o 
t e n t i a l , the t i m e d o m a i n o f the c h r o n o a b s o r p t o m e t r i c e x p e r i m e n t 
s h o u l d b e c h o s e n s u c h that the n o r m a l i z e d absorbance v a l u e s u s e d for 
k i n e t i c ana lys i s f a l l on the r i s i n g p o r t i o n o f the w o r k i n g c u r v e w h e r e 
d(AN)/d(log (kf,htll2/D0112)) is greatest . A l t h o u g h h i g h l y d e s i r a b l e , i t is 
not a l w a y s e x p e r i m e n t a l l y c o n v e n i e n t to c o n d u c t e x p e r i m e n t s i n th is 
m a n n e r . D a t a m a y h a v e to b e a c q u i r e d that afford n o r m a l i z e d absor-

Table II. Threshold Values of kfthtl 12/D0

l 12 That Result in Specified 
Relative Error in kfth if Back Reaction is Neglected 

( k k , h i i e 1 *-Ό /max x 10 

r)(mV) RE" = 1% RE = 2% RE = 5% RE = 10% RE = 20°/ 

40 0 .0576 0 .0793 0 .152 0 .308 0 .678 
2 0 0 .0866 0 .134 0 .321 0 .664 1.46 
10 0 .115 0 .188 0 .470 0 .966 2.14 

0 0 .152 0 .278 0 .689 1.43 3.11 
- 1 0 0 .206 0 .391 1.01 2 .09 4 .52 
- 2 0 0.298 0 .585 1.48 3.04 6.54 
- 4 0 0 .633 1.26 3.14 6 .36 13.4 
- 6 0 1.36 2 .68 6.56 13.0 27 .2 
- 8 0 2.88 5.62 13.4 26 .4 55 .5 

- 1 0 0 6.02 11.5 27.1 53 .7 115 
- 1 2 0 12.3 23 .2 55.1 111 2 4 2 
- 1 4 0 2 4 . 9 47 .2 111 2 3 5 5 2 0 

a Relative error in kf,n. 
Source: Reproduced from Ref. 17. Copyright 1981, American Chemical Society. 
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2. BANCROFT ET AL. Electron Transfer Kinetic Parameters 35 

b a n c e v a l u e s , w h i c h f a l l e i the r n e a r t he foot o f the w o r k i n g c u r v e or 
n e a r the u p p e r p l a t e a u . F o r a g i v e n u n c e r t a i n t y i n the e x p e r i m e n t a l l y 
d e r i v e d n o r m a l i z e d abso rbance , the c o r r e s p o n d i n g e r ror i n the c a l c u 
l a t e d k i n e t i c p a r a m e t e r i s g r e a t e r i n t h e s e r e g i o n s w h e r e 
d(AN)/d(log(kfth tll2/D0

112)) is less . F i g u r e 6 s h o w s the r e l a t i v e error i n 
the c a l c u l a t e d he t e rogeneous rate cons tant kfth r e s u l t i n g f r o m a n u n c e r 
t a in ty o f ±0.001 i n the e x p e r i m e n t a l l y d e r i v e d n o r m a l i z e d abso rbance 
as a func t ion o f n o r m a l i z e d abso rbance . A s w o u l d b e e x p e c t e d , those 
w o r k i n g c u r v e s for the q u a s i - r e v e r s i b l e m o d e l that c o r r e s p o n d to m o r e 
p o s i t i v e o v e r p o t e n t i a l s g i v e r ise to greater errors i n the c a l c u l a t e d rate 

0 « I I I 1 I I I I I » J 

0.0 0.2 0.4 0.6 0.8 1.0 

NORMALIZED ABSORBANCE 

Figure 6. Dependence of relative error in kf,h arising from an un
certainty of ±0.001 in the normalized absorbance on normalized 
absorbance. Numerical values are those for n a7? shown in Figure 2 (17). 
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36 BIOLOGICAL REDOX COMPONENTS 
cons tan t for a s p e c i f i e d u n c e r t a i n t y i n the m e a s u r e d n o r m a l i z e d absor
b a n c e . I f na = 2 , t h e n the r e l a t i v e e r ror c u r v e for η = -10 m V is i d e n t i 
c a l to that c a l c u l a t e d for τη = - 2 0 m V i n the na = 1 case . I n l i k e m a n n e r , 
the c u r v e c o r r e s p o n d i n g to η = - 2 0 m V for na = 2 is the s ame as that 
for η = - 4 0 m V w h e n na = 1. T h e s ame r e l a t i o n s h i p h o l d s for p o s i t i v e 
o v e r p o t e n t i a l s as w e l l . 

Asymmetric Double Potential Step Chronoabsorptometry: 
Irreversible and Quasi-Reversible Systems 

A l t h o u g h the ana lys i s o f s i n g l e p o t e n t i a l s tep c h r o n o a b s o r p t o m e t -
r i c da t a a c c o r d i n g to a q u a s i - r e v e r s i b l e m o d e l takes the b a c k r eac t i on 
i n t o a c c o u n t , i t does not p r o v i d e a n i n d e p e n d e n t m e a s u r e o f kbth a n d 
(1 - a) ( E q u a t i o n s 1-3) . A s n o t e d , the k i n e t i c pa ramete r s charac te r i s 
t i c o f the b a c k r eac t i on r e p r e s e n t e d i n E q u a t i o n 1 c o u l d b e ascer
t a i n e d b y c a r r y i n g ou t s i n g l e p o t e n t i a l s tep c h r o n o a b s o r p t o m e t r i c ex
p e r i m e n t s s t a r t ing w i t h the r e d u c e d fo rm o f the s y s t e m . A n e x a m p l e o f 
th is t e c h n i q u e w a s j u s t p r e s e n t e d for f e r r o c y a n i d e . W i t h B R M s , h o w 
eve r , the r e d u c e d forms o f m a n y s a m p l e s reac t w i t h o x y g e n or are 
a v a i l a b l e o n l y i n t he i r o x i d i z e d forms. I n p r i n c i p l e , the s a m p l e c o u l d 
b e c o n v e r t e d to i ts r e d u c e d fo rm b y c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s 
p r i o r to the e x e c u t i o n o f p o t e n t i a l s tep c h r o n o a b s o r p t o m e t r i c e x p e r i 
men t s , b u t th is c o n v e r s i o n is of ten e x p e r i m e n t a l l y u n d e s i r a b l e for 
s e v e r a l reasons. F i r s t , the o x i d i z e d f o r m o f the c o u p l e m a y not e x h i b i t 
a n a c c e s s i b l e o p t i c a l abso rp t ion w i t h w h i c h its f o rma t ion c a n b e m o n i 
to red d u r i n g o x i d a t i v e p o t e n t i a l s teps . I f a decrease i n the o p t i c a l 
abso rbance o f the p r e c u r s o r has to b e m o n i t o r e d , the s m a l l dec rease i n 
abso rbance c o r r e s p o n d i n g to d i s a p p e a r a n c e o f the p r e c u r s o r w i l l r e s u l t 
i n a p o o r s igna l - to -no i se ra t io . S e c o n d , ine f f i c i en t s t i r r i n g i n s m a l l v o l 
u m e c e l l s c a n cause e x h a u s t i v e p r i o r e l e c t r o l y s i s to r e q u i r e a n u n d u l y 
l o n g t i m e . T h i r d , e x h a u s t i v e e l e c t r o l y s i s d ic ta tes that a n i s o l a t e d aux
i l i a r y e l e c t r o d e b e e m p l o y e d . T h i s e x p e r i m e n t a l a r r a n g e m e n t m a y b e 
i n c o n v e n i e n t , a n d the p r o d u c t s o f the a u x i l i a r y e l e c t r o d e r eac t i on m a y 
c o m p r o m i s e the i n t e g r i t y o f the s a m p l e . A l s o , the effects o f l o n g - t e r m 
e l e c t r o l y s i s o n the b e h a v i o r o f s u r f a c e - m o d i f i e d e l e c t r o d e s c o m m o n l y 
e m p l o y e d i n he t e rogeneous k i n e t i c cha rac te r i za t ions o f B R M s are not 
ye t k n o w n . T h u s , an e x p e r i m e n t a l p r o t o c o l that p r o v i d e s i n d e p e n d e n t 
k i n e t i c i n f o r m a t i o n r e g a r d i n g the b a c k r e a c t i o n w h e n the p r e c u r s o r 
is a l r e a d y i n that r e d o x f o r m is h i g h l y d e s i r a b l e . 

O n e e x p e r i m e n t a l a p p r o a c h that satisfies these r e q u i r e m e n t s i n 
v o l v e s the use o f a s y m m e t r i c d o u b l e p o t e n t i a l s tep p e r t u r b a t i o n o f the 
O T E . I n i t i a l l y , the p o t e n t i a l is s t e p p e d to a v a l u e that causes the for
w a r d r e a c t i o n i n E q u a t i o n 1 to p r o c e e d at a d i f i u s i o n - c o n t r o l l e d rate. 
A f t e r s o m e t i m e , r , the p o t e n t i a l is s t e p p e d b a c k to a less e x t r e m e 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

02
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v a l u e , w h i c h causes a p o r t i o n o f the r e d u c e d fo rm o f the c o u p l e p r o 
d u c e d d u r i n g the i n i t i a l s t ep to b e c o n v e r t e d b a c k to the o x i d i z e d 
fo rm. I f at τ the e l e c t r o d e p o t e n t i a l is s t e p p e d b a c k to su f f i c i en t ly 
p o s i t i v e va lue s s u c h that the b a c k r e a c t i o n p r o c e e d s at a d i f fus ion-
c o n t r o l l e d rate, t h e n AR(\,t > r) is a l i n e a r f unc t i on o f [t112 - (t - τ)112] 
(16). A t present , no t r ac tab le a n a l y t i c a l s o l u t i o n exists w h i c h d e s c r i b e s 
the t e m p o r a l d e p e n d e n c e o f AR(k,t > r ) for b a c k s tep p o t e n t i a l s less 
t h a n that r e q u i r e d for the d i f f u s i o n - c o n t r o l l e d r e o x i d a t i o n o f R (14,19, 
20). C o n s e q u e n t l y , the he t e rogeneous rate cons tant for the b a c k reac
t i o n (kbJl i n E q u a t i o n 1) is d e t e r m i n e d for the e x p e r i m e n t a l s y s t e m 
u n d e r s t u d y b y d i g i t a l s i m u l a t i o n o f AR(k,t) a n d ad jus tmen t o f the 
s i m u l a t i o n kbth v a l u e u n t i l sat isfactory a g r e e m e n t b e t w e e n s i m u l a t i o n 
a n d e x p e r i m e n t is o b t a i n e d . A s kbth is v a r i e d to a t ta in a g r e e m e n t b e 
t w e e n s i m u l a t i o n a n d e x p e r i m e n t , kfth n e c e s s a r i l y m u s t v a r y a lso . 
T h e ra t io o f these t w o rate constants is fixed b y the o v e r p o t e n t i a l 
a n d na: 

hJkfA = e x p { n a F ( E - E%m)/RT\ (13) 

T h e v i a b i l i t y o f this m e t h o d o f d e t e r m i n i n g the h e t e r o g e n e o u s 
k i n e t i c pa ramete r s for the b a c k r eac t ion i n q u a s i - r e v e r s i b l e sys t ems 
has b e e n e s t a b l i s h e d u s i n g the f e r r i c y a n i d e - f e r r o c y a n i d e c o u p l e 
at p l a t i n u m O T E s i n p H 7.00 s o l u t i o n . R e c a l l i n g that th is r e d o x c o u p l e 
is i n i t i a l l y i n the r e d u c e d f o r m , d e t e r m i n a t i o n o f the kfth v a l u e s for this 
test s y s t e m is t a n t a m o u n t to d e t e r m i n a t i o n o f the kbth v a l u e s w e r e th is 
s y s t e m i n i t i a l l y i n the o x i d i z e d fo rm i n the con tex t o f the f o r e g o i n g 
d i s c u s s i o n a n d E q u a t i o n 1. 

T h e s e q u e n c e o f p o t e n t i a l steps e m p l o y e d i n these e x p e r i m e n t s is 
s h o w n i n F i g u r e 7. I n i t i a l l y , the p o t e n t i a l o f the O T E is s t e p p e d f rom 
A to Β w h e r e the o x i d a t i o n o f f e r r o c y a n i d e p r o c e e d s at a d i f fus ion-
c o n t r o l l e d rate. A f t e r a 5-s i n t e r v a l , the p o t e n t i a l is s t e p p e d b a c k to the 
v a l u e s i n d i c a t e d b y C t h r o u g h Η for a series o f e x p e r i m e n t s . T h e 
r e s u l t i n g t i m e - d e p e n d e n t abso rbance o f f e r r i c y a n i d e o b s e r v e d d u r i n g 
th is series o f p o t e n t i a l s tep sequences is s h o w n i n F i g u r e 8. O v e r l a i d 
on these t ransients are the best-fi t s i m u l a t e d v a l u e s o f the absorbance . 
T h e v a l u e s o f kfth u s e d i n these s i m u l a t i o n s are s u m m a r i z e d i n T a b l e 
I I I . T h e d e p e n d e n c e o f l o g (kfth) o n o v e r p o t e n t i a l for the r e d u c t i o n o f 
f e r r i c y a n i d e is s h o w n i n F i g u r e 9, toge ther w i t h t he d e p e n d e n c e o f 
\og(kbth) o n o v e r p o t e n t i a l for the o x i d a t i o n o f f e r r o c y a n i d e . T h e s e kbth 

v a l u e s are those d e t e r m i n e d f r o m the s i n g l e p o t e n t i a l s t ep c h r o n o a b 
s o r p t o m e t r i c m e a s u r e m e n t s d e s c r i b e d ea r l i e r . T h e v a l u e o f kg'^ de ter 
m i n e d f r o m kbfh v a l u e s ( s ing le p o t e n t i a l s tep m e a s u r e m e n t s ) , 3 .89 
( ± 0 . 0 9 ) x 10" 3 cm/s , is i n e x c e l l e n t a g r e e m e n t w i t h that d e t e r m i n e d 
f rom kfih v a l u e s ( a s y m m e t r i c d o u b l e p o t e n t i a l s tep m e a s u r e m e n t s ) , 
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38 BIOLOGICAL REDOX COMPONENTS 
τ 1 1 1 1 r 

6 0 0 400 200 0 

Ε (mV vs NHE) 

Figure 7. Cyclic voltammetry of 4.71 m M K4Fe(CN)6 showing asym
metric double potential step sequence. Initial potential and reverse 
diffusion step limit A = 66 mV, forward diffusion step limit Β = 740 
mV, kinetic reverse step limits: C = 463 mV, D = 428 mV, Ε = 403 mV, 
F = 377 mV, G = 353 mV, and H = 326 mV. Experimental conditions 

for cyclic voltammetry are given in Figure 3. 

Table III. Heterogeneous Electron Transfer Rate Constants for the 
Asymmetric Double Potential Step Reduction of 

Ferricyanide at Platinum 

Va(mV) W$(cm/s) x 103 

39 1.79 ( ± 0 . 0 6 ) d 

4 3.73 ( ± 0 . 2 1 ) 
- 2 1 6.71 ( ± 0 . 4 8 ) 
- 4 7 11.5 ( ± 1 . 2 ) 
- 7 1 17.5 ( ± 0 . 8 ) 
- 9 8 30 .9 ( ± 1 . 8 ) 

Note: Oxidative (initial) potential step to η = 326 mV for τ = 5.00 s; [K4Fe(CN)e] = 
4.71 mM in pH 7.00 phosphate buffer (0.07 M). 

a Reductive (reverse) potential steps; η = É s t ep + Ε ref _ data acquired for 5.00 s 
following step reversal. 

b According to Equation 1. 
c From digital simulation data fits; values shown are means of four determinations. 
d Parentheses contain one standard deviation. 
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2. BANCROFT ET AL. Electron Transfer Kinetic Parameters 39 

4 .11 ( ± 0 . 1 7 ) x 1 0 " 3 cm/s . Q u i t e g o o d a g r e e m e n t is a l so f o u n d b e t w e e n 
the v a l u e s o f a , 0 .534 ( ± 0 . 0 2 2 ) , d e r i v e d f rom a s y m m e t r i c d o u b l e s tep 
m e a s u r e m e n t s a n d (1 - a) , 0 .469 ( ± 0 . 0 1 1 ) , d e t e r m i n e d f r o m the s i n g l e 
s tep e x p e r i m e n t s . S i m u l a t i o n s tud ies h a v e s h o w n that the a s y m m e t r i c 
d o u b l e p o t e n t i a l s tep a b s o r b a n c e - t i m e responses are m o r e sens i t i ve to 
changes i n a t h a n to changes i n 1ζ'Λ w h e n b a c k s tep p o t e n t i a l s i n the 

0 1 — « 1 1 ι ι ι ι ι ι 1 L 

0 2 4 6 8 10 

TIME (sec) 

Figure 8. Absorbance-time behavior for asymmetric double potential 
step oxidation of 4.71 m M ferrocyanide and subsequent reduction 
of ferricyanide at a platinum OTE in pH 7.00 solution. Solid lines 
are experimental transients; solid circles are best fit values from 
digital simulation. Forward step: η = 326 mV, k f j h = 5.66 x 10~6 cm/s, 
k b h = 1.25 cm/s. For reverse steps, Curve C: n = 39 mV, k f h = 1.79 x 
1Ô~3 cm/s, k b h = 8.17 χ 10~3 cm/s; Curve Ό:η=4 mV, k f h = 3.73 x 10~3 

cm/s, k b , h = 4.36 x 10~3 cm/s; Curve Ε: η = -21 mV, k{[h = 6.71 x 10~3 

cm/s, kb. h = 2.96 x 10~3 cm/s; Curve F: η = -47 mV, kf',h = 1.15 x 10~2 

cm/s, k b , h = 1.85 χ 10~3 cm/s; Curve G: η = -71 mV, k f , h = 1.75 x 
10~2 cm/s, k h f h = 1.10 χ 10~3 cm/s; Curve Η: η = -98 mV, k f h = 3.09 x 
10-2 cm/s, k b > h = 6.81 x 10'4 cm/s; Curve Α: η = - 3 5 8 mV, k f , h = 2.63 

cm/s, k b j h = 5.75 x 10~6 cm/s. 
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40 BIOLOGICAL REDOX COMPONENTS 

f | (mV) 

Figure 9. Dependence of log (k f > h ) from asymmetric double potential 
step chronoabsorptometric measurements ( O , k° / h =4.11 x 10~3 cm/s, 
a = 0.534) and log ( k b > h ) / r o r a single potential step chronoabsorpto
metric measurements [Φ, k ° ' h = 3.89 x 10~3 cm/s, (1 - a) = 0.469] on 
overpotential for ferrocyanide system at a platinum OTE. Coefficients 

of correlation; k f , h data, R = 0.9993; k b , h data, R = 0.9986. 

v i c i n i t y o f the E ° ' are e m p l o y e d , a n d are m o r e s ens i t i ve to c h a n g e s i n 
ΙζΆ t han to changes i n a w h e n b a c k s tep po t en t i a l s w e l l - r e m o v e d f rom 
the E ° ' are u s e d . 

Derivative Cyclic Voltabsorptometry 

L i n e a r p o t e n t i a l s w e e p p e r t u r b a t i o n o f a n O T E i n c o n j u n c t i o n 
w i t h o p t i c a l m o n i t o r i n g o f the e l e c t r o d e r eac t i on p r o d u c t g i v e s r ise 
(21) to an e x p e r i m e n t a l t o o l that offers u n i q u e advantages for the 
c h a r a c t e r i z a t i o n o f he t e rogeneous e l e c t r o n t ransfer reac t ions . I n this 
t e c h n i q u e , the abso rbance (AR) o f the e l e c t r o d e r e a c t i o n p r o d u c t ( R , 
E q u a t i o n 1), w h i c h is the o p t i c a l a n a l o g o f the to ta l cha rge passed , is 
d i f f e r en t i a t ed w i t h r e spec t to the l i n e a r l y v a r y i n g e l e c t r o d e p o t e n t i a l . 
T h i s d e r i v a t i v e o p t i c a l s i g n a l (dAR/dE) is d i s p l a y e d as a f u n c t i o n o f 
s w e e p p o t e n t i a l as s h o w n i n F i g u r e 10. T h e r e s u l t i n g dAR/dE v s . Ε 
w a v e f o r m is m o r p h o l o g i c a l l y i d e n t i c a l to the c y c l i c v o l t a m m e t r i c re
sponse o f the r e d o x c o u p l e . F o r r e v e r s i b l e sys tems , the p e a k a m p l i t u d e 
o f the d e r i v a t i v e o p t i c a l response is g i v e n b y 

(dAR/dE)p = β n 1 ' 2 € Λ ( λ ) Όψ C° 0 ν-™ (14) 

w h e r e β = - 0 . 0 8 8 1 m V ~ 1 / 2 , C°0 is i n m o l e s p e r l i t e r , a n d the s w e e p rate, 
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2. BANCROFT ET AL. Electron Transfer Kinetic Parameters 41 

v, is i n m i l l i v o l t s p e r s e c o n d . E q u a t i o n 14, a n o p t i c a l a n a l o g o f the 
R a n d l e s - S e v c i k e q u a t i o n , e x h i b i t s t w o s t r i k i n g features . F i r s t , the 
a m p l i t u d e o f the d e r i v a t i v e v o l t a b s o r p t o m e t r i c peak , u n l i k e the m o n i 
t o r e d s igna l s i n o the r t rans ien t s p e c t r o e l e c t r o c h e m i c a l m e t h o d s , d e 
p e n d s o n the η - v a l u e o f the s y s t e m . S e c o n d , the d e r i v a t i v e v o l t a b 
s o r p t o m e t r i c s i g n a l is inversely d e p e n d e n t o n the rate o f p o t e n t i a l 
s w e e p . H e n c e d e r i v a t i v e c y c l i c v o l t a b s o r p t o m e t r y ( D C V A ) is a t e c h 
n i q u e that is a n a l o g o u s to , a n d at the s a m e t i m e a c o m p l e m e n t of, 

A 

Β 

C 

D 

300 150 0 - 1 5 0 - 3 0 0 

E ( m V vs Ε β ' ) 

Figure 10. Simulated current (A), charge (B), absorbance (C), and 
d A H / d E (D) responses for reversible monoelectronic reduction of O . 
Scan rate = 25 mV/s, area = 0.25 cm2, €R = 5.0 x 103 M1 c m _ i , D 0 = 

D R = 6.0 χ 10-6 cm2/s, C° 0 = 1.0 mM. 
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42 BIOLOGICAL REDOX COMPONENTS 
c y c l i c v o l t a m m e t r y . T h e advantages d e r i v e d f rom the use o f o p t i c a l 
m o n i t o r i n g o f e l e c t r o d e reac t ions , toge ther w i t h the i n v e r s e d e p e n 
d e n c e o f the d e r i v a t i v e o p t i c a l s i g n a l on s w e e p rate , s t r ong ly sugges t 
the a p p l i c a t i o n o f D C V A to the cha r ac t e r i z a t i on o f h e t e r o g e n e o u s e l e c 
t ron transfer reac t ions o f B R M s . H e n c e , w h e n the rates o f he te roge
n e o u s e l e c t r o n transfer o f i r r e v e r s i b l e a n d q u a s i - r e v e r s i b l e sys t ems d i c 
tate that s l o w rates o f p o t e n t i a l s w e e p b e e m p l o y e d for t h e i r k i n e t i c 
cha rac te r i za t ions , the D C V A t e c h n i q u e b e c o m e s p a r t i c u l a r l y a d v a n 
tageous r e l a t i v e to its p u r e l y e l e c t r o c h e m i c a l c o u n t e r p a r t ( c y c l i c v o l t 
a m m e t r y ) , w h o s e s ens i t i v i t y decreases w i t h d e c r e a s i n g s w e e p rate. 

T h e o x i d a t i o n o f f e r r o c y a n i d e at p l a t i n u m O T E s is a c o n v e n i e n t 
s y s t e m w i t h w h i c h the a p p l i c a t i o n o f the D C V A t e c h n i q u e to q u a s i -
r e v e r s i b l e sys t ems can b e d e m o n s t r a t e d . M o r e o v e r , the k i n e t i c resul t s 
o b t a i n e d b y th is e x p e r i m e n t a l m e t h o d c a n b e d i r e c t l y c o m p a r e d w i t h 
those d e t e r m i n e d b y s i n g l e p o t e n t i a l s t ep a n d a s y m m e t r i c d o u b l e p o 
t e n t i a l s tep t e c h n i q u e s . F i g u r e 11 s h o w s the D C V A responses for th is 
s y s t e m at s w e e p rates o f 23 .3 , 47 .5 , a n d 9 5 m V / s . O v e r l a i d o n these 

ρ 1 1 1 1 1 1 1 Π 

U 1 1 1 » • ι ι » I 
8 0 0 600 400 2 0 0 0 

E(mV vs NHE) 

Figure 11. Derivative cyclic voltabsorptograms for 4.71 m M 
K4Fe(CN)6 at a platinum OTE in pH 7.00 solution. Solid lines are 
experimental responses, solid circles are digitally simulated responses. 
Values of k° / h and a employed in the simulation are given in Table IV. 
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2. BANCROFT ET AL. Electron Transfer Kinetic Parameters 43 

d e r i v a t i v e v o l t a b s o r p t o m o g r a m s are s i m u l a t e d responses g e n e r a t e d 
u s i n g the pa ramete r s l i s t e d i n T a b l e I V . T h e a g r e e m e n t b e t w e e n s i m u 
l a t i o n a n d e x p e r i m e n t s h o w n i n F i g u r e 11 is q u i t e g o o d . A l s o , the 
v a l u e s o f k*^ a n d a that are cha rac t e r i s t i c o f the D C V A responses o f 
th is s y s t e m are i n e x c e l l e n t a g r e e m e n t w i t h those d e t e r m i n e d b y 
s i n g l e p o t e n t i a l s tep a n d a s y m m e t r i c d o u b l e p o t e n t i a l s tep t e c h n i q u e s 
(cf., T a b l e s I , I I I , a n d I V ) . 

Applications to Biological Molecules 

T h e s i n g l e p o t e n t i a l s tep c h r o n o a b s o r p t o m e t r i c t e c h n i q u e has re
c e n t l y b e e n e m p l o y e d to d e t e r m i n e the he t e rogeneous e l e c t r o n transfer 
k i n e t i c pa ramete r s o f th ree di f ferent b i o l o g i c a l m o l e c u l e s : m y o g l o b i n 
(8, JO) , horse hear t c y t o c h r o m e c (JO) , a n d s o l u b l e s p i n a c h f e r r e d o x i n 
(9) . T h e s a l i e n t features o f these inves t iga t ions are s u m m a r i z e d i n 
T a b l e V . I n e v e r y case, the c h r o n o a b s o r p t o m e t r i c da t a w e r e a n a l y z e d 
a c c o r d i n g to the i r r e v e r s i b l e m o d e l d e s c r i b e d p r e v i o u s l y . T h e er ror 
a ssoc ia ted w i t h the use o f th is m o d e l for the k i n e t i c ana lyses o f 
these sys tems is m o s t p r o n o u n c e d at l o w o v e r p o t e n t i a l s , l o n g t i m e s 
o f o b s e r v a t i o n , a n d la rge v a l u e s o f fc^. F o r the sys t ems s h o w n i n 
T a b l e V , the use o f the i r r e v e r s i b l e m o d e l i n t r o d u c e d less t h a n 1% 
error i n the e v a l u a t e d rate constants for m y o g l o b i n a n d c y t o c h r o m e c 
(cf., T a b l e I I ) . F o r the f e r r e d o x i n s y s t e m , the m a x i m u m er ror i n 
kfth a r i s i n g f rom use o f the i r r e v e r s i b l e m o d e l for k i n e t i c ana lys i s 
is a p p r o x i m a t e l y 2 0 % at o b s e r v a t i o n t i m e s o f 60 s for η = - 1 6 m V 
a n d decreases to a p p r o x i m a t e l y 6 % at 6 0 s for η = —101 m V . B e 
cause the v a l u e s o f kf§h at l o w o v e r p o t e n t i a l s are a c t u a l l y l a rger t h a n 
those r e p o r t e d (9) , is s o m e w h a t l a rger t h a n the r e p o r t e d v a l u e a n d 
a is c o r r e s p o n d i n g l y s m a l l e r . 

T a b l e IV. H e t e r o g e n e o u s E l e c t r o n T rans f e r K i n e t i c P a r a m e t e r s for 
F e r r o c y a n i d e S y s t e m at P l a t i n u m O T E E v a l u a t e d b y 

D e r i v a t i v e C y c l i c V o l t a b s o r p t o m e t r y 

v(mVls) KS(cmls) x 103 aa AEb

v(mV) 

23.3 4.3 0 .53 94 
47 .5 4 .0 0.52 102 
95 .0 4 .2 0.56 125 

M e a n 4 .2 ( ± 0 . 2 ) c 0 .54 ( ± 0 . 0 2 ) c 

Note: [K4Fe(CN)6] = 4.71 mM in pH 7.00 phosphate buffer (Titrisol, Merck) con
taining 0.10 M NaCl. 

"From digital simulation of DCVA responses shown in Figure 11. Simulation 
parameters are: [K4Fe(CN)e] =4.71 mM, DR = 6.50 x 10"6 cm2/s (22), D0 = 7.65 x 
10"6 cm7s (22), €O(420 nm) = 1020 M - 1 cm"1 (21), E°' = 424 mV vs. NHE (18), ν = 23.3, 
47.5, and 95.0 mV/s. 

6 ΔΕρ = Ερ<α) ~ Ep(c). 
c Standard deviation. 
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T h e a s y m m e t r i c d o u b l e p o t e n t i a l s t e p c h r o n o a b s o r p t o m e t r i c 
t e c h n i q u e has b e e n a p p l i e d to the d e t e r m i n a t i o n o f the k i n e t i c s o f the 
b a c k r eac t ion o f c y t o c h r o m e c 

cy t c (III) + e~ ^ c y t c (II) (15) 

at t i n o x i d e O T E s . V a l u e s o f kbJl d e t e r m i n e d at v a r i o u s b a c k ( o x i d a 
t ive ) s tep o v e r p o t e n t i a l s are s u m m a r i z e d i n T a b l e V I toge ther w i t h 
those v a l u e s o f kffh at v a r i o u s f o r w a r d ( r e d u c t i v e ) o v e r p o t e n t i a l s that 
w e r e d e t e r m i n e d b y the s i n g l e p o t e n t i a l s tep m e t h o d . T h e d e p e n 
dences o f log(fc/,/i) a n d log{kbth) o n η are s h o w n i n F i g u r e 12. A l t h o u g h 
the r e d u c t i v e a n d o x i d a t i v e k i n e t i c da ta are i n t e r n a l l y se l f -consis tent , 
ex t r apo l a t i on o f these r e s p e c t i v e sets o f da ta affords q u i t e d i f ferent 
va lue s o f fc^ a n d a. W h e r e a s the r e d u c t i v e p o t e n t i a l s t ep e x p e r i m e n t s 
g i v e r ise to va lue s o f k0

s'M = 4 .37 ( ± 0 . 2 0 ) x 1 0 " 6 cm/s a n d a = 0.268 
( ± 0 . 0 0 8 ) , the a s y m m e t r i c d o u b l e p o t e n t i a l s tep e x p e r i m e n t s i n d i c a t e 
that for the o x i d a t i o n o f f e r r o c y t o c h r o m e c the f o r m a l h e t e r o g e n e o u s 
rate cons tan t is m u c h la rger [k^j, = 2 .63 ( ± 0 . 1 8 ) x 1 0 - 5 cm/s ] a n d the 
transfer coef f ic ien t a lso is s i g n i f i c a n t l y l a rger [(1 - a) = 0.101 
( ± 0 . 0 0 9 ) ] . 

T o e s t a b l i s h the v a l i d i t y o f these resu l t s , the f e r r i c y t o c h r o m e c 
s y s t e m was e x h a u s t i v e l y c o n v e r t e d to the r e d u c e d fo rm (ferrocyto
c h r o m e c) b y c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s a n d t h e n o x i d a t i v e s i n g l e 

T a b l e V I . H e t e r o g e n e o u s E l e c t r o n T rans f e r R a t e C o n s t a n t s for the 
R e d u c t i o n o f F e r r i c y t o c h r o m e c a n d the O x i d a t i o n o f 

F e r r o c y t o c h r o m e c at T i n O x i d e O T E s 

Reduction Oxidation 

Va(mV) tyjcmls) x 104 r)(mV) UJcm/s) x 10" 

- 2 2 8 0.418 172 0 .478 
- 2 7 8 0.791 2 7 2 0 .783 
- 3 2 8 1.31 4 7 2 2 .15 
- 3 7 8 2.36 5 7 2 2 .19 
- 4 2 8 3.98 6 7 2 3 .60 
- 4 7 8 8.30 
- 5 2 8 9.33 
- 6 2 8 26.4 

Note: [Cyt c] = 94 μΜ, pH 7.00 phosphate buffer (0.07 M), NaCl (0.10 M). 
a E°' = 260 mV vs. NHE (23). 
b Evaluation by either irreversible or quasi-reversible single potential step model 

gives same result at these values of t? ; average relative deviation for duplicate measure
ments is ca. 8%; kinetic analysis time domain is 1.5-18 s. 

c Analysis by digital simulation of asymmetric double potential step response; 
τ = 18 s; kinetic analysis time domain is 19.5-36 s; average relative deviation for 
duplicate experiments is ca. 15%. 
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5.5 L-J 1 L _ 
800 600 400 

_L _L _J_ 
200 0 -200 

1(mV) 
-400 -600 -800 

Figure 12. Dependence of log (ki>h)from single potential step chrono
absorptometric measurements ( O , ks°'h = 4.37 x 10"6 cm/s, a = 0.268) 
and log (khth) from asymmetric double potential step chronoabsorpto
metric measurements [ · , k°' h = 2.63 x 10~5 cm/s, (1 - a) = 0.101] on 
overpotential for cytochrome c system at a tin oxide OTE. Coefficients 

of correlation: kUh data, R = 0.9976; k b , h data, R = 0.9846. 

p o t e n t i a l s tep c h r o n o a b s o r p t o m e t r i c e x p e r i m e n t s w e r e p e r f o r m e d to 
p r o v i d e an i n d e p e n d e n t m e a s u r e o f a n d a for th is r eve r se r e a c t i o n . 
T h e resul ts o f these e x p e r i m e n t s are s u m m a r i z e d i n T a b l e V I I a n d 
c o n f i r m that i n d e e d the p h e n o m e n o n seen i n F i g u r e 12 is a lso n o t e d b y 
the s i n g l e p o t e n t i a l s tep c h r o n o a b s o r p t o m e t r i c t e c h n i q u e at b o t h t i n 
o x i d e a n d m e t h y l v i o l o g e n - m o d i f i e d g o l d O T E s . F u r t h e r c o n f i r m a t i o n 
o f th is g ros s ly di f ferent he t e rogeneous e l e c t r o n transfer k i n e t i c b e h a v 
ior o f the t w o r e d o x forms o f c y t o c h r o m e c i n th is m e d i u m is af forded 
b y the D C V A response s h o w n i n F i g u r e 13. T h e s i m u l a t e d response 
( s o l i d c i r c l e s ) for 1ζ'Λ = 2.2 x 1 0 " 6 cm/s a n d a = 0.31 is i n g o o d agree
m e n t w i t h the e x p e r i m e n t a l l y o b s e r v e d r e d u c t i v e b e h a v i o r ( s o l i d 
l i n e ) . O n p o t e n t i a l s w e e p r e v e r s a l , h o w e v e r , the e x p e r i m e n t a l re
sponse does not ref lect the b e h a v i o r e x p e c t e d for the o x i d a t i o n o f fer
r o c y t o c h r o m e c i f these v a l u e s o f k°'th a n d α r e m a i n v a l i d . T h e o x i d a t i v e 
dAR/dE s i g n a l s h o u l d r ise m o r e s h a r p l y i f i n d e e d (I - a) is 
(1 - 0.31) = 0.69. T h a t the s i g n a l does not f o l l o w the e x p e c t e d b e h a v 
io r is i n d i c a t i v e o f a m u c h s m a l l e r v a l u e o f (1 - a ) , h e n c e a m u c h l a rge r 
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ι 1 1 1 1 τ 1 r 

I I I I I I I L 

800 600 400 200 0 - 2 0 0 - 4 0 0 - 6 0 0 

Ε (mV vs NHE) 

Figure 13. Derivative cyclic voltabsorptogram for 89 μΜ ferricyto
chrome c at a tin oxide OTE in pH 7.00 phosphate buffer (0.07 M) 
containing 0.10 M NaCl (solid line). Sweep rate = 4.0 mV/s, absorbance 
of ferrocytochrome c monitored at 416 nm ( Ae416 = 5.7 x 104 M _ 1 cm'1) 
(26). Solid circles are for simulated response using k°,h = 2.2 x 10~6 

cm/s, a = 0.31, D 0 = D R = 1.10 x 10~6 cmVs (27). (Reproduced, with 
permission, from Ref. 27. Copyright 1981, Academic Press.) 

v a l u e o f a as is o b s e r v e d i n the o x i d a t i v e p o t e n t i a l s t ep e x p e r i m e n t s 
( T a b l e V I I ) . W h e t h e r th is b e h a v i o r is a man i f e s t a t i on o f in te rac t ions 
b e t w e e n the b i o m o l e c u l e a n d some s o l u t i o n c o m p o n e n t ( s ) or the e l e c 
t r o d e a n d s o m e s o l u t i o n componen t ( s ) has not b e e n d e f i n i t i v e l y estab
l i s h e d at th is t i m e (24) . 

I n s u m m a r y , the fou r t e c h n i q u e s d e s c r i b e d c a n b e e x p e c t e d to 
b e c o m e i n c r e a s i n g l y i m p o r t a n t k i n e t i c p r o b e s as n e w e l e c t r o d e sys
tems are d e v e l o p e d that f ac i l i t a t e d i r e c t e l e c t r o n transfer b e t w e e n the 
e l e c t r o d e a n d b i o l o g i c a l m o l e c u l e s . 
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3 

Spectroelectrochemical Determination 
of the Temperature Dependence of 
Reduction Potentials 
Tris(1,10-phenanthroline) Complexes of Iron and 
Cobalt with c-Type Cytochromes 

VERNON T. TANIGUCHI, WALTHER R. ELLIS, JR., 
VINCE CAMMARATA, JOHN WEBB, 1 FRED C. ANSON, and 
HARRY B. GRAY 

California Institute of Technology, Arthur Amos Noyes Laboratory, Pasadena, 
CA 91125 

Recent advances in applying thin-layer spectroelec
trochemical methods to determine formal reduction po
tentials (E°) and electron stoichiometries (n-values) of 
metalloproteins have been extended to the study of the 
temperature dependences of the E°-values of c-type 
cytochromes. Isothermal and nonisothermal elec
trochemical cells are described briefly and the conven
tions used to assign electron transfer reaction entropies, 
∆S°rc, to redox half-cell reactions are discussed. Calibra
tion of the nonisothermal behavior of the spectroelec
trochemical cells is performed using Fe(1,10-phenan
throline)3+/2+3 and Co(1,10-phenanthroline)3+/2+3, two 
redox couples for which both isothermal and noniso
thermal results are available. A detailed study of the 
temperature dependence of the formal reduction po
tential of horse heart cytochrome c yields the following 
thermodynamic parameters: ΔΗ°, -14.5 kcal/mol; ΔS°, 
-28.5 eu; and ΔS°rc, -12.9 eu. Preliminary ΔS°rc values 
for several other c-type cytochromes are as follows: 
tuna cytochrome c, -10.3 eu; Rhodospirillum rub
rum cytochrome c2, -9.6 eu; Pseudomonas aeruginosa 
cytochrome c551, -16.2 eu; Rhodospirillum rubrum 
cytochrome c', +0.5 eu; and Rhodopseudomonas palus
tris cytochrome c', -6.0 eu. 

1 Current address: Murdoch University, School of Mathematical and Physical Sci
ences, Murdoch, Perth, W.A. 6150, Australia. 

0065-2393/82/0201-0051$06.00/0 
© 1982 American Chemical Society 
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52 BIOLOGICAL REDOX COMPONENTS 
l u c i d a t i o n o f the t h e r m o d y n a m i c s o f m e t a l l o p r o t e i n e l e c t r o n trans-

-•"^fer reac t ions ( J - 1 5 ) is a mat te r o f f u n d a m e n t a l i m p o r t a n c e i n 
b i o c h e m i s t r y (16). T h e e n t h a l p i e s a n d en t rop ie s o f m e t a l l o p r o t e i n 
e l e c t r o n t ransfer reac t ions are i n f l u e n c e d b y changes i n p r o t e i n c o n 
fo rma t ion a n d s o l v a t i o n as w e l l as o ther s t ruc tu ra l a n d m e d i u m effects 
(2-11,13-15). S u c h effects are i n v o l v e d (16,17) i n the m e c h a n i s m s o f 
m e t a l l o p r o t e i n b i n d i n g a n d e l e c t r o n transfer to m e m b r a n e - b o u n d 
c o m p l e x e s . T h i s c h a p t e r d e s c r i b e s e x p e r i m e n t s that use s p e c t r o e l e c 
t r o c h e m i c a l m e t h o d s to d e t e r m i n e m e t a l l o p r o t e i n e l e c t r o n transfer en 
t h a l p i e s a n d en t rop ie s . 

Variable Temperature Electrochemical Cells 

T h e r m o d y n a m i c pa ramete r s for m e t a l l o p r o t e i n e l e c t r o n transfer 
reac t ions h a v e b e e n o b t a i n e d f rom m e a s u r e m e n t s o f the t e m p e r a t u r e 
d e p e n d e n c e s o f the e q u i l i b r i u m constants for reac t ions o f m e t a l l o p r o 
t e i n r e d o x c o u p l e s w i t h i n o r g a n i c c o m p l e x e s ( 1 - 3 , 6 - 8 , 9, 14), from 
c a l o r i m e t r i c m e a s u r e m e n t s (4, 5 , 9,14), a n d f rom i n d i r e c t c a l c u l a t i o n s 
(9 , 1 2 , 14). R e c e n t e x p e r i m e n t s s h o w (18-22) that s p e c t r o e l e c 
t r o c h e m i c a l m e t h o d s e m p l o y i n g t h i n - l a y e r e l e c t r o l y s i s c e l l s (23-25) 
w i t h o p t i c a l l y t ransparen t e l e c t r o d e ma te r i a l s (26) e n a b l e the r a p i d 
a n d accura te d e t e r m i n a t i o n o f m e t a l l o p r o t e i n r e d u c t i o n p o t e n t i a l s 
( E ° ) . T h e r e l a t i v e ease w i t h w h i c h s u e h E ° v a l u e s c a n b e o b t a i n e d [as 
c o m p a r e d to the m o r e c o m m o n l y e m p l o y e d c h e m i c a l ( J -9,12,14) a n d 
p o t e n t i o m e t r i c (27-30) p r o c e d u r e s ] m a k e s the s t u d y o f the t e m p e r a 
ture d e p e n d e n c e s o f m e t a l l o p r o t e i n E° v a lue s a m u c h m o r e t r ac tab le 
p r o b l e m . 

H o w e v e r , u n l i k e the c l a s s i c a l e q u i l i b r i u m , k i n e t i c , a n d c a l o r i m e t 
r i c e x p e r i m e n t s , 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 s o f p rope r t i e s 
o f e l e c t r o c h e m i c a l c e l l s i n v o l v e c e r t a i n a d d e d c o m p l i c a t i o n s . I n a d d i 
t i o n to the r e d o x ha l f - r eac t ion o f in teres t , one m u s t d e a l e x p e r i m e n t a l l y 
w i t h at leas t o n e o ther h a l f - c e l l r eac t i on to c o m p l e t e the e l e c t r o c h e m i 
c a l c e l l . A s u i t a b l e re ference e l e c t r o d e h a l f - c e l l is u s u a l l y e m p l o y e d 
a n d , as a resu l t , p roper t i e s o f the re fe rence e l e c t r o d e ha l f - r eac t ion a l so 
c a n c o n t r i b u t e to the o b s e r v e d t e m p e r a t u r e d e p e n d e n t p rope r t i e s o f 
the c o m p l e t e c e l l r e ac t i on . A n a r r a n g e m e n t c o m m o n l y e m p l o y e d is 
d e s c r i b e d b y the f o l l o w i n g c e l l 

H g | H g 2 C l 2 ( s a t . ) , K C l ( s a t . ) l | K C l ( s a t . ) H M m + , M(m~n)+\M^ 

T ( v a r i e d ) 

i n w h i c h a sa tu ra ted c a l o m e l e l e c t r o d e ( S C E ) is u s e d as the re ference 
h a l f - c e l l , Mm+ a n d M(m~n)+ r ep resen t the o x i d i z e d a n d r e d u c e d h a l v e s 
o f the r e d o x c o u p l e o f in teres t , a n d M ' represents the w o r k i n g e l e c 
t r o d e m a t e r i a l . S u c h s o - c a l l e d " i s o t h e r m a l " c e l l a r r angemen t s , i n 
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3. TANIGUCHI ET AL. Temperature and Reduction Potentials 53 

w h i c h the t e m p e r a t u r e o f the en t i r e e l e c t r o c h e m i c a l c e l l is v a r i e d , 
w e r e u s e d i n m o s t o f the e a r l y r e d o x t h e r m o d y n a m i c s tud ies (31-38) 
o n i n o r g a n i c c o m p l e x e s i n a q u e o u s s o l u t i o n . 

T h e t e m p e r a t u r e d e p e n d e n c e o f the o v e r a l l c e l l p o t e n t i a l i n s u c h 
i s o t h e r m a l c e l l e x p e r i m e n t s p r o v i d e s g round-s ta te e n t h a l p y ( Δ Η ° ) a n d 
e n t r o p y (AS°) c h a n g e s for the c o m p l e t e c e l l r e a c t i o n (33-35, 37) 

M m + + (n/2) · H 2 = M ( m " n ) + + η · H + (1) 

w h i c h n o w is r e f e r e n c e d to the s t anda rd h y d r o g e n gas e l e c t r o d e 
( N H E ) , u s i n g the f o l l o w i n g expres s ion for 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 C E (35, 39) 

EICE(T) = 0 .2444 - 0 . 0 0 0 6 6 ( T - 25) (2) 

w h e r e Τ is t e m p e r a t u r e i n degrees C e n t i g r a d e (20° < Τ < 35°) a n d 
E S C E ( T ) is the p o t e n t i a l i n vo l t s o f the S C E (vs. N H E ) at t e m p e r a t u r e T. 

F o r the ne t e n t r o p y c h a n g e for the c o m p l e t e c e l l r e a c t i o n 

A S ° = (S°reu - S°ox) + (n · S ° H + - n / 2 · S° H 2) (3) 

w h e r e the S° te rms rep resen t p a r t i a l m o l a l en t rop ies , the e n t r o p y dif 
fe rence d u e to the r e d o x h a l f - c e l l o f in te res t c a n b e sepa ra t ed f r o m that 
d u e to the re fe rence e l e c t r o d e h a l f - c e l l b y t h i r d - l a w cons idera t ions 
(40). T h e p a r t i a l m o l a l e n t r o p y o f d i h y d r o g e n , H 2 , is 31 .2 e u (41). 
W h e r e a s some p r e c e d e n t exis ts for a n " a b s o l u t e " e n t r o p y sca le w i t h 
SH+ a p p r o x i m a t e l y e q u a l to - 5 . 5 e u ( 3 5 , 3 7 , 4 2 , 4 3 ) , m o s t o f the c u r r e n t 
l i t e ra tu re on a q u e o u s i n o r g a n i c c o m p l e x e s (31 -37) a n d m e t a l l o p r o t e i n 
r e d o x c o u p l e s (2-4, 6, 7, 9, 14, 15) e m p l o y s the s o - c a l l e d " p r a c t i c a l " 
sca le (37,41,44), w h i c h assigns a v a l u e o f z e r o to SH+. A d h e r i n g to the 
p r a c t i c a l e n t r o p y sca le c o n v e n t i o n , r e a r r a n g e m e n t o f E q u a t i o n 3 i n d i 
cates that for a o n e - e l e c t r o n r e d o x process (n = 1) 

S?ed - S ° x = A S ° + 15.6 e u (4) 

T h u s , the d i f fe rence i n p a r t i a l m o l a l en t rop ies b e t w e e n the r e d u c e d 
a n d o x i d i z e d h a l v e s o f a o n e - e l e c t r o n r e d o x c o u p l e [often c a l l e d the 
" r e a c t i o n e n t r o p y " , AS°C (43,45)] is e q u a l to the n e t e n t r o p y c h a n g e for 
the c o m p l e t e c e l l r e a c t i o n , A S ° , p l u s 15.6 e u i n an i s o t h e r m a l c e l l 
e x p e r i m e n t . 

A l t h o u g h i s o t h e r m a l e l e c t r o c h e m i c a l c e l l s are s t r a i g h t f o r w a r d o n a 
c o n c e p t u a l a n d t h e r m o d y n a m i c basis , c e r t a i n p r a c t i c a l cons ide ra t ions 
m a k e t h e m u n s u i t a b l e for r o u t i n e use i n ex t ens ive i nves t i ga t i ons . T h e 
d i f f i cu l t i e s e n c o u n t e r e d re la te to the a m o u n t o f t i m e r e q u i r e d for sev
e r a l o f the c o m m o n re ference e l e c t r o d e s to r e a c h t rue t e m p e r a t u r e 
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54 BIOLOGICAL REDOX COMPONENTS 
e q u i l i b r i u m . T h e a t t a i n m e n t o f t h e r m a l phase e q u i l i b r i a (e.g., s o l i d vs . 
l i q u i d ) of ten is necessa ry i n c e r t a i n re ference e l ec t rodes [ S C E a n d 
A g ( A g C I ) ] . I n the e a r l y i so the rma l c e l l e x p e r i m e n t s ( 3 3 - 3 5 , 37 ) sepa
rate S C E s w e r e p r e p a r e d a n d e q u i l i b r a t e d to di f ferent t empera tu res 
for at leas t 2 days be fo re use . 

A c e l l a r r a n g e m e n t o f the t y p e 

H g | H g 2 C l 2 ( s a t . ) , KCl ( sa t . ) [ | K C l ( s a t . ) ' | f C l ( s a t . ) | \Mm+, M(m~nn\Mf 

Τ ι( fixe d) Τ 2 (va r i ed ) 

c a n b e u t i l i z e d e f f e c t i v e l y to c i r c u m v e n t the p r o b l e m s assoc ia ted w i t h 
i s o t h e r m a l e l e c t r o c h e m i c a l c e l l s (45). I n s u c h a n o n i s o t h e r m a l c e l l 
a r r angemen t , o n l y the t e m p e r a t u r e o f the r e d o x h a l f - c e l l o f in te res t is 
v a r i e d . T h e t e m p e r a t u r e o f the re fe rence e l e c t r o d e h a l f - c e l l is m a i n 
t a i n e d at s o m e fixed, cons tan t t e m p e r a t u r e . A s d e s c r i b e d p r e v i o u s l y 
(45), i f the t e m p e r a t u r e coeff ic ients o f c e r t a in t h e r m a l j u n c t i o n p o t e n 
t i a l s c a n b e m a d e e i t he r n e g l i g i b l e or cons tant r e l a t i v e to the o v e r a l l 
t e m p e r a t u r e coef f ic ien t o f the n o n i s o t h e r m a l c e l l (dE°/dT)9 r e ac t i on 
en t rop ies for r edox c o u p l e s c a n b e d e t e r m i n e d d i r e c t l y f rom 
n o n i s o t h e r m a l c e l l m e a s u r e m e n t s 

A S ? C = S?ed - S°ox = nF(dE°/dT) (5) 

w h e r e F is the F a r a d a y cons tant a n d η is the n u m b e r o f e l ec t rons trans
fe r red . S u c h va lue s are abso lu t e w i t h r e spec t to those d e t e r m i n e d 
f rom i s o t h e r m a l e x p e r i m e n t s o n l y w h e n i t c a n b e d e m o n s t r a t e d that the 
v a r i o u s t h e r m a l j u n c t i o n po t en t i a l s d o not c o n t r i b u t e s i g n i f i c a n t l y to 
the t e m p e r a t u r e coef f ic ien t o f the n o n i s o t h e r m a l c e l l p o t e n t i a l . S u c h 
cons idera t ions d o not, h o w e v e r , affect the r e l a t i v e v a l u e s o f the 
n o n i s o t h e r m a l A S ? C , b e c a u s e the t h e r m a l j u n c t i o n po ten t i a l s are the 
same i n e a c h case. 

T o s t u d y the t h e r m o d y n a m i c s o f m e t a l l o p r o t e i n e l e c t r o n transfer 
react ions , w e e m p l o y e d s p e c t r o e l e c t r o c h e m i c a l m e t h o d s u s i n g t h i n -
l a y e r e l e c t r o l y s i s c e l l s a n d o p t i c a l l y t ransparen t e l e c t r o d e s ( O T E s ) to 
w h i c h the n o n i s o t h e r m a l e l e c t r o c h e m i c a l c e l l con f igu ra t i on was 
a d a p t e d . 

Experimental 
Materials. Horse heart cytochrome c (type VI), from Sigma Chem

ical Co., was purified on a CM-cellulose column according to published 
procedures (46) prior to use. Ruthenium(III) mediator-titrant: [Ru(NH 3) 5py] 
(C10 4) 3 was prepared as described previously (47). The sodium salt (indicator 
grade) of 2,6-dichloroindophenol (Aldrich Chemical Co.) was used with-
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3. TANIGUCHI ET AL. Temperature and Reduction Potentials 55 

out further purification. Ionic strength 0.1 M , p H 7.0 sodium phosphate 
buffer (1.97 x 10" 2 M N a H 2 P 0 4 - H 2 0 , 2.68 x 10~ 2 M N a 2 H P 0 4 ) was pre
pared from analytical grade reagents. A l l protein and buffer solutions were 
prepared using deionized water purif ied by a Barnstead N A N O p u r e water 
purifier. 

G o l d electroformed mesh (minigr id , 60% transmittance) was used as the 
work ing electrode material i n the thin-layer cells (Buckbee-Mears Co.) . 
Teflon tape spacer (Di lec t r ic Corp.) was 0.1 m m thick. Epoxi -Pa tch epoxy 
(Dexter Corp.) was used to seal the work ing thin-layer ce l l compartment. 
Rosin Solder Cream soft solder, Archer brand from Radio Shack, was used to 
make the external electrical contact to the m i n i g r i d electrode. Opt ica l w i n 
dows were of h igh quali ty quartz (0.15-cm thickness, transparency to 170 nm). 

Apparatus. Anaerobic optically transparent thin-layer electrolysis 
( O T T L E ) cells were s imilar i n design to cells already described (21). The 
work ing O T T L E ce l l compartment ( 2 x 2 cm) was supported i n a Luc i t e or 
K e l - F (Teflon) ce l l body (1.2 x 2.5 x 7.0 cm) i n the manner described i n 
Reference 21. Opt ica l path lengths varied from 0.1 to 0.4 m m (with Teflon 
tape spacers), wi th two opposing minigr ids used in the thicker cells . E lec t r ica l 
contact to the min ig r id was through an 18-gauge copper wire soldered to a 
portion of the min ig r id left exterior to the th in ce l l (21). Working O T T L E c e l l 
compartments were sealed permanently and attached to the c e l l bodies using 
epoxy cement. C e l l bodies were designed to a l low the work ing ce l l com
partments to be rebuil t s imply by cutt ing away the epoxy sealant w i th a sharp 
scalpel. 

T w o Τ 7/25 inner tapers were machined lengthwise into the ce l l bodies 
and connected to the thin-layer cavity through two 2 x 7 m m filling ports. O u r 
nonisothermal salt bridge consisted of a 5 m m x 25 cm Pyrex tube filled wi th 
deoxygenated saturated potassium chloride solution. The bottom end was ter
minated i n a Τ 7/25 outer ground glass joint wi th a pla t inum junction and a 
Sargent-Welch calomel reference electrode (miniature, p la t inum junction, 
#S-30080-17) resided at the top. A p la t inum wire auxil iary electrode was 
sealed into a tube of soft glass wi th a Τ 5/20 outer ground glass joint. This 
apparatus was supported in a compartment consisting of a Τ 5/20 inner ground 
glass joint on top of a Τ 7/25 outer ground glass joint terminated by a (fine) 
porous glass frit. Th is compartment contained deoxygenated supporting elec
trolyte and served to isolate the auxiliary electrode from the protein solution. 

Methods . Protein solutions were deoxygenated prior to use by gentle 
vacuum/argon cyc l ing on a vacuum/purified argon double manifold. Protein 
solutions were loaded into the O T T L E cells under anaerobic conditions using 
either rubber septum caps and syringe techniques or w i th in a Vacuum Atmo
spheres C o . H E - 4 3 - 2 D r i - L a b plus H E - 4 9 3 Dr i -Tra in inert atmosphere box. 
The reference and auxiliary electrode apparatus was sealed into the appropri
ate O T T L E ce l l body compartments wi th Ap iezon Η grease. The fully loaded 
O T T L E cells had a dead solution volume of about 0.7 m L . The actual volumes 
of the thin-layer cavities varied from about 30 to 90 μL·. 

Formal reduction potentials at different temperatures for the metallopro-
teins were determined using the O T T L E cells in a nonisothermal elec
trochemical ce l l configuration. Potentials were appl ied across the thin-layer 
cells wi th a Princeton A p p l i e d Research M o d e l 174A polarographic analyzer 
and were measured accurately wi th a Ke i th ly 177 microvolt D M M digital 
multimeter. C e l l temperatures were varied using a special ly constructed vari
able temperature ce l l holder and constant temperature water bath and mea-
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56 BIOLOGICAL REDOX COMPONENTS 
si ired directly wi th an Omega Engineer ing , Inc. precision micro thermocouple 
(plus F l u k e 2175A Dig i t a l Thermometer, ±0.2°) situated i n the protein solu
tion in close proximity to the thin-layer cavity. The S C E reference electrode 
was separated from the thermostated ce l l by the nonisothermal salt bridge and 
maintained at ambient room temperature. A l l U V - v i s i b l e spectra were ob
tained wi th a Cary 219 recording spectrophotometer. 

Formal reduction potentials were determined by sequentially app ly ing a 
series of potentials, Ε (applied), across the thin-layer ce l l . E a c h potential was 
maintained unt i l electrolysis ceased so that the equ i l i b r ium value of the ratio 
of concentrations of ox id ized to reduced forms of a l l redox couples in solution, 
[ 0 ] / [ R ] , was established as defined by the Nernst equation. Comple te elec
trolysis occurred rapidly as a result of the short diffusional path length created 
by the thin solution layer. A "smal l molecule ," electrochemically reversible 
redox couple (mediator-titrant) wi th an E° close to that of the metalloprotein 
was inc luded to facilitate electron transfer between the metalloprotein redox 
couple and the work ing electrode (48, 49). Redox couples were converted in 
increments from one oxidation state to the other by the series of app l ied poten
tials, for wh ich each value of [0 ] / [R] was determined from the corresponding 
overlay spectra. Formal reduction potentials and η-va lues were determined 
from plots of E(appl ied) vs. log [0 ] / [R] . A t least seven data points were i n 
c luded i n each Nernst plot. 

Calibration of the Nonisothermal OTTLE Cells 

A n e a r l i e r p u b l i c a t i o n (15) d e s c r i b e d the e m p i r i c a l a p p r o a c h 
u s e d to c a l i b r a t e o u r n o n i s o t h e r m a l e l e c t r o c h e m i c a l c e l l s . T h e r e d o x 
t h e r m o d y n a m i c s o f the F e ( p h e n ) i + / 2 + a n d C o ( p h e n ) i + / 2 + c o u p l e s 
( w h e r e p h e n represen ts 1 ,10 -phenan th ro l ine ) w e r e d e t e r m i n e d u s i n g 
o u r appara tus a n d the resu l t s w e r e c o m p a r e d w i t h p u b l i s h e d v a l u e s 
f rom i s o t h e r m a l a n d n o n i s o t h e r m a l e x p e r i m e n t s . 

F i g u r e s 1 a n d 2 i l l u s t r a t e resul t s that are t y p i c a l o f the da ta o b 
t a i n e d for the F e ( p h e n ) | + / 2 + a n d C o ( p h e n ) i + / 2 + c o u p l e s , r e s p e c t i v e l y , 
u s i n g t h i n - l a y e r s p e c t r o e l e c t r o c h e m i s t r y . T h e resu l t s o b t a i n e d w h e n 
s u c h e x p e r i m e n t s are p e r f o r m e d as a f unc t i on o f t e m p e r a t u r e are p r e 
s en t ed i n T a b l e s I a n d I I a n d i l l u s t r a t e d i n F i g u r e s 3 a n d 4. T h e 
t e m p e r a t u r e coeff ic ients o f the n o n i s o t h e r m a l c e l l po t en t i a l s , dE°/dT, 
w e r e d e t e r m i n e d f r o m the s l o p e o f a l i n e a r leas t squares fit to the E ° vs . 
t e m p e r a t u r e data . B e c a u s e w e w e r e t e s t i n g a n o n i s o t h e r m a l c e l l ar
r a n g e m e n t , r e ac t i on en t rop ie s (AS? C ) w e r e c a l c u l a t e d d i r e c t l y f r o m 
E q u a t i o n 5. C o m p l e t e c e l l en t rop ies ad jus t ed to the N H E sca le (AS°) 
w e r e d e t e r m i n e d f r o m E q u a t i o n 4. S t a n d a r d f ree-energy changes for 
the c o m p l e t e c e l l r e ac t i on w e r e c a l c u l a t e d f r o m the E° v a l u e s ( V vs . 
N H E ) at 2 5 ° C a n d the s t a n d a r d e n t h a l p y changes ( Δ Η ° ) w e r e deter 
m i n e d f rom the c o r r e s p o n d i n g A G ° a n d A S ° v a l u e s . 

T a b l e I I I s u m m a r i z e s o u r e n t r o p y resu l t s (15) for the 
F e ( p h e n ) i + / 2 + a n d C o ( p h e n ) i + / 2 + c o u p l e s a l o n g w i t h p u b l i s h e d v a l u e s 
f r o m i s o t h e r m a l a n d n o n i s o t h e r m a l e x p e r i m e n t s . E x c e l l e n t a g r e e m e n t 
is o b t a i n e d for the en t rop ies for F e ( p h e n ) | + / 2 + f r om the n o n i s o t h e r m a l 
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4 0 0 500 6 0 0 
WAVELENGTH (nm) 

Figure la. Thin-layer spectroelectrochemistry of Fe(phen)3}*12* (sulfate 
salt), 0.4 mM, pH 2.33 (HN03); ionic strength, 0.1 Μ (NaN03), 14.4°C. 
Overlay spectra at different values of the applied potential, Eappl, in 

V vs. NHE. 

ι — ι • 1 1 1—I 

1.134-

I.II4-
UJ 
X i .094-
Ζ 

1.074-

> 1.054-

> 1.034-

1.014c 

I I j I ι I I 
-1.0 -0 .5 0.0 +0.5 +1.0 

LOG [ 0 ] / [ R ] 

Figure lb. Nernst plot of the data in Figure la. 

O T T L E e x p e r i m e n t s a n d the i s o t h e r m a l p o t e n t i o m e t r i c e x p e r i m e n t s 
that w e r e p e r f o r m e d u n d e r i d e n t i c a l c o n d i t i o n s o f p H a n d i o n i c 
s t r eng th . F u r t h e r m o r e , the en t rop ies for b o t h F e ( p h e n ) i + / 2 + a n d 
C o ( p h e n ) i + / 2 + f r o m n o n i s o t h e r m a l O T T L E a n d c y c l i c v o l t a m m e t r y ex
p e r i m e n t s a n d i s o t h e r m a l p o t e n t i o m e t r i c e x p e r i m e n t s are a l l i n satis-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

03



58 BIOLOGICAL REDOX COMPONENTS 

2 4 0 2 6 0 2 8 0 3 0 0 
WAVELENGTH (nm) 

Figure 2a. Thin-layer spectre-electrochemistry of Co(phenf3*12* 
(perchlorate salt), 0.2 mM; ionic strength, 0.1 M, pH 7 sodium 
phosphate buffer, 22.2°C. Overlay spectra at different values of E W P | , 

in mV vs. NHE. 

factory ag reemen t , p a r t i c u l a r l y i f r ea sonab le a l l o w a n c e s are m a d e for 
the di f ferences i n e x p e r i m e n t a l c o n d i t i o n s . 

T h e a g r e e m e n t b e t w e e n the A S ° C v a l u e s d e t e r m i n e d f r o m 
i s o t h e r m a l a n d n o n i s o t h e r m a l e x p e r i m e n t s i nd i c a t e s that the t e m p e r a 
tu re coeff ic ients o f the v a r i o u s t h e r m a l j u n c t i o n po t en t i a l s i n o u r 
n o n i s o t h e r m a l O T T L E c e l l s d o not c o n t r i b u t e s i g n i f i c a n t l y to the o b 
s e r v e d t e m p e r a t u r e coef f ic ien t o f the o v e r a l l c e l l p o t e n t i a l . T h e r e f o r e , 
E q u a t i o n 5 c a n b e u s e d to d e t e r m i n e A S ? C d i r e c t l y for r e d o x c o u p l e s 
that are s u i t a b l e for s t u d y w i t h o u r n o n i s o t h e r m a l O T T L E c e l l s . R e 
sul ts for the c o r r e s p o n d i n g r e d u c t i o n po ten t i a l s , free energ ies , a n d 
e n t h a l p i e s are g i v e n i n T a b l e I V . 

Redox Thermodynamics for Horse Heart Cytochrome c 

T h e t h i n - l a y e r s p e c t r o e l e c t r o c h e m i c a l resu l t s o b t a i n e d for horse 
hear t c y t o c h r o m e c are d i s p l a y e d i n F i g u r e 5. A n y d e s i r e d ra t io o f 
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3. TANiGUCHi ET AL. Temperature and Reduction Potentials 
59 

- 0 . 5 0.0 +0 .5 

LOG [0]/[R] 

Figure 2b. Nernst plot of the data in Figure 2a. 

T a b l e I . T e m p e r a t u r e D e p e n d e n c e o f the F o r m a l R e d u c t i o n 
P o t e n t i a l , E ° , for F e ( p h e n ) | + / 2 + U s i n g N o n i s o t h e r m a l 

T h i n - L a y e r S p e c t r o e l e c t r o c h e m i s t r y 

E o 0 R T / F ° 
C O ( V vs. NHE) (mV) 

5.2 1.077 5 5 0 .998 
9.8 1.078 58 0 .999 

11.2 1.074 58 0.998 
14.4 1.078 59 0 .999 
15.1 1.075 61 0 .999 
15.7 1.074 5 9 0 .998 
20 .9 1.072 60 0 .999 

Note: Fe(phen)§ + / 2 + (sulfate salt), 0.4 mM, pH 2.33 (HN03); ionic strength, 0.1 M 
(NaN03). 

a ±0.2°. 
b ±0.002 V. 
c Experimental Nernst slope at temperature T. 
d Linear correlation coefficient. 

o x i d i z e d to r e d u c e d p r o t e i n , [ 0 ] / [ B ] , w a s e s t a b l i s h e d e a s i l y a n d m a i n 
t a i n e d m e r e l y b y ad ju s t i ng the o v e r a l l s o l u t i o n p o t e n t i a l v i a the p o t e n -
tiostat . E l e c t r o l y s i s to e q u i l i b r i u m w a s a c c e l e r a t e d b y the a d d i t i o n o f 
s u i t a b l e r e d o x m e d i a t o r s . B o t h R u ( N H 3 ) 5 p y 3 + / 2 + (where p y represents 
p y r i d i n e ) a n d 2 , 6 - d i c h l o r o i n d o p h e n o l w e r e u s e d to a sce r t a in the i n d e 
p e n d e n c e o f the p r o t e i n E° va lues o n the p a r t i c u l a r m e d i a t o r - t i t r a n t 
e m p l o y e d . A r e g i o n o f the c y t o c h r o m e c abso rp t ion s p e c t r u m i n w h i c h 
the m e d i a t o r s s h o w e d n e g l i g i b l e abso rp t ion i n b o t h r e d u c e d a n d 
o x i d i z e d states was m o n i t o r e d . 
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60 BIOLOGICAL REDOX COMPONENTS 
T a b l e I I . T e m p e r a t u r e D e p e n d e n c e o f the F o r m a l R e d u c t i o n 

P o t e n t i a l , E ° , for C o ( p h e n ) § + / 2 + U s i n g N o n i s o t h e r m a l 
T h i n - L a y e r S p e c t r o e l e c t r o c h e m i s t r y 

R T / F C 

( ° C ) (mV vs. NHE) (mV) 

8.8 361 56 1.000 
9.6 3 6 5 55 0 .999 

13.3 368 57 0 .999 
13.5 3 6 8 58 0 .998 
16.9 3 7 2 56 0 .999 
18.6 3 7 4 54 0 .999 
18.9 368 5 6 1.000 
22 .2 374 57 1.000 
25 .3 377 57 0 .999 
28 .0 378 64 1.000 

Note: Co(phen)i+/2+ (perchlorate salt), 0.2 mM; ionic strength, 0.1 M, pH 7 sodium 
phosphate buffer. 

α ±0.2°. 
b ± 2 mV. 
c Experimental Nernst slope at temperature T. 
d Linear correlation coefficient. 

I.090h 

ω , 

> 

.080 

> l.070h 

l.060h 

10 15 
TEMPERATURE °C 

20 

Figure 3. Temperature dependence of E° for Fe(phenf3

+I2+ using 
nonisothermal thin-layer spectroelectrochemistry where E° (25°) = 

1.073 V (NHE) and the slope = -1.90 x 10~4 V/°C. 

H o r s e hear t c y t o c h r o m e c e x h i b i t e d r e v e r s i b l e , o n e - e l e c t r o n 
N e r n s t i a n b e h a v i o r i n these e x p e r i m e n t s . E l e c t r o l y s i s to e q u i l i b r i u m 
o c c u r r e d s i g n i f i c a n t l y faster w h e n c h r o m a t o g r a p h i c a l l y p u r e (46) 
S i g m a t y p e V I horse hear t c y t o c h r o m e c was e m p l o y e d (cf. the u p p e r 
r i g h t inse t i n F i g u r e 5). I n a d d i t i o n , the e x p e r i m e n t a l l y d e t e r m i n e d 
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3. TANIGUCHI ET AL. Temperature and Reduction Potentials 61 

τ 1 1 1 1 Γ 

TEMPERATURE °C 

Figure 4. Temperature dependence of E° for Co(phen)3+l2+ using 
nonisothermal thin-layer spectroelectrochemistry where E° (25°) = 

377 mV (NHE) and the slope = +7.92 x 10~4 V/°C. 

t h e r m o d y n a m i c pa ramete r s (d i s cus sed later) w e r e s l i g h t l y d i f ferent 
f r o m those o b t a i n e d for the n o n p u r i f i e d S i g m a t y p e V I p r o t e i n (15). 

R e s u l t s for 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 c y t o c h r o m e c for
m a l r e d u c t i o n p o t e n t i a l are p r e s e n t e d i n T a b l e V a n d i l l u s t r a t e d i n 
F i g u r e 6 [E° ( 2 5 ° C ) = 2 6 0 ± 2 m V ( N H E ) a n d dE°/dT = - 5 . 6 1 ± 0.5 x 
1 0 " 4 V / ° C for the g i v e n p H a n d s u p p o r t i n g e l e c t r o l y t e c o n d i t i o n s ] . 
T h e r m o d y n a m i c paramete rs are as f o l l o w s : A S ° , - 2 8 . 5 ± 1.2 e u ; A S ? C , 
- 1 2 . 9 ± 1.2 e u ; A G ° , - 6 . 0 0 ± 0.05 k c a l / m o l ; a n d ΔΗ°, - 1 4 . 5 ± 0.4 
k c a l / m o l . T h e s e v a l u e s are i n e x c e l l e n t a g r e e m e n t w i t h p u b l i s h e d p a 
rameters (6 , 7) for horse hear t c y t o c h r o m e c ( p H 7, μ = 0.1 M ) : A S ° , 
- 2 8 ± 5 e u ; A S ? C , - 1 3 ± 5 e u ; A G ° , - 6 . 0 k c a l / m o l ; a n d Δ Η ° , - 1 4 . 5 ± 
1.5 k c a l / m o l . 

Reaction Entropies for Other Cytochromes c 

T h e t e m p e r a t u r e d e p e n d e n c e s o f the f o r m a l r e d u c t i o n p o t e n t i a l s 
o f s eve ra l o ther c - type c y t o c h r o m e s w e r e s t u d i e d (51). E v e n at th is 
e a r l y stage i n o u r w o r k , c e r t a i n i n t e r e s t i n g c o m p a r i s o n s c a n b e m a d e . 
A l l the c y t o c h r o m e s e x h i b i t e i t he r e s s e n t i a l l y z e r o or s l i g h t l y n e g a t i v e 
e l e c t r o n transfer r eac t ion en t rop ie s . T h e s e A S ? C v a lue s d o not co r re la te 
w i t h the o v e r a l l cha rge o n the p r o t e i n (cf. T a b l e V I ) , as f o u n d w i t h 
s i m p l e i n o r g a n i c c o m p l e x e s o f i r o n [e.g. , c o n s i d e r the f o l l o w i n g A S ? C 

v a l u e s : F e ( C N ) 3

6 - / 4 ~ , - 4 9 e u (35) ; F e ( H 2 0 ) ? + / 2 + , + 4 3 e u (45)]. I n d e e d , 
e v i d e n c e (7) i n d i c a t e s that the r e a c t i o n en t rop ie s ref lect ra ther s m a l l 
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Figure 5a. Thin-layer spectroelectrochemistry of horse heart cyto
chrome c, 0.13 mM; ionic strength, 0.1 M, pH 7 sodium phosphate 
buffer, 25.0°C; [Ru(NH3)5py(Cl04)3], 0.65 mM. Overlay spectra and 
absorbance changes at 550 nm as a function of time at different values 

of the applied potential, Eappl, in mV vs. NHE. 

c h a n g e s i n p r o t e i n s t ruc tu re i n the v i c i n i t y o f the h e m e c si tes. O n e 
p o s s i b i l i t y is that these s m a l l s t r u c t u r a l changes are r e l a t e d to the 
d e g r e e o f e x p o s u r e o f the h e m e c g r o u p to w a t e r m o l e c u l e s , b e c a u s e 
the c ' p ro t e ins , w h o s e sites are e x p o s e d to a d e g r e e , e x h i b i t m o r e 
p o s i t i v e Δ S ? c -va lues . W e associate s o l v e n t e x p o s u r e w i t h less t i g h t e n 
i n g o f the p r o t e i n f r a m e w o r k s t ruc tu re o n r e d u c t i o n ; i n o ther w o r d s , 
less p r o t e i n c o n f o r m a t i o n a l c h a n g e is n e e d e d to a c c o m m o d a t e the i n 
ser t ion o f an e l e c t r o n i f the h e m e c g r o u p i n q u e s t i o n c a n in t e rac t w i t h 
w a t e r m o l e c u l e s . 

S u c h a s i m p l e i n t e rp r e t a t i on c a n n o t a c c o u n t for a l l r e d o x m e t a l 
l o p r o t e i n r e a c t i o n en t rop i e s . P r o t e i n s w i t h r e l a t i v e l y e x p o s e d h e m e c 
g roups e x h i b i t m o r e n e g a t i v e AS°c-values t h a n c a n b e a c c o m m o d a t e d 
sa t i s fac tor i ly b y o u r c r u d e m o d e l (e.g., c y t o c h r o m e c 5 5 i f r o m 
Fseudomonas aeruginosa). M o r e r e sea rch w i l l b e r e q u i r e d be fore the 
t h e r m o d y n a m i c s o f s i n g l e r e d o x cen te r m e t a l l o p r o t e i n e l e c t r o n trans
fer reac t ions c a n b e u n d e r s t o o d i n a q u a n t i t a t i v e sense. 
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ι 1 1 1 1 r — ι 

LOG [0]/[R] 

Figure 5b. Nernst plot of the data in Figure 5a. 

Table V. Temperature Dependence of the Formal Reduction 
Potential, JE°, for Horse Heart Cytochrome c Using 
Nonisothermal Thin-Layer Spectroelectrochemistry 

E o 0 R T / F C 

( ° C ) (mV vs. NHE) (tnV) 2<t 

8.6 269 56 1.000 
9.2 270 56 1.000 

15.5 267 57 1.000 
16.8e 265 58 0.999 
19.8 262 56 1.000 
20.2 263 58 1.000 
24.4 262 59 1.000 
29.8 257 60 0.999 
30.6 258. 59 1.000 
35.2 254 61 1.000 
39.4 253 59 0.999 

Note: Cytochrome c, 0.13 mM; ionic strength, 0.1 M, pH 7 sodium phosphate 
buffer; [Ru(NH3)5py](C104)3, 0.65 mM. 

° ±0.2°. 
6 ± 2 mV. 
c Experimental Nernst slope at temperature T. 
d Linear correlation coefficient. 
e Redox mediator 2,6-dichloroindophenol, 0.03 mM. 
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66 BIOLOGICAL REDOX COMPONENTS 

20 30 40 
TEMPERATURE °C 

Figure 6. Temperature dependence, of E° for horse heart cytochrome 
c using nonisothermal thin-layer spectroelectrochemistry where 
E° (25°C) = 260 mV (NHE) and the slope = -5.61 = 10~4 V/°C. Key: 

O , Ru(NH3)5py3+l2+; and Δ , 2,6-dichloroindophenol. 

T a b l e V I . A C o m p a r i s o n o f A S ° c - V a l u e s for c - T y p e C y t o c h r o m e s 
( I o n i c S t r e n g t h 0.1 M , p H 7) w i t h the C o r r e s p o n d i n g 

P r o t e i n I s o e l e c t r i c p H V a l u e s 

Protein &S°rc(eu) pla 

C y t o c h r o m e c ' +0 .5 5.6 (52) 
(Rhodospirillum ruhrum) 

C y t o c h r o m e c ' - 6 . 0 9.4 (53) 
(Rhodopseudomonas palustris) 

C y t o c h r o m e C2 
- 9 . 6 6.2 (52) 

(R. ruhrum) 
C y t o c h r o m e c - 1 0 . 3 10.04 (54) 

(tuna) 
10.04 (54) 

C y t o c h r o m e c - 1 4 . 9 10 .05 (54) 
(horse) 

C y t o c h r o m e c 5 5 1 - 1 6 . 2 4 .7 (55) 
(Pseudomonas aeruginosa) 

a References for the protein isoelectric pH values are given in parentheses. 
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4 

Surface Enhanced Raman 
Spectroscopy 

A New Technique for Studying 
Interfacial Phenomena 

RONALD L. BIRKE, JOHN R. LOMBARDI, and LUIS A. SANCHEZ 

City University of New York, City College, Department of Chemistry, New 
York, NY 10031 

The technique of surface enhanced Raman spectroscopy 
(SERS) is reviewed with emphasis on the electrochemical 
environment. The experimental setup and factors that 
optimize the Raman scattering intensity are discussed. 
Such factors include the range of metal substrates and 
adsorbate molecules that show the effect and the exter
nal experimental parameters affecting the intensity. 
These parameters are laser frequency, angle of incidence 
of the laser beam, electrode potential, and pretreatment 
of the electrode. Theoretical models of the enhancement 
are outlined and recent work is discussed. 

^ u r f a c e e n h a n c e d R a m a n s p e c t r o s c o p y ( S E R S ) is a n e w spec t ro 
s c o p i c t e c h n i q u e that a l l o w s one to o b t a i n v i b r a t i o n a l spec t r a o f 

m o l e c u l e s a d s o r b e d o n m e t a l substrates u n d e r i n s i t u c o n d i t i o n s . 
S E R S w a s first s t u d i e d at a s i l v e r w o r k i n g e l e c t r o d e o f a n e l e c t r o c h e m 
i c a l c e l l , a n d i t is i d e a l for o b t a i n i n g s p e c t r a l i n f o r m a t i o n at a m e t a l 
e l e c t r o d e / e l e c t r o l y t e in te r face , a l t h o u g h i ts a p p l i c a t i o n s e x t e n d far b e 
y o n d the e l e c t r o c h e m i c a l e n v i r o n m e n t . O u r m a i n c o n c e r n , h o w e v e r , 
w i l l b e w i t h S E R S at e l e c t r o d e in ter faces . 

T h e m e a s u r e m e n t o f R a m a n sca t t e r ing f rom the e l e c t r o d e in te r 
face at a g i v e n e l e c t r o d e p o t e n t i a l , toge ther w i t h m e a s u r e m e n t o f cu r 
ren t at s u c h a n e l e c t r o d e , has the p o s s i b i l i t y o f i d e n t i f y i n g c o m p l e t e l y 
the na tu re o f the e l e c t r o c h e m i c a l process , a g o a l l o n g sough t b y e l e c -
t r ochemis t s . O t h e r m e t h o d s for o b t a i n i n g s i m i l a r i n s i t u s p e c t r a l i n -

0065-2393/82/0201-0069$ 10.75/0 
© 1982 Amer ican Chemica l Society 
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70 BIOLOGICAL REDOX COMPONENTS 
fo rma t ion at a n e l e c t r o d e / e l e c t r o l y t e in te r face , s u c h as i n t e r n a l (or ex
te rna l ) re f lec tance s p e c t r o e l e c t r o c h e m i s t r y a n d e l i p s o m e t r y , are no t as 
spec i f i c or as sens i t ive as S E R S . T h i s great s e n s i t i v i t y o f the " g i a n t 
R a m a n effect ," as S E R S a l so has b e e n c a l l e d , resu l t s f rom a n u n e x 
p e c t e d l y l a rge i n e l a s t i c sca t t e r ing cross sec t ion . A g e n e r a l a g r e e m e n t o f 
the causes o f the S E R S p h e n o m e n o n has not b e e n a c h i e v e d , b u t 
e n o u g h is k n o w n to i n d i c a t e that the m e t h o d is a p o w e r f u l laser R a m a n 
a n a l y t i c a l t o o l . It is e s p e c i a l l y u se fu l for m o l e c u l e s that c o n t a i n coor
d i n a t i n g a toms s u c h as n i t rogens w i t h l o n e pa i r s , a n d for th is reason i t 
is a p a r t i c u l a r l y g o o d m e t h o d for s p e c t r o e l e c t r o c h e m i c a l s tud ies o f 
b i o l o g i c a l l y i m p o r t a n t m o l e c u l e s . 

T h i s c h a p t e r r e v i e w s m e t h o d s for o b t a i n i n g S E R S , e x p e r i m e n t a l 
observa t ions m a d e c o n c e r n i n g the p h e n o m e n o n , e x p e r i m e n t a l p a r a m 
eters that d i r e c t l y affect the S E R S in t ens i t y , t h e o r e t i c a l exp lana t ions o f 
the p h e n o m e n o n , a n d a p p l i c a t i o n s o f the S E R S t e c h n i q u e . A n e a r l i e r 
d e t a i l e d r e v i e w a r t i c l e ( J ) con ta ins references t h r o u g h 1978. A c r i t i c a l 
r e v i e w o f the theor ies o f S E R S , c o v e r i n g l i t e ra tu re u p to m i d - 1 9 7 9 , has 
a p p e a r e d i n p r i n t (2 ). A m o r e r ecen t r e v i e w (3 ) concent ra tes o n t w o o f 
the latest t h e o r e t i c a l m e c h a n i s m s for S E R S . T h e p resen t a r t i c l e c o n 
ta ins references t h r o u g h the b e g i n n i n g o f 1981. 

T h e first r epor t o f the R a m a n s p e c t r o s c o p y (RS) o f m o l e c u l e s a d 
s o r b e d at a m e t a l e l e c t r o d e u n d e r i n s i t u e l e c t r o c h e m i c a l c o n d i t i o n s 
was p u b l i s h e d i n 1973 (4). A laser R a m a n s p e c t r u m o f a t h i c k l a y e r o f 
m e r c u r o u s h a l i d e s f o r m e d f rom m e r c u r y p l a t e d on p l a t i n u m w a s o b 
t a i n e d . T h e R a m a n s p e c t r u m o f p y r i d i n e a d s o r b e d o n a s i l v e r e l e c 
t rode u n d e r po ten t ios t a t i c c o n t r o l i n p o t a s s i u m c h l o r i d e e l e c t r o l y t e 
m e d i u m was r e p o r t e d i n 1974 (5). T h i s s t u d y o p e n e d u p a n e w field o f 
s c i en t i f i c i n q u i r y , w h i c h has g r o w n r a p i d l y i n the last s eve ra l years . 
T h e i n t ens i t y o f the R a m a n s p e c t r u m o f p y r i d i n e w a s e n h a n c e d (6 , 7) 
b y at leas t five to s ix orders o f m a g n i t u d e o v e r w h a t c o u l d b e e x p e c t e d 
f rom the sca t t e r ing cross sec t ion o f the i s o l a t e d m o l e c u l e . T h i s en 
h a n c e d sca t t e r ing i n t ens i t y a l l o w s the obse rva t i on o f a surface R a m a n 
s p e c t r u m o f a m o n o l a y e r o f a d s o r b e d spec i e s . It is i m p o s s i b l e to o b t a i n 
a s p e c t r u m f rom a laser b e a m pass ing t h r o u g h the same n u m b e r o f 
m o l e c u l e s i n a v o l u m e e l e m e n t o f the b u l k m e d i a . T h e e x p l a n a t i o n o f 
th is surface e n h a n c e m e n t is n o w u n d e r in tense s t u d y b y t h e o r e t i c a l 
a n d e x p e r i m e n t a l chemis t s a n d p h y s i c i s t s t h r o u g h o u t the w o r l d . 

The Electrochemical SERS Experiment 

T o a c h i e v e S E R S u n d e r po ten t io s t a t ed e l e c t r o c h e m i c a l c o n d i t i o n s 
i n a t h r e e - e l e c t r o d e c e l l , the w o r k i n g e l e c t r o d e ( A g or ano ther m e t a l 
that shows the effect) is e x p o s e d to a b e a m o f laser l i g h t a n d the scat
t e r e d l i g h t is c o l l e c t e d w i t h a spec t rome te r . O n e p o s s i b l e c o l l e c t i o n 
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 71 

con f igu ra t i on is a 9 0 ° a n g l e c o l l e c t i o n g e o m e t r y , as s h o w n i n F i g u r e l a . 
T h e s u m o f the a n g l e o f i n c i d e n c e , Φι, a n d the a n g l e o f o b s e r v a t i o n , φ8, 
is a cons tan t 9 0 ° , a n d the a n g l e o f i n c i d e n c e is v a r i e d b y r o t a t i n g the 
e l e c t r o d e , w h i c h is on a X - Y - Z m i c r o p o s i t i o n e r . I f the s p e c u l a r re 
flected b e a m is a l l o w e d to en te r the m o n o c h r o m a t o r , the laser gas 
e m i s s i o n l i n e s m u s t first b e r e m o v e d . T h i s con f igu ra t i on is a c o n v e n 
t i o n a l one , a n d i t is c o n v e n i e n t to use w i t h c o m m e r c i a l l y a v a i l a b l e 
R a m a n i n s t r u m e n t s , l i k e the S P E X R a m a l o g 1401, w h e r e the laser 
b e a m enters the c e l l f rom the b o t t o m s ide . I t has the d i s a d v a n t a g e that 
the a n g l e o f i n c i d e n c e or o b s e r v a t i o n c a n not b e v a r i e d ea s i l y . 

A n o t h e r c o l l e c t i o n c o n f i g u r a t i o n is the b a c k sca t t e r ing g e o m e t r y , 
as s h o w n i n F i g u r e l b . I n th is g e o m e t r y the p o s i t i o n o f the laser b e a m 
c a n b e ro t a t ed m o r e e a s i l y to c h a n g e i n d e p e n d e n t l y the a n g l e o f i n c i 
d e n c e , Φι. I n e i t h e r c o l l e c t i o n g e o m e t r y t h e e l e c t r o d e c a n b e a r e l a 
t i v e l y t h i c k m e t a l w i r e i n s e r t e d i n a n i n s u l a t i n g shea th , a m e t a l film 
d e p o s i t e d on a c o n d u c t i n g sur face , or a m e t a l f o i l . T h e lase r b e a m is 
f o c u s e d to a spot or a l i n e on the e l e c t r o d e surface that is u s u a l l y 
s m a l l e r t h a n the e l e c t r o d e surface area. T h e spo t f o c u s i n g m o d e ap
pears eas ie r to a l i g n than the l i n e f o c u s i n g m o d e . 

A s i m p l y c o n s t r u c t e d e l e c t r o c h e m i c a l c e l l for S E R S is s h o w n i n 
F i g u r e 2. B o t h the b o t t o m , for the 9 0 ° c o l l e c t i o n g e o m e t r y , a n d one 
s i d e o f the c e l l are m a d e w i t h an o p t i c a l l y flat q u a r t z w i n d o w . T h e 
w o r k i n g e l e c t r o d e p o t e n t i a l is c o n t r o l l e d w i t h r e spec t to a L u g g i n 
c a p i l l a r y re fe rence e l e c t r o d e b y a potent ios ta t that p r o v i d e s c u r r e n t 
t h r o u g h the c o u n t e r e l e c t r o d e . W e l l - d e f i n e d S E R S s p e c t r a c a n b e o b 
t a i n e d w i t h 0.05 M S E R S - a c t i v e spec ies i n 0.1 M a q u e o u s p o t a s s i u m 
c h l o r i d e s u p p o r t i n g e l e c t r o l y t e . T h e na tu re a n d concen t r a t i on o f the 
a n i o n o f the s u p p o r t i n g e l e c t r o l y t e effects the S E R S i n t ens i t y , as w i l l 
b e d i s c u s s e d later . T h e c e l l a l so s h o u l d h a v e p r o v i s i o n s for d e g a s s i n g 
a n d d r a i n a g e o f the s o l u t i o n . O t h e r types o f c e l l s , s u c h as a gaske t - type 
c e l l w h e r e the e l e c t r o d e c a n b e p o s i t i o n e d as c lo se to the front w i n d o w 
as p o s s i b l e w i t h o u t d i s t o r t i n g the d i f fus ion l a y e r ( I ) a n d a ro t a t i ng d i s k 
c e l l w i t h a s i m i l a r p r o v i s i o n (8) , a l so w e r e u s e d . 

T h e m o s t i n t ense R a m a n s i g n a l is f o u n d for a s i l v e r e l e c t r o d e 
w h e n i t is s u b j e c t e d to a n o x i d a t i o n / r e d u c t i o n c y c l e that forms s i l v e r 
c h l o r i d e o n a n o d i z a t i o n a n d re forms s i l v e r o n c a t h o d i z a t i o n . T h e i n i t i a l 
e x p e r i m e n t s o f F l e i s c h m a n n et a l . (5) , u s i n g p y r i d i n e as a R a m a n 
a c t i v e spec i e s at s i l v e r , i n v o l v e d the r e p e a t e d c y c l i n g o f the e l e c t r o d e 
for l o n g p e r i o d s (15 m i n ) to r o u g h e n the e l e c t r o d e sur face . T h e s e a u 
thors i n i t i a l l y b e l i e v e d that the o x i d a t i o n / r e d u c t i o n c y c l i n g i n c r e a s e d 
s i g n i f i c a n t l y the surface a rea o f the e l e c t r o d e so that the w e l l - d e f i n e d 
s p e c t r u m o f p y r i d i n e c o u l d b e o b t a i n e d . T h e R a m a n s i g n a l s h o w e d 
that the r i n g - b r e a t h i n g m o d e s o f p y r i d i n e , 1004 a n d 1036 c m " 1 i n 
a q u e o u s s o l u t i o n , w e r e sh i f t ed o n the s i l v e r e l e c t r o d e to 1008 a n d 1037 
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72 BIOLOGICAL REDOX COMPONENTS 
(a) 

Electrode 

Monochromator 

Φ Collection! 
Lens 

Figure 1. Scattering collection geometries, a, 90° mode; hy hack 
scattering mode. 

c m - 1 , a n d that a n e w , h i g h l y p o t e n t i a l - d e p e n d e n t b a n d at 1025 c m " 1 

a p p e a r e d at 0 .00 V vs . the sa tura ted c a l o m e l e l e c t r o d e ( S C E ) a n d de 
c r e a s e d w i t h p o t e n t i a l , finally d i s a p p e a r i n g b e t w e e n - 0 . 8 0 a n d - 1 . 0 0 
V v s . S C E (5) . W h e n these m e a s u r e m e n t s w e r e r e p e a t e d (6) w i t h a 
h i g h l y ( a l u m i n a ) p o l i s h e d s i l v e r e l e c t r o d e u s i n g a d o u b l e p o t e n t i a l 
s tep p r e t r e a t m e n t o f - 0 . 6 0 to + .20 V vs . S C E ( a l l o w i n g 25 .00 m C / c m 2 

to flow t h r o u g h to the A g e l e c t r o d e ) a n d r e t u r n i n g —0.60 V , v e r y i n 
tense R a m a n spec t r a o f p y r i d i n e w e r e o b s e r v e d that w e r e e v e n l a rge r 
( 3 0 - 1 0 0 - f o l d ) t h a n those o b s e r v e d b y the r o u g h e n i n g p r o c e d u r e o f 
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F l e i s c h m a n n et a l . (5) . A s i m i l a r o b s e r v a t i o n w a s m a d e (7) u s i n g a 
s i n g l e t r i a n g u l a r s w e e p to p re t rea t the e l e c t r o d e . E s t i m a t e s o f the 
surface a rea i n c r e a s e i n the F l e i s c h m a n n e x p e r i m e n t are a p p r o x i 
m a t e l y t e n f o l d , so that a n a rea effect c o u l d not e x p l a i n the o b s e r v e d 
i n t e n s i t y e v e n w i t h the h i g h l y r o u g h e n e d surfaces . C a l c u l a t i o n s b a s e d 
on the n u m b e r o f m o l e c u l e s i n a m o n o l a y e r o f c o v e r a g e w i t h e n d - o n 
adso rp t i on w i t h r e s p e c t to n u m b e r o f m o l e c u l e s i n a v o l u m e e l e m e n t 
e n c o u n t e r e d b y the laser b e a m i n s o l u t i o n i n d i c a t e d that the e n h a n c e 
m e n t factor o f the e l e c t r o d e surface o n the R a m a n sca t t e r ing cross 
sec t ion o f a n i s o l a t e d m o l e c u l e is K P - I O 6 (6, 7, 9 ) . T h i s obse rva t i on o f 
a n a n o m a l o u s l y i n t ense R a m a n sca t t e r i ng l e d to the n a m e " S u r f a c e 
E n h a n c e d R a m a n S c a t t e r i n g " ( S E R S ) . 

A c o m p l e t e b l o c k d i a g r a m for the s p e c t r o e l e c t r o c h e m i c a l ap
paratus suff ic ient to o b t a i n S E R S w i t h a c o n v e n t i o n a l p h o t o n c o u n t i n g 
appara tus a n d a c o m p u t e r in te r face , as u s e d i n o u r l abora to ry , is i l l u s 
t ra ted i n F i g u r e 3. T y p i c a l laser p o w e r at the e l e c t r o d e is 100 m W a n d 
the s p e c t r a l b a n d p a s s is 2 - 5 c m - 1 . D a t a files o f 5 0 0 2 4 - b i t d o u b l e 
p r e c i s i o n da ta w o r d s (poin ts ) c a n b e s to red i n the P D P - 8 / E a n d sent to 
the D E C - 1 0 for p e r m a n e n t s torage o n the d i s k w i t h a file n a m e s t ruc
tu re . E i g h t s torage buffers are a v a i l a b l e i n the P D P - 8 / E a n d m a t h e 
m a t i c a l m a n i p u l a t i o n s u c h as s m o o t h i n g , i n t e g r a t i o n , a n d sub t r ac t i on 
o f one 5 0 0 - p o i n t s p e c t r u m f r o m ano the r c a n b e a c c o m p l i s h e d i n the 
m i n i c o m p u t e r . A c o m p l e t e s p e c t r u m o f 3 0 0 0 d o u b l e - p r e c i s i o n p o i n t s 
a l so c a n b e r e c o r d e d c o n t i n u o u s l y u s i n g s ix buffers a n d k e p t as one file 
o n the D E C - 1 0 . 

WORKING 
ELECTRODE 

ELECTRODE 

Figure 2. Simple electrochemical cell for SERS. 
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74 BIOLOGICAL REDOX COMPONENTS 

PARC 175 
WAVEFORM 
GENERATOR 

PARC 173 
POTENT IOST AT 

ELECTROCHEMICAL 
CELL 

X - Y 
RECORDER 

W\ I 

S P E X 1 4 0 1 
DOUBLE 
MONOCHROMATOR 

ARGON ION LASER 
PMT 

I T T - F W I 3 0 

PHOTON COUNTING A M P / DISCRIMINATOR 

S T R I P 
CHART 
RECORDER 

ANALOG 

OUT 
RATE 
METER 

ENABLE 

12 M S B 

12 B I T 
COUNTER 12 L S B 

12 BIT 
B I N A R Y 

IN 

12 B IT 

COUNTER 
12 B I T 

B I N A R Y IN 

D E C - 1 0 

128 Κ C O M P U T E R 

DISK 
STORAGE 

T T Y 

P D P 8 / E 16 Κ 
C O M P U T E R 

FAST 
PRINTER SCOPE DAC X - Y 

Fi gure 3. Block diagram of a complete computer interfaced spectro
electrochemical system for recording SERS. 
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 75 

A t y p i c a l s t r i pcha r t r e c o r d e d s p e c t r u m o f 0.05 M p i p e r i d i n e i n 0.1 
M p o t a s s i u m c h l o r i d e at a s i l v e r e l e c t r o d e ( u s i n g the S p e x R a m a l o g 
i n s t r u m e n t ) is s h o w n i n F i g u r e 4. S p e c t r a o b t a i n e d u s i n g the c o m p u t e r 
in te r face are s h o w n i n a later figure. 

A s e c o n d t y p e o f s p e c t r o e l e c t r o c h e m i c a l i n s t r u m e n t a t i o n , u s i n g 
a n o p t i c a l m u l t i c h a n n e l a n a l y z e r ( O M A ) that a l l o w s r a p i d da ta a c q u i s i 
t i o n , a l so was u s e d to o b t a i n S E R S spec t r a (JO). T h e p a r t i c u l a r i n s t r u 
m e n t u s e d i n th is s t u d y h a d a S I T v i d i c o n c a m e r a at the foca l p l a n e o f 
the s p e c t r o m e t e r a n d a l o n g - w a v e l e n g t h - p a s s in te r fe rence filter at the 
en t rance s l i t o f the s p e c t r o m e t e r to r e d u c e b a c k g r o u n d scatter d u e to 
the laser r a d i a t i o n (JO) . W e b u i l t a s i m i l a r s y s t e m u s i n g a n i n t e n s i f i e d 
r e t i c o n d i o d e a r ray de tec tor . A n O M A s y s t e m a l l o w s a c o m p l e t e spec 
t r u m o f 5 0 0 to 2 0 0 0 p o i n t s to b e o b t a i n e d i n m i l l i s e c o n d s , a n d is i d e a l 
for the s t u d y o f t rans ien t S E R S p h e n o m e n a . F i g u r e 5 s h o w s the R a m a n 
in t ens i ty v s . w a v e n u m b e r spec t r a as a func t ion o f t i m e d u r i n g a n e l e c 
t r o d e p o t e n t i a l s w e e p for 0.01 M K C N i n 0.1 M K 2 S 0 4 at a s i l v e r 
e l e c t r o d e ( J J ) . T h e s c a n rate is 50 m V / s . T h e r ise a n d f a l l o f v a r i o u s 
b a n d s are a t t r i b u t e d to the fo rma t ion o f d i f ferent sp ec i e s at the e l e c 
t rode surface ( J J ) . 

Experimental Characteristics of SERS 

M e t a l Subs t ra tes a n d In t e r f ac i a l S y s t e m s that C a n b e U s e d to 
O b t a i n S E R S . I n a d d i t i o n to the m a n y s tud ies at a s i l v e r / e l e c t r o l y t e 
in te r face u s i n g 4 8 8 - or 5 1 4 . 5 - n m laser e x c i t a t i o n i n a n e l e c t r o c h e m i c a l 
c e l l ( J J - 2 3 ) , S E R S a lso has b e e n seen w i t h a c o p p e r e l e c t r o d e (24-29) 
a n d w i t h a g o l d e l e c t r o d e (25, 26). T h e first obse rva t i on o f S E R S o n 
c o p p e r w a s v e r y w e a k (24) b u t la ter i t w a s f o u n d that , for b o t h the 
c o p p e r a n d g o l d e l e c t r o d e , laser e x c i t a t i o n i n the r e d is necessa ry to 
a c h i e v e e n h a n c e m e n t (25-29). S E R S was r e p o r t e d r e c e n t l y u s i n g 4 8 8 -
a n d 5 1 4 . 5 - n m e x c i t a t i o n o n a m e r c u r y e l e c t r o d e ( 3 0 , 3 J ); h o w e v e r , i t is 
n o w d o u b t f u l w h e t h e r th is obse rva t i on is a t rue S E R S p h e n o m e n o n 
( v i d e infra) . R a m a n sca t t e r ing r e p o r t e d at a p l a t i n u m e l e c t r o d e (14, 
32-34) p r i m a r i l y a p p e a r to r e su l t f rom resonance R a m a n sca t t e r ing . 

O t h e r i n t e r f a c i a l sys tems bes ides the e l e c t r o c h e m i c a l one c a n b e 
u s e d to obse rve S E R S . S E R S was o b s e r v e d at a meta l /gas in te r face 
(35) , at m e t a l / u l t r a h i g h v a c u u m ( U H V ) in terfaces (36-42), at s o l i d / 
s o l i d in terfaces ( t u n n e l - j u n c t i o n conf igura t ions) (43-45), at m e t a l i s 
l a n d film/liquid in terfaces (46), at m e t a l g r a t i n g / t h i n - f i l m in ter faces 
(47, 48), at s i l v e r a n d g o l d m e t a l s o l / l i q u i d interfaces (49-51), a n d o n 
m e t a l p r e c i p i t a t e s o f s i l v e r (52) i n con tac t w i t h a q u e o u s s o l u t i o n . T h e 
meta l /gas or U H V interfaces j u s t r e f e r r ed to w e r e s t u d i e d w i t h s i l v e r , 
g o l d , a n d c o p p e r substra tes . A S E R S effect a lso w a s o b s e r v e d for 
n i c k e l s u p p o r t e d on s i l i c a i n a n a t m o s p h e r e o f c a r b o n m o n o x i d e a n d 
h y d r o g e n (53) . 
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 77 

2000 * 2 Î 0 Ô * 2200 
RAMAN SHIFT (cm*1) 

Figure 5. Raman intensity as a function of wavenumber and potential 
during a second oxidation-reduction sweep for 0.1 M K2S04 and 0.01 
M KCN at a Ag electrode as recorded with an optical multichannel 
analyzer system. The sweep rate was 50 mV/s. (Reproduced, with per
mission, from Ref. 11. Copyright 1980, North-Holland Publishing Co.) 

S t u d i e s at t u n n e l j u n c t i o n s w i t h a n A l / a l u m i n u m o x i d e / 
adso rba te /me ta l c o n f i g u r a t i o n (44, 45) s h o w e d S E R S w i t h s i l v e r a n d 
c o p p e r , b u t d e f i n i t e l y not w i t h l e a d a n d t i n . H o w e v e r , l e a d sulfate a n d 
l e a d d i o x i d e l aye r s d e p o s i t e d o n a l e a d f o i l s h o w e d R a m a n sca t t e r ing 
(54) . S t u d i e s at a s i l v e r - p a l l a d i u m a l l o y s h o w e d S E R S o n l y at l o w 
percen tages o f p a l l a d i u m (less t h a n 5%) (55) . E v i d e n c e i n d i c a t e s that 
S E R S is f o u n d d e f i n i t e l y for the G r o u p l b c o i n a g e m e t a l s a n d p o s s i b l y 
for n i c k e l , w h i c h bo rde r s o n this g r o u p , a l t h o u g h n i c k e l has not b e e n 
s t u d i e d i n a n e l e c t r o c h e m i c a l e n v i r o n m e n t w h e r e S E R S c a n b e d e m 
ons t ra ted u n a m b i g u o u s l y . T h e w i d e range o f the meta l / adsorba te 
in te r face c o n t a c t e d b y e i t he r a n e l e c t r o l y t e , gas, v a c u u m , or s o l i d 
ph ase m a k e s the S E R S t e c h n i q u e the m o s t g e n e r a l m e t h o d e x i s t i n g for 
the i n s i t u s t u d y o f i n t e r f a c i a l p h e n o m e n o n . 

E f f e c t o f Sur face P r e t r e a t m e n t — R o u g h n e s s . T h e larges t S E R S 
s igna l s w e r e o b s e r v e d on s i l v e r e l ec t rodes s u b j e c t e d to a s i n g l e d o u b l e 
p o t e n t i a l s tep or t r i a n g u l a r s w e e p w i t h a n a n o d i c p o t e n t i a l l i m i t o f 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

04



78 BIOLOGICAL REDOX COMPONENTS 
+0 .20 to + 0 . 3 0 V vs . S C E . A b o v e a m a x i m u m o f 3 0 m C / c m 2 , the s i g n a l 
i n t e n s i t y reaches a p l a t e a u a n d then decreases b e y o n d 5 0 m C / c m 2 ( J , 
6, 9 ) . S i m i l a r resu l t s (15) o n s i n g l e c r y s t a l e l ec t rodes , s i l v e r (100) a n d 
s i l v e r (111), s h o w that the r e l a t i v e i n t ens i ty o f the 1 0 0 6 - c m " 1 p y r i d i n e 
l i n e increases w i t h the n u m b e r o f m o n o l a y e r s o f s i l v e r p r o d u c e d i n the 
p r e t r ea tmen t s tep , e v e n t u a l l y l e v e l i n g ou t a b o v e 10 m o n o l a y e r s o n the 
s i l v e r (100) face (12). 

S i l v e r e l e c t r o d e s that w e r e not a n o d i z e d w i t h a p r e t r ea tmen t s tep 
a lso s h o w s o m e e n h a n c e m e n t . V a n D u y n e a n d c o - w o r k e r s ( I , 27) 
f o u n d that a p o l i s h e d s i l v e r or c o p p e r e l e c t r o d e , w i t h o u t e l e c t r o c h e m 
i c a l p r e t r ea tmen t , g ive s an e n h a n c e m e n t factor o f 1 0 4 w i t h p y r i d i n e at 
- 0 . 6 V vs . S C E . T h i s e n h a n c e m e n t on s i l v e r r e p o r t e d l y d e c a y e d 
b e l o w b a c k g r o u n d w h e n the e l e c t r o d e p o t e n t i a l w a s s h i f t e d to 0.0 V 
vs . S C E ( I ) . S i l v e r e l ec t rodes h i g h l y p o l i s h e d m e c h a n i c a l l y w i t h 0.3-
to 0 . 0 5 - μ ι η d i a m e t e r pa r t i c l e s o f an a l u m i n u m s l u r r y s h o w e d , u n d e r 
e x a m i n a t i o n b y s c a n n i n g e l e c t r o n m i c r o s c o p y ( S E M ) , a flat surface 
i n d i c a t i n g that the surface roughness was less t h a n the r e s o l u t i o n (250 
A ) o f the p a r t i c u l a r s c a n n i n g e l e c t r o n m i c r o s c o p y ( S E M ) t e c h n i q u e 
u s e d (56) . R a m a n s igna l s f rom these surfaces w i t h p y r i d i n e a n d 
K 2 P t ( C N ) 4 e x h i b i t e d an e n h a n c e m e n t factor o f 1 0 4 . D e p e n d i n g o n the 
R a m a n spec t rome te r , the e n h a n c e m e n t m u s t b e at leas t 1 0 0 - 1 0 0 0 to 
obse rve S E R S . T h e c o n c l u s i o n is that a n o x i d a t i o n / r e d u c t i o n c y c l e is 
not a p r e r e q u i s i t e to obse rve S E R S a n d that roughness o n a sca le l a rge r 
t h a n 2 5 0 to 5 0 0 Â o n l y con t r i bu t e s a factor o f at m o s t 100 to the en 
h a n c e m e n t m e c h a n i s m (56) . 

S c a n n i n g e l e c t r o n m i c r o s c o p y has b e e n u s e d to e x a m i n e S E R S 
m e t a l substrates i n a n u m b e r o f i nves t iga t ions . O n a s i l v e r e l e c t r o d e , 
after p r e t r e a t m e n t b y a n o x i d a t i o n / r e d u c t i o n c y c l e , n o d u l a r depos i t s 
w e r e n o t e d (57-59). S o m e S E M m i c r o g r a p h s s h o w e d d e n d r i t i c 
g r o w t h w i t h n o d u l e he igh t s a n d l a t e ra l s p a c i n g s o f seve ra l t h o u s a n d 
angs t roms ( 5 7 ) ; others s h o w e d m e t a l l i c b u m p s o f s eve ra l h u n d r e d 
angs t roms (58) . T h e s e n o d u l e s w e r e s i m i l a r to the s p h e r i c a l pa r t i c l e s 
seen w i t h sols (49). W h e n s m a l l a m o u n t s o f c h a r g e w e r e pas sed o n a 
s i l v e r (111) e l e c t r o d e i n a s i n g l e c y c l e p re t r ea tmen t , surface p l a s m o n 
exc i t a t i on w i t h e lec t ro re f lec tance m e a s u r e m e n t s was no t o b s e r v e d (18, 
58). T h e s e la t ter resul t s i n d i c a t e d that w h e n s m a l l a m o u n t s o f cha rge 
are passed there is no surface roughness o n a s ca l e o f 1 0 0 - 1 0 0 0 À ; 
h o w e v e r , S E R S is o b s e r v e d . 

T h e r e a p p a r e n t l y are s e v e r a l scales o f roughness to cons ide r . O n e 
sca le " m a c r o r o u g h n e s s " o b s e r v a b l e w i t h S E M has p a r t i c l e s izes f rom 
2 5 0 to s e v e r a l t h o u s a n d a n g s t r o m un i t s , ano ther s ca l e " m i c r o r o u g h -
n e s s " has pa r t i c l e s s izes f rom 50 to 2 5 0 A , a n d a t h i r d sca le " a t o m i c -
sca le m i c r o r o u g h n e s s , " not seen b y S E M , is o n the o rde r o f a t o m i c 
d i m e n s i o n s . T h e c h e m i c a l na tu re o f the e l e c t r o d e surface a lso has 
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 79 

b e e n a n a l y z e d b y A u g e r e l e c t r o n s p e c t r o s c o p y ( A E S ) , w h i c h s h o w s a 
r e m a r k a b l y c l e a n surface ( J , 56, 57) for the p r e t r ea t ed e l e c t r o d e . 

T h e e n h a n c e m e n t factor for m e c h a n i c a l l y r o u g h e n e d e l ec t rodes at 
the m e t a l / a i r in te r face is at leas t t w o orders o f m a g n i t u d e less t h a n that 
o f the e l e c t r o c h e m i c a l l y p r e t r e a t e d m e t a l / e l e c t r o l y t e in te r face (35) . 
S t u d i e s u s i n g s c a n n i n g e l e c t r o n m i c r o s c o p y s h o w that la rge R a m a n 
sca t t e r ing (RS) e n h a n c e m e n t s are seen f rom surfaces w i t h roughnes s 
d u e to n o d u l e s o f ca . 1000 A i n d i a m e t e r for A g surfaces i n u l t r a h i g h 
v a c u u m ( U H V ) sys tems , whereas for s m o o t h surfaces the sca t t e r ing is 
b e l o w the s e n s i t i v i t y t h r e s h o l d o f the R a m a n s p e c t r o m e t e r (38) . I n 
creases i n the d e n s i t y o f the n o d u l e s at n e a r l y cons tan t m o n o l a y e r 
cove rage o f c y a n i d e s h o w e d la rge i n t e n s i t y increases (59) . T h e s e re
sul ts (38 , 59) c o n t r a d i c t p r e v i o u s l y d i s c u s s e d e x p e r i m e n t s (56) a n d 
m a y i n d i c a t e a d i f ference i n m e c h a n i s m b e t w e e n the e l e c t r o c h e m i c a l 
a n d U H V S E R S p h e n o m e n o n . 

T h e resu l t s o f R o w e et a l . (38) for r o u g h e n e d s i l v e r surfaces (ca. 
1 0 0 0 - Â pa r t i c l e s ) i n u l t r a h i g h v a c u u m sys t ems s h o w a n i n t e r e s t i n g 
d e p e n d e n c e o f R S i n t e n s i t y o n surface cove rage . T h e 9 9 1 - c m - 1 p e a k 
o f p y r i d i n e g r o w s i n a l i n e a r m a n n e r w i t h c o v e r a g e , as m e a s u r e d b y 
s t i c k i n g coeff ic ients w i t h a n A E S t e c h n i q u e . T h e s e e x p e r i m e n t s 
i n d i c a t e that m o l e c u l e s b e y o n d a m o n o l a y e r s h o w S E R S a n d i h a t 
the e n h a n c e m e n t ex tends at leas t 3 5 Â a w a y f rom the surface . T h e s e 
resul t s w e r e u s e d to s u p p o r t a l o n g r ange ( e l e c t r o m a g n e t i c ) e n h a n c e 
m e n t m o d e l ; h o w e v e r , t h e y c o n t r a d i c t e a r l i e r s tud ies o f S m a r d z e w s k i 
et a l . (37) , w h o c o n c l u d e d that o n l y m o l e c u l e s i n the first m o n o l a y e r 
g i v e S E R S . T h e S m a r d z e w s k i et a l . resu l t s w e r e b a s e d o n the ob
se rva t ion that the S E R S s p e c t r u m o f a l a y e r o f d e u t e r a t e d p y r i d i n e 
(py- r f 5 ) c o v e r i n g a m o n o l a y e r o f n o n d e u t e r a t e d p y r i d i n e ( p y - / i 5 ) o n 
s i l v e r g ives b a n d s o n l y f r o m n o n d e u t e r a t e d p y r i d i n e . R e c e n t e x p e r i 
men t s o f Z w e m e r , S h a n k , a n d R o w e (42) s h o w p e a k s for b o t h d e u 
te ra ted a n d n o n d e u t e r a t e d p y r i d i n e w h e n t w o m o n o l a y e r s o f p y - d 5 

are d e p o s i t e d o n one m o n o l a y e r o f p y - / i 5 at s i l ve r . T h e researchers 
sugges t (42) that the p y r - / i 5 l a y e r d i s c u s s e d i n S m a r d z e w s k i ' s s tud ies 
was v e r y t h i c k , m a k i n g i t i m p o s s i b l e to o b s e r v e p y - d 5 p eaks . A n o t h e r 
i n d i c a t i o n that l o n g r ange effects are t a k i n g p l a c e i n U H V s tud ies 
are spacer e x p e r i m e n t s (60) i n w h i c h the R a m a n - a c t i v e m o l e c u l e is 
sepa ra ted f r o m a r o u g h s i l v e r film b y a p o l y m e r l a y e r a n d e n h a n c e 
men t s o f R S are seen at separat ions as l a rge as 100 Â . 

E n h a n c e m e n t at 3 5 - 1 0 0 A a w a y f rom the in te r face is i ncons i s t en t 
w i t h e l e c t r o d e p o t e n t i a l m o d u l a t e d e x p e r i m e n t s at a s i l v e r e l e c t r o d e -
s o l u t i o n in te r face , w h i c h i n d i c a t e s that o n l y m o l e c u l e s i n the diffuse 
d o u b l e l a y e r (ca. 10 Â w i t h 0.1 M K C 1 ) g i v e r ise to S E R S ( I ) . R e c e n t 
U H V e x p e r i m e n t s l e n d s u p p o r t to the i d e a that o n l y m o l e c u l e s i n the 
first f e w m o n o l a y e r s g i v e s t rong S E R S . E e s l e y (40) u s e d the c h a n g e i n 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

04



80 BIOLOGICAL REDOX COMPONENTS 
s i l v e r surface w o r k f u n c t i o n to d e t e r m i n e cove rage o f p y r i d i n e i n a 
U H V s y s t e m a n d f o u n d the R S i n t e n s i t y l e v e l s off for t h r ee d i f ferent 
v i b r a t i o n s after 2 - 3 L a n g m u i r s ( L ) . A s i m i l a r r e su l t for p y r i d i n e i n a 
U H V s y s t e m w a s f o u n d (41 ) u s i n g s i l v e r i s l a n d films a n d a q u a r t z 
c r y s t a l m i c r o b a l a n c e to m e a s u r e c o v e r a g e . P o c k r a n d a n d O t t o (61 ) 
s t u d i e d p y r i d i n e a d s o r b e d o n s i l v e r films at t empera tu re s a r o u n d 130 
Κ w i t h a n e x p o s u r e r ange o f 0 .03 to 1 0 2 L . A t e x p o s u r e s less t h a n 1 L , 
the 1 0 0 6 - c m " 1 b a n d is q u i t e i n t ense a n d reaches sa tura t ion at a b o u t 2 
L . Af t e r e x p o s u r e s o f a b o u t 100 L the 9 9 4 - c m - 1 b a n d appea r s a n d 
g r o w s w i t h a d d i t i o n a l c o v e r a g e , i n d i c a t i n g a t h i c k c o n d e n s e d p y r i d i n e 
l aye r . T h e inves t iga to r s c o n c l u d e (61) that a n e x p l a n a t i o n o f S E R S o n 
the basis o f e l e c t r o m a g n e t i c resonances is u n l i k e l y . 

E x p e r i m e n t s to p r o b e the r o l e o f surface roughnes s i n S E R S w e r e 
d e s i g n e d u s i n g s i l v e r e v a p o r a t e d films u n d e r U H V c o n d i t i o n s . W o o d 
a n d K l e i n (39) s h o w e d that w h e n a s i l v e r film, w h i c h g ives S E R S for 
C O a d s o r b e d at 120 K , w a s a n n e a l e d o v e r n i g h t at r o o m t e m p e r a t u r e 
a n d t h e n r e c o o l e d a n d r e e x p o s e d to C O u n d e r the s ame c o n d i t i o n , the 
R a m a n s i g n a l o f C O was d r a m a t i c a l l y r e d u c e d b y a factor o f 5 0 0 a n d 
the b a c k g r o u n d was r e d u c e d b y a factor o f 20 . I n fact, the R a m a n s i g n a l 
o f C O w a s los t i n the no i se o f t he s p e c t r o m e t e r (see F i g u r e 6). T h e 
researchers a rgue that r o o m t e m p e r a t u r e a n n e a l i n g des t roys the e n -

_ 5 -
"·" 

£ 4 -

0 1000 2000 3000 4000 

Ramon shift (cm" 1 ) 
Figure 6. SERS spectrum of CO adsorbed on Ag. The upper curve is 
for 10s L exposure of CO on Ag at 120 K. The lower curve is the 
spectrum of the same film after annealing at room temperature and 
then reexposure to 105 L of CO at 120 K. (Reproduced, with permission, 

from Ref 39. Copyright 1980, Pergamon Press, Ltd.) 
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 81 

h a n c e m e n t p rope r t i e s o f the s i l v e r films, m e a n i n g that e n h a n c e m e n t 
r e q u i r e s surface roughnes s (39) . P o c k r a n d a n d O t t o c o n d u c t e d a s i m i 
l a r e x p e r i m e n t w i t h a d s o r b e d p y r i d i n e o n s i l v e r film i n U H V (3, 62) . 
V a r i a t i o n o f the t e m p e r a t u r e f r o m 120 to a r o u n d 2 3 0 K , b a c k to 120 Κ 
w i t h e x p o s u r e to p y r i d i n e , a n d t h e n to r o o m t e m p e r a t u r e s h o w s that 
the R a m a n s i g n a l o f the 1 0 0 6 - c m - 1 l i n e o f p y r i d i n e reaches a m a x i m u m 
at 2 2 0 K , re turns to its p r e v i o u s v a l u e w h e n 120 Κ is r e a c h e d the 
s e c o n d t i m e , t h e n r e m a i n s flat u n t i l a r o u n d 2 2 0 K , w h e r e the s i g n a l 
fa l ls to a v e r y l o w c o u n t w h e n w a r m e d to r o o m t e m p e r a t u r e . I n t e r p r e 
ta t ion o f the resu l t s o f the t e m p e r a t u r e c y c l e i n d i c a t e that the S E R S 
t e m p e r a t u r e d e p e n d e n c e reflects the d e n s i t y a n d e f f i c i ency o f a t o m i c 
sca le a c t i v e sites that are a n n e a l e d i n the 2 0 0 Κ r e g i o n (62). F u r t h e r 
m o r e , b y c o m p a r i s o n w i t h the R a y l e i g h a n d R a m a n i n t e n s i t y va r i a t ions 
as a func t i on o f t e m p e r a t u r e , the inves t iga to r s c o n c l u d e that the d e c a y 
o f b u m p s o f s i ze 5 0 - 1 , 0 0 0 A is a n u n l i k e l y reason for the changes i n 
S E R S i n t e n s i t y . E x c e p t for the i n t e r p r e t a t i o n o f P o c k r a n d a n d O t t o 
(62) , the c o n c l u s i o n s w i t h r e spec t to surface roughness for the o ther 
U H V s tud ies c i t e d (38,39,42) s e e m incons i s t en t w i t h the observa t ions 
c o n c e r n i n g surface roughnes s o f S c h u l t z et a l . (56), w h e r e u n d e r e l e c 
t r o c h e m i c a l c o n d i t i o n s 1 0 4 e n h a n c e m e n t is f o u n d w i t h o u t " m a c -
r o r o u g h n e s s , , 

Effect of Laser Excitation Frequency and Pov/er. V a r i o u s g r o u p s 
a lso i n v e s t i g a t e d the d e p e n d e n c y o f the S E R S s i g n a l o n e x c i t a t i o n 
f r e q u e n c y (6, 7, 13, 18, 39, 48, 61, 63). T h e resu l t s o f these s tud ies 
s h o w e d that the f r e q u e n c y d e p e n d e n c e w a s a s t rong func t i on o f the 
surface state a n d the v i b r a t i o n a l m o d e o b s e r v e d . H o w e v e r , some o f 
these i nves t i ga t i ons i n d i c a t e d that o n s i l v e r the s i g n a l i n c r e a s e d t w e n -
t y f o l d w h e n the laser e x c i t a t i o n s h i f t e d f rom b l u e to r e d (13, 18, 3 9 , 
48). F i g u r e 7 s h o w s the r e l a t i v e R a m a n i n t e n s i t y o f the 1 0 0 8 - c m " 1 

b a n d o f p y r i d i n e o n a s i l v e r e l e c t r o d e as a func t ion o f the w a v e l e n g t h 
o f the e x c i t i n g laser l i g h t for th ree di f ferent i nves t i ga t i ons ( 13, 18, 48). 
T h e d a s h e d l i n e s h o w s the r e l a t i v e ref lec tance c u r v e w i t h un i t s ( w h i c h 
decrease ) o n the r igh t . T h e m i n i m u m o f the Δ R/R c u r v e c o r r e s p o n d s to 
the m a x i m u m o f the exc i t a t i on c u r v e i n the 700- to 8 0 0 - n m r e g i o n . 

H i g h i n t e n s i t y S E R S has b e e n seen o n c o p p e r (25-29) a n d g o l d 
(25 , 39 ) o n l y w i t h laser e x c i t a t i o n i n the r e d r e g i o n o f the v i s i b l e 
s p e c t r u m — 6 4 7 . 1 - n m K r + l aser l i n e (25) a n d 6 4 5 - n m d y e laser l i n e 
(27) . W h e n a 5 6 8 - n m l i n e was u s e d for e x c i t a t i o n , the S E R S effect w a s 
not o b s e r v e d (25) . A p l o t o f the l o g a r i t h m o f e x p e r i m e n t a l e n h a n c e 
m e n t factor v s . e x c i t a t i o n e n e r g y o n s i l v e r a n d c o p p e r (27) s h o w e d fa i r 
a g r e e m e n t w i t h the l o g a r i t h m o f the t h e o r e t i c a l e n h a n c e m e n t factor v s . 
e x c i t a t i o n e n e r g y b a s e d o n a n i m a g e d i p o l e e n h a n c e m e n t m e c h a n i s m . 
H o w e v e r o ther t h e o r e t i c a l t rea tments that c o n t a i n the c o m p o s i t e 
d i e l e c t r i c f unc t i on o f the m e t a l surface a n d e l e c t r o l y t e w o u l d s h o w a 
s i m i l a r e x c i t a t i o n w a v e l e n g t h d e p e n d e n c e . 
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82 BIOLOGICAL REDOX COMPONENTS 

400 500 600 700 
X(nm) 

800 

Figure 7. Relative Raman intensity as a function of exciting laser 
frequency for the 1008-cm'1 Raman band of pyridine on a Ag electrode. 
Key: , Δ R/R curve after Pettinger et αι.; A, from J. Creighton et al. 
(13); and Ο, from Β. Pettinger et al. (18); D , from A. Girlando et al. 
(48). (Reproduced, with permission, from Ref. 48. Copyright 1980, 

North-Holland Publishing Co.) 

O f p a r t i c u l a r in te res t is the i n v e s t i g a t i o n o f p y r i d i n e sca t t e r ing 
f rom s i l v e r a n d g o l d a q u e o u s so l p a r t i c l e (49) . T h e S E R S exc i t a t i on 
prof i les o f the 1010- a n d 1 0 3 8 - c m " 1 b a n d s h a v e m a x i m a that f a l l at the 
same p l a c e as the l o n g e r w a v e l e n g t h r e d e x t i n c t i o n (adsorp t ion a n d 
sca t te r ing) m a x i m u m o f the p y r i d i n e a d s o r b e d o n the s i l v e r s o l . A l s o , 
the S E R S m a x i m u m shifts to l o n g e r w a v e l e n g t h s as the p a r t i c l e s i ze 
increases . T r a n s m i s s i o n e l e c t r o n m i c r o s c o p y s h o w e d the so l pa r t i c l e s 
to b e i n the r ange o f 1 0 - 5 0 0 À i n d i a m e t e r . 

A n e x p l a n a t i o n o f the S E R S f r o m sols cons i s ten t w i t h these facts is 
that the v i b r a t i o n s o f the a d s o r b e d p y r i d i n e m o l e c u l e s are m o d u l a t i n g 
the p o l a r i z a b i l i t y o f the m e t a l pa r t i c l e s , w h i c h thus scatter the l i g h t 
w i t h a R a m a n c o m p o n e n t o f M i e sca t t e r ing (49). T h e s i m i l a r i t y o f the 
e x t i n c t i o n c u r v e a n d the R a m a n e x c i t a t i o n prof i les are i n t e r p r e t e d as 
p r o v i n g the i n v o l v e m e n t o f c o l l e c t i v e resonant exc i t a t i on o f d i p o l a r 
a n d h i g h e r m u l t i p o l a r p l a s m a m o d e s o f the c o n d u c t i o n e lec t rons (49) . 
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A l l m e a s u r e m e n t s o f R a m a n p e a k i n t e n s i t y m a d e as a f unc t i on o f 
laser p o w e r s h o w a l i n e a r d e p e n d e n c e u p to ca . 2 0 0 m W . A n o n l i n e a r 
d e p e n d e n c e w o u l d suggest a m u l t i p h o t o n process . O n e m u s t a v o i d 
v e r y h i g h laser p o w e r b e c a u s e i n t e r f a c i a l d a m a g e m a y o c c u r . 

T h e E f f e c t o f the A n g l e o f I n c i d e n c e o f E x c i t i n g L i g h t a n d M e a 
s u r e m e n t o f the D e p o l a r i z a t i o n R a t i o . I n a d d i t i o n to a f r e q u e n c y res
onance , S E R S s h o w s a n g u l a r resonances . T h e p l o t o f the i n t ens i t y vs . 
the a n g l e o f i n c i d e n c e s h o w e d a sharp p e a k for s i l v e r (58) a n d a lso for 
c o p p e r a n d g o l d (25) w i t h a h a l f - w i d t h o f a b o u t 10° . F o r s i l v e r , c o p p e r , 
a n d g o l d the a n g l e o f i n c i d e n c e was a r o u n d 6 0 ° for p e a k i n t ens i t y (25 , 
58) . F i g u r e 8 s h o w s the i n t ens i t y vs . the a n g l e o f i n c i d e n c e p l o t w i t h a 
resonance a r o u n d 6 0 ° . ( T h e p e a k at 4 5 ° is c a u s e d b y laser l i g h t re
flected d i r e c t l y i n t o the en t rance s l i t o f the spec t romete r . ) T h e s e ex
p e r i m e n t s e m p h a s i z e that the R a m a n i n t ens i t y w i l l d e p e n d o n b o t h 
e x c i t a t i o n f r e q u e n c y a n d a n g l e o f i n c i d e n c e , as w e l l as e l e c t r o d e p r e 
t rea tment . T h e a n g u l a r resonances for s i l v e r , g o l d , a n d c o p p e r w e r e 

τ 1 1 1 1 1 1 Γ 

J 1 1 1 I I I I I L 
10 30 50 70 

ANGLE OF INCIDENCE φ.( 

Figure 8. Raman intensity vs. angle of incidence for Au, Ag, and Cu 
electrodes for 0.05 M pyridine in 0.1 M NaCl at ca. 1012-1015 cm'1. 
(Reproduced, with permission, from Ref 26. Copyright 1980, North-

Holland Publishing Co.) 
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84 BIOLOGICAL REDOX COMPONENTS 
c o n s i d e r e d as a d d i t i o n a l e v i d e n c e for S E R S b y surface p l a s m o n e x c i t a 
t i on (25) . A n e n h a n c e m e n t o f the R a m a n s i g n a l as a func t ion o f the 
a n g l e o f i n c i d e n c e o f t he e x c i t i n g laser b e a m also w a s f o u n d w i t h a 
t h i n c o a t i n g o f p o l y s t y r e n e o n a s i l v e r h o l o g r a p h i c g r a t i n g (47) . I n th is 
case , p - p o l a r i z e d l i g h t ( e l e c t r i c v e c t o r p a r a l l e l to the p l a n e o f i n c i 
d e n c e ) s h o w s the a n g u l a r d e p e n d e n c e a l t h o u g h s - p o l a r i z e d l i g h t (e lec 
t r i c v e c t o r p e r p e n d i c u l a r to the p l a n e o f i n c i d e n c e ) does not s h o w i t , 
w h i c h p a r a l l e l s the b e h a v i o r o f the r e s p e c t i v e r e f l ec t i v i t i e s . T h e s e re
sul ts are i n t e r p r e t e d i n t e rms o f the exc i t a t i on o f the p l a s m o n surface 
po l a r i t ons b y c o u p l i n g t h r o u g h the v e c t o r g r a t i ng . 

A surface p l a s m o n m a y be t h o u g h t o f as a q u a s i - p a r t i c l e a s soc ia t ed 
w i t h the c o l l e c t i v e v i b r a t i o n a l w a v e m o t i o n o f free c o n d u c t i o n e l e c 
trons i n the m e t a l surface space ( s i m i l a r to the r e l a t i o n s h i p b e t w e e n 
pho tons a n d e l e c t r o m a g n e t i c waves ) . T h e surface p l a s m o n is a l o n 
g i t u d i n a l e x c i t a t i o n (the w a v e v e c t o r a n d e l e c t r i c field v e c t o r are p a r a l 
l e l ) . T h e o p t i c a l p h o t o n is a t ransverse e l e c t r o m a g n e t i c w a v e i n w h i c h 
the w a v e v e c t o r a n d e l e c t r i c field vec to rs are o r t hogona l . F o r p h o t o n -
surface p l a s m o n c o u p l i n g to o c c u r , b o t h e n e r g y ( f requency) a n d 
m o m e n t u m ( w a v e vec tor ) m u s t be c o n s e r v e d , that is , i n the la t ter case 
the w a v e v e c t o r o f the laser l i g h t m u s t e q u a l the v e c t o r s u m o f the 
w a v e vec to r s o f the sca t t e red l i g h t a n d the s ca t t e r ing q u a s i - p a r t i c l e . 
T h i s q u a s i - p a r t i c l e , or q u a n t u m o f the c o u p l e d surface p l a s m o n -
p h o t o n field is c a l l e d the p l a s m o n surface p o l a r i t o n ( P S P ) . F o r p r o p e r 
m o m e n t u m m a t c h i n g i n the e x c i t a t i o n o f the P S P , theory r e q u i r e s sur
face m i c r o r o u g h n e s s a n d a lso an a n g u l a r d e p e n d e n c e o f the R a m a n 
s i g n a l . T h e use o f d i f f rac t ion gra t ings as surface substrates s h o w s that 
the S E R S s i g n a l c a n b e i n c r e a s e d b y the e x c i t a t i o n o f P S P resonances 
o f m o l e c u l e s a d s o r b e d at the surface ( 4 3 , 4 7 , 4 8 , 64 ) . I n a d d i t i o n , these 
resonances c a n b e seen b y u s i n g a t t enua t ed to ta l r e f l ec t ion con f igu ra 
t ions (65 , 66 ) . 

P o l a r i z a t i o n s tud ies o n r o u g h e n e d m e t a l e l ec t rodes a l w a y s h a v e 
s h o w n h i g h v a l u e s o f the d e p o l a r i z a t i o n ra t io , p . T h e s e b a n d s are s a i d 
to b e d e p o l a r i z e d . F o r p - p o l a r i z e d laser l i g h t ρ = IJI\\, w h e r e I± is the 
i n t ens i t y o f the sca t t e red r a d i a t i o n p o l a r i z e d p e r p e n d i c u l a r to the scat
t e r i n g p l a n e a n d In is the i n t e n s i t y o f sca t te red r a d i a t i o n p o l a r i z e d 
p a r a l l e l to the s ca t t e r ing p l a n e . V a l u e s o f ρ are a b o u t ze ro for s y m m e t 
r i c a l v i b r a t i o n s i n s o l u t i o n , w h e r e a s ρ = 0 .60 to 0 .75 for a l l S E R S 
b a n d s , i n d i c a t i n g d e p o l a r i z a t i o n o f the sca t t e red r a d i a t i o n i n S E R S . 
T h i s o b s e r v a t i o n is cha rac t e r i s t i c o f S E R S b a n d s . 

Effect of Electrode Potential at Silver Electrodes. O n e o f the 
features o f S E R S f rom e l e c t r o d e surfaces is that the spec t r a s h o w w a v e 
n u m b e r shifts f r o m b o t h the nea t a n d s o l u t i o n n o r m a l R a m a n spec t ra . 
T h e s e shifts , a n d the fact that some b a n d s are p o t e n t i a l d e p e n d e n t , are 
p r o b a b l y the bes t c r i t e r i a for p r o v i n g that the s p e c t r u m o b s e r v e d , i n 
d e e d , is surface e n h a n c e d . A s t u d y o f the r e l a t i v e R a m a n i n t e n s i t y as a 
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func t ion o f e l e c t r o d e p o t e n t i a l ( I , 6) o f s ix t o t a l l y s y m m e t r i c v i b r a 
t i o n a l m o d e s o f p y r i d i n e was c a r r i e d o u t o n s i l v e r b y r e m a i n i n g o n the 
b a n d p e a k a n d s c a n n i n g the p o t e n t i a l f rom 0.0 to —1.00 V vs . S C E at 
a b o u t 1.0 V / s . T o a v o i d changes i n p e a k w a v e n u m b e r as a func t ion o f 
p o t e n t i a l , the s p e c t r a l bandpass o f the s p e c t r o m e t e r w a s w i d e n e d to 2 0 
c m - 1 . T h e b e l l - s h a p e d c u r v e s o b t a i n e d b y a v e r a g i n g s e v e r a l s w e e p s 
s h o w e d that d i f ferent v i b r a t i o n a l m o d e s p e a k e d at d i f ferent p o t e n t i a l s 
(6) . T h e m o s t in tense m o d e , the r i n g - b r e a t h i n g v i b r a t i o n at 1006 c m - 1 , 
p e a k e d at ca . - 0 . 6 V vs . S C E a n d three o ther m o d e s p e a k e d a r o u n d 
- 0 . 8 V S C E . T h e p o i n t o f ze ro cha rge ( P Z C ) o f s i l v e r i n a q u e o u s 
p o t a s s i u m c h l o r i d e is a r o u n d - 0 . 7 V vs . S C E (67, 68). I f these c u r v e s 
w e r e f o l l o w i n g the a d s o r p t i o n - d e s o r p t i o n c u r v e o f p y r i d i n e o n s i l v e r , 
a l l o f the m o d e s p r o b a b l y w o u l d s h o w the s ame m a x i m u m a r o u n d the 
P Z C . 

W e h a v e c o n d u c t e d s i m i l a r e x p e r i m e n t s w i t h o u t a v e r a g i n g for 
0.05 M p i p e r i d i n e i n 0.1 M p o t a s s i u m c h l o r i d e o n s i l v e r . T h e resu l t s 
( F i g u r e 9) (69) for f ou r b a n d s , a s s i g n e d to the - C H 2 r o c k at 1017 a n d 
1053 c m " 1 , the - C H 2 t w i s t at 1182 c m " 1 , a n d the surface p e a k at 2 2 2 
c m " 1 , s h o w that these c u r v e s h a v e a b o u t the same m a x i m u m at ca . - 0 . 5 
V v s . S C E . O t h e r b a n d s , d u e to the C H s t re tch i n the 2 7 0 0 to 3 0 0 0 c m " 1 

r e g i o n , s h o w a n i n t e n s i t y m a x i m u m a r o u n d —0.8 V vs . S C E . T h e s e 
c u r v e s ( F i g u r e 10) (69) w e r e r e c o r d e d w i t h the c o m p u t e r in te r face o f 
F i g u r e 3. 

O t h e r s tud ies o f the effect o f p o t e n t i a l o n b a n d in t ens i t i e s s h o w 
that the r e l a t i v e in tens i t i e s o f the t w o r i n g - b r e a t h i n g m o d e s o f 
p y r i d i n e o n s i l v e r (1008 a n d 1037 c m - 1 ) s h o w a r e v e r s a l o f i n t e n s i t y as 
the e l e c t r o d e is m a d e m o r e n e g a t i v e (70, 71). A t - 0 . 2 V , the b a n d at 
1037 c m - 1 is m o r e in t ense t h a n the b a n d at 1008 c m " 1 ; at - 0 . 3 5 V , the 
t w o b a n d s are n e a r l y e q u a l ; a n d at - 0 . 6 V v s . S C E , the b a n d at 1008 
c m " 1 is m o r e in tense . C o m p a r i s o n o f these resu l t s w i t h s i m i l a r rat ios o n 
sols w e r e u s e d to e s t ima te the surface p o t e n t i a l o n the sols (51). 

T h e c o n c l u s i o n f rom these p o t e n t i a l - d e p e n d e n t s tud ies is that, at 
this stage o f the d e v e l o p m e n t o f S E R S , S E R S in tens i t i e s v s . e l e c t r o d e 
p o t e n t i a l c anno t b e u s e d to o b t a i n ( w i t h a n y accu racy ) the effect o f the 
e l e c t r o d e p o t e n t i a l o n the adso rp t i on o f the R a m a n a c t i v e spec i e s b e 
cause o ther factors i n f l uence the i n t ens i t y vs . v o l t a g e c u r v e . 

A n e x t r e m e l y p o t e n t i a l d e p e n d e n t a n d ra ther b r o a d S E R S b a n d is 
seen w i t h a v a r i e t y o f m o l e c u l e s i n the 100 to 2 5 0 - c m - 1 r e g i o n that does 
not a p p e a r i n the s o l u t i o n R a m a n spec t ra . T h e source o f th is b a n d is a 
mat te r o f c o n t r o v e r s y (a m o r e c o m p l e t e d i s c u s s i o n is g i v e n later) , b u t 
g e n e r a l l y i t is a g r e e d that the b a n d is d u e to a surface v i b r a t i o n b e 
t w e e n the m e t a l a n d a spec i e s a d s o r b e d o n the m e t a l . W e o b s e r v e d 
(72) that the p e a k w a v e n u m b e r o f the b a n d shifts to l o w e r w a v e 
n u m b e r s as the e l e c t r o d e p o t e n t i a l b e c o m e s m o r e n e g a t i v e . I n fact, the 
f r e q u e n c y o f the b a n d is p r o p o r t i o n a l to the squa re root o f the e l e c -
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86 BIOLOGICAL REDOX COMPONENTS 
t r o d e p o t e n t i a l . B e c a u s e the f r e q u e n c y o f a b a n d for a s i m p l e h a r m o n i c 
o s c i l l a t o r is p r o p o r t i o n a l to the squa re root o f the force cons tant , w e 
d e r i v e d a r e l a t i o n s h i p that g ives a d i r e c t p r o p o r t i o n a l i t y b e t w e e n the 
f r e q u e n c y a n d the squa re root o f the r a t iona l e l e c t r o d e p o t e n t i a l , 
Ε - E p z c (72) . T h i s d e r i v a t i o n was b a s e d o n the effect o n the force 
cons tan t o f a c h a n g e i n the c o m p a c t d o u b l e - l a y e r e l e c t r i c field fe l t b y 
the o s c i l l a t i n g b o n d as the p o t e n t i a l is c h a n g e d . T h e o r i g i n o f the 
e l e c t r i c field c h a n g e w a s a t t r i b u t e d to the d i sc re teness o f the cha rge 

Figure 9. Raman intensity vs. 
electrode potential at a Ag elec
trode for 0.05 M piperidine in 0.50 
M KCl for several vibrational 
bands. Other conditions given in 
Figure 4 with the exception of the 

bandpass, which was 10 cm'1. 
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Figure 10. Raman intensity vs. wavenumber vs. electrode potential 
at a Ag electrode for 0.05 M piperidine in 0.10 M KCl for several CH 
stretching vibrational bands. Some pretreatment as in Figure 4. Full-
scale sensitivity was 9 χ 103 counts Is, scan rate was 50 cm^lmin and 
sample period 1.2 s was used with the digital counter. A 488-nm laser 

excitation was used. 

effect o f s p e c i f i c a l l y a d s o r b e d c h l o r i d e ions . C a l c u l a t i o n s agree f a i r l y 
w e l l w i t h the o b s e r v e d b e h a v i o r (72). H o w e v e r , o the r factors, s t i c h as 
the i n t r i n s i c effect o f p o t e n t i a l ( e l ec t rode charge ) o n the force cons tant , 
a lso s h o u l d b e t a k e n i n t o a c c o u n t i n a m o r e c o m p l e t e ana lys i s o f th is 
effect. I n g e n e r a l , one w o u l d p r e d i c t a w e a k e n i n g o f the surface b a n d 
as the p o t e n t i a l is m o v e d i n a n e g a t i v e d i r e c t i o n . 

E f f e c t o f E l e c t r o d e P o t e n t i a l at M e r c u r y E l e c t r o d e s . I n a p r e v i 
ous r epor t (31 ) o f S E R S at a m e r c u r y e l e c t r o d e f o r m e d b y a d h e r i n g a 
t h i c k l a y e r o f m e r c u r y o n p l a t i n u m , w e b a s e d par t o f o u r e v i d e n c e o f 
the ex i s t ence o f S E R S at m e r c u r y o n the fact that there w a s a p o t e n t i a l 
d e p e n d e n c e o f w h a t a p p e a r e d to b e a s y m m e t r i c r i n g - b r e a t h i n g m o d e 
o f p y r i d i n e at 1010 c m - 1 . T h i s d e p e n d e n c e h a d a n u n u s u a l shape i n 
that the R a m a n i n t e n s i t y w a s l e v e l f r o m 0.0 to - 0 . 6 V vs . S C E a n d t h e n 
rose to a p l a t e a u at - 0 . 9 V vs . S C E ( F i g u r e 3) (31). A d d i t i o n a l e x p e r i 
men t s s h o w e d that th is b e h a v i o r is c a u s e d b y surface i m p u r i t i e s 
f o r m e d w h e n the m e r c u r y film e l e c t r o d e is first p l a c e d i n the s o l u t i o n 
o f the e l e c t r o c h e m i c a l c e l l . I f the H g / P t e l e c t r o d e is first po t en t i o -
s ta ted at p o t e n t i a l s m o r e n e g a t i v e t h a n - 0 . 9 V vs . S C E , the r i se i n 
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88 BIOLOGICAL REDOX COMPONENTS 
i n t ens i t y a r o u n d - 0 . 6 V is not f o u n d . F i g u r e 11 s h o w s the p o t e n t i a l 
d e p e n d e n c e o f the i n t e n s i t y after p o t e n t i o s t a t i n g a s o l u t i o n o f 0 .05 M 
p y r i d i n e i n 0.1 M p o t a s s i u m c h l o r i d e at - 1 . 0 V vs . S C E . T h e 1010-
c m " 1 b a n d was o b s e r v e d as the H g / P t e l e c t r o d e was c y c l e d at 5 m V / s 
f r o m - 0 . 3 to - 2 . 1 V , f r o m - 2 . 1 to +0 .6 V , a n d b a c k to - 0 . 3 V a l l v s . 
S C E . T h e i n t e n s i t y g r a d u a l l y d r o p s off as the p o t e n t i a l reaches the 
h y d r o g e n e v o l u t i o n r e g i o n , - 1 . 6 V , a n d re turns a g a i n to the same l e v e l 
w h e n r e s c a n n e d i n a p o s i t i v e d i r e c t i o n . A t 0 .15 V vs . S C E , there is a 
sharp cu to f f i n the R a m a n s i g n a l as the p o t e n t i a l is s c a n n e d i n the 
p o s i t i v e d i r e c t i o n . T h i s p o t e n t i a l c o r r e s p o n d s to the p o t e n t i a l at w h i c h 
m e r c u r o u s c h l o r i d e is f o r m e d o n the e l e c t r o d e (31). O n the r eve r se 
s can t o w a r d n e g a t i v e po t en t i a l s , the R a m a n s i g n a l s h a r p l y rises to i ts 
p r e v i o u s v a l u e . 

T h e s h a r p cu to f f i n t ens i t y vs . p o t e n t i a l c u r v e does not c o r r e s p o n d 
to c o v e r a g e vs . p o t e n t i a l c u r v e s for p y r i d i n e o b t a i n e d b y e l e c t r o c h e m 
i c a l t e c h n i q u e s (73) or to o ther S E R S i n t e n s i t y vs . po t en t i a l s cu rves 
o n s i l v e r . S u b s e q u e n t p o l a r i z a t i o n s tud ies s h o w e d that the s igna l s o b 
s e r v e d w e r e t o t a l l y p o l a r i z e d , w h i c h is not cha rac t e r i s t i c o f S E R S b u t 
is to b e e x p e c t e d for l i g h t r e f l ec t ed f r o m the e l e c t r o d e surface d u e to 
the e m i s s i o n l i n e s o f the a rgon i o n laser . U n e x p l a i n e d l i n e s i n the 
r e p o r t e d s p e c t r u m o f p y r i d i n e (31) p r o v e d to b e r e f l ec t ed e m i s s i o n 
l i n e s , as d i d o ther l i n e s that f o r t u i t o u s l y o c c u r r e d at p y r i d i n e v i b r a 
t i o n a l f r e q u e n c i e s . P r e v i o u s s tud ies o n s i l v e r w i t h the s a m e con f igu ra 
t i on d i d not s h o w these r e f l e c t e d l i n e s b e c a u s e s i l v e r , after a n 
o x i d a t i o n - r e d u c t i o n c y c l e , is no t a r e f l ec t ive surface . W h e n the re
flected l i g h t was e l i m i n a t e d , w e d i d not obse rve a S E R S s i g n a l for 
p y r i d i n e o n m e r c u r y . T h e e a r l i e r r epo r t o f S E R S f rom p y r i d i n e o n 
m e r c u r y (30) d i d no t s h o w peaks that w e r e s h i f t e d f rom e i t he r nea t or 
a q u e o u s p y r i d i n e , w h i c h w o u l d b e e x p e c t e d for S E R S l i n e s . T h u s , i t is 
d o u b t f u l that m e r c u r y is a n a d e q u a t e subst ra te for S E R S . 

E f f e c t o f the C o n c e n t r a t i o n o f R a m a n A c t i v e S p e c i e s a n d the C o n 
cen t r a t i on a n d N a t u r e o f S u p p o r t i n g A n i o n s . S t u d i e s o f ab so lu t e i n 
tens i t ies as a func t ion o f concen t r a t i on are d i f f i cu l t w i t h S E R S b e c a u s e 
the e l e c t r o d e surface has a p r o n o u n c e d effect o n the in t ens i t i e s a n d i t 
c anno t b e r e p r o d u c e d f r o m e x p e r i m e n t to e x p e r i m e n t . T h u s , v e r y f e w 
s tud ies h a v e b e e n m a d e o f S E R S i n t e n s i t y as a f u n c t i o n o f concen t r a 
t i o n . J e a n m a i r e a n d V a n D u y n e (6) f o u n d that the S E R S i n t e n s i t y 
g r o w s as a f unc t i on o f b u l k p y r i d i n e concen t r a t i on r e a c h i n g sa tura t ion 
at a r o u n d 5 0 m M . T h e s e resu l t s d o not agree w i t h a p r e v i o u s l y m e a 
s u r e d adso rp t i on i s o t h e r m (74), w h e r e sa tura t ion o c c u r r e d at m u c h 
l o w e r concen t ra t ions . T h e d i f ference is a t t r i b u t e d to i n c r e a s e d p a c k i n g 
i n the S E R S e x p e r i m e n t w h e n the m o l e c u l e s at h i g h concen t ra t ions 
are t h o u g h t to adsorb w i t h t h e i r m o l e c u l a r p l a n e p e r p e n d i c u l a r to the 
e l e c t r o d e sur face , as o p p o s e d to a p a r a l l e l o r i en t a t i on at l o w e r c o n c e n 
trat ions ( J ) . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

04



BIRKE ET AL. Surface Enhanced Raman Spectroscopy 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

04



90 BIOLOGICAL REDOX COMPONENTS 
A r a d i o c h e m i c a l m e t h o d was u s e d to m e a s u r e the a m o u n t o f 

p y r i d i n e a d s o r b e d o n a s i l v e r e l e c t r o d e u n d e r c o n d i t i o n s s i m i l a r to 
S E R S e x p e r i m e n t s — i n 50 m M p y r i d i n e a n d 0.1 M p o t a s s i u m c h l o r i d e 
(75) . T h e a m o u n t o f a d s o r b e d p y r i d i n e w a s m e a s u r e d as a f u n c t i o n o f 
c h a r g e d passed i n the p r e t r e a t m e n t s tep . T h e inves t iga to r s ( 7 5 ) f o u n d 
10 m o n o l a y e r s o f p y r i d i n e , o r 8 x 1 0 1 5 m o l e c u l e s / c m 2 , after p a s s i n g a n 
a m o u n t o f cha rge s i m i l a r to the S E R S e x p e r i m e n t . T h u s , t h e y c o n 
c l u d e d that m u l t i l a y e r adso rp t ion w a s t a k i n g p l a c e . H o w e v e r , 
r ad io i so tope e x p e r i m e n t s w i t h a d s o r b e d C N " o n s i l v e r s h o w e d 
that u n d e r S E R S c o n d i t i o n s o n l y a m o n o l a y e r o f C N " w a s a d s o r b e d 
(59 , 7 6 ) . 

S E R S i n t e n s i t y a lso was af fec ted b y a n i o n concen t ra t ions . A p l o t o f 
r e l a t i v e i n t e n s i t y v s . C l ~ concen t r a t i on s h o w e d a m a x i m u m i n t e n s i t y at 
a 2 : 1 ra t io o f C I " to p y r i d i n e concen t r a t i on (6) . C o a d s o r p t i o n o f 
p y r i d i n e a n d C I " l eads to p y r i d i n e adso rp t ion b e i n g d e p e n d e n t o n C I " 
adso rp t i on ( J ) . T h e effect o f o the r an ions o n p y r i d i n e S E R S i n t e n s i t y 
o n l y has b e e n s t u d i e d i n a p r e l i m i n a r y w a y ( J , 6) . A t a ra t io o f 2 : 1 , 
a n i o n to p y r i d i n e , the o r d e r o f the i n t e n s i t y o f the 1006 c m " 1 p e a k was 
I " > > B r " = C l " > S C N - > Η Ρ Ο Γ > S 0 4 - > C 1 < V . C l e a r l y m o r e 
w o r k o n the effect o f a n i o n c o n c e n t r a t i o n a n d t y p e a n d o ther s o l u t i o n 
c o n d i t i o n s is n e e d e d to o b t a i n a be t te r p i c t u r e o f t h e i r effect o n S E R S 
spec t r a . Inves t iga t ions o f the effect o f h a l i d e ions o n w a t e r s ca t t e r i ng 
(70, 77) are d i s c u s s e d later . 

B a c k g r o u n d C o n t i n u u m i n S E R S . A b a c k g r o u n d c o n t i n u u m has 
b e e n o b s e r v e d i n S E R S (21 , 3 5 , 78 , 7 9 ) . T h i s c o n t i n u u m ex tends f r o m 
the R a y l e i g h t a i l to a b o u t 4 2 0 0 c m " 1 . T h e o x i d a t i o n - r e d u c t i o n p r e 
t r ea tmen t c y c l e increases the b a c k g r o u n d i n t ens i t y as w e l l as the m o 
l e c u l a r p e a k s . W e a l so o b s e r v e d that there is a p o t e n t i a l d e p e n d e n c e o f 
the b a c k g r o u n d s i g n a l , w h i c h f o l l o w s that o f the 1 0 0 6 - c m " 1 p e a k o f 
p y r i d i n e (21 ). T h i s b a c k g r o u n d w a s a t t r i b u t e d to l u m i n e s c e n c e c a u s e d 
b y a r a d i a t i v e r e c o m b i n a t i o n process p r o d u c e d b y p h o t o i o n i z a t i o n 
(21 ). P i c o s e c o n d R a m a n g a i n e x p e r i m e n t s o n the c o n t i n u u m n e a r 2 0 0 0 
c m - 1 s h o w e d that i t is not a R a m a n effect b u t is mos t l i k e l y d u e to a 
l u m i n e s c e n c e (80) . O t h e r exp lana t ions o f the c o n t i n u u m i n c l u d e sur
face roughness i n d u c e d sca t t e r ing b y e l e c t r o n - h o l e p a i r exc i ta t ions i n 
the m e t a l (78) , a n d that par t o f the c o n t i n u u m is a s u p e r p o s i t i o n o f 
n u m e r o u s w e a k S E R S l i n e s (81) . 

O n s i l v e r there is a p r o n o u n c e d r ise i n the b a c k g r o u n d b e t w e e n 
1300 a n d 1600 c m - 1 , w h i c h con ta ins l i n e s at 1350 a n d 1550 c m " 1 no t 
a t t r i b u t a b l e to a n a d d e d R a m a n a c t i v e m o l e c u l e . T h e features i n th i s 
r e g i o n w e r e o r i g i n a l l y a t t r i b u t e d to a d s o r b e d C Q 3 = (35) , a n d a l so a 
c a r b o x y spec i e s f o r m e d f r o m a surface r eac t i on i n v o l v i n g CO2 (82) . 
R e c e n t l y , these b a n d s h a v e b e e n c o r r e l a t e d w i t h g r a p h i t i c c a r b o n 
o v e r l a y e r s o n the s i l v e r surface ( 6 3 , 8 3 , 8 4 ) . T h e R a m a n sca t t e r ing is so 
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 91 

s t rong the e v e n s u b m o n o l a y e r a m o u n t s g i v e o b s e r v a b l e R a m a n s igna l s 
(63) . S i m i l a r features h a v e no t b e e n o b s e r v e d f rom S E R S o n o the r 
me ta l s ( C u , A u ) , a n d therefore , the e n h a n c e m e n t m e c h a n i s m c a n no t 
b e b a s e d on a n effect d u e to these l ayers . 

M o l e c u l e s a n d Ions that S h o w S E R S . N E U T R A L M O L E C U L E S . 
O f the c h e m i c a l s p e c i e s that s h o w S E R S , the mos t i n t e n s e l y s t u d i e d 
h a v e b e e n the n i t r o g e n h e t e r o c y c l e s a n d the a l i p h a t i c a n d aro
m a t i c a m i n e s . A m o n g these c o m p o u n d s , S E R S has b e e n seen at 
a s i l v e r e l e c t r o d e w i t h p y r i d i n e (1,4,6), 2- , 3- , a n d 4 - m e t h y l p y r i d i n e s 
( 2 3 ) , 2 - , 3-, a n d 4 - c y a n o p y r i d i n e s (19), p i p e r i d i n e (here in) a n d (6 , 
70), a n i l i n e , ( J ) , p y r i d i n e - d s (1), 4 - a c e t y l p y r i d i n e ( J , 6, 8 5 ) , 
N - m e t h y l i m i d a z o l e ( J ) , q u i n o l i n e (48) , i s o q u i n o l i n e (48, 8 6 ) , 
p y r i m i d i n e (10), 2 , 4 , 6 - t r i m e t h y l p y r i d i n e ( J ) , 2 , 4 - d i c y a n o p y r i d i n e (1) 
2 , 6 - d i m e t h y l p y r i d i n e (87),Ν,Ν-dimethylcyanamide ( J ) , p y r a z i n e ( JO, 
22 ) , p - n i t r o s o d i m e t h y l a n i l i n e (14), a n d p y r i d i n e - N - o x i d e (85) . T h e 
fact that p i p e r i d i n e g ives a s t rong S E R S s i g n a l was u s e d to s u p p o r t the 
h y p o t h e s i s o f b o n d i n g to the s i l v e r e l e c t r o d e v i a the n i t r o g e n a t o m i n 
a n e n d - o n c o n f i g u r a t i o n ( J ) . B e c a u s e p i p e r i d i n e does not c o n t a i n 
7 Γ - e l e c t r o n s , i t c a n not in te rac t t h r o u g h π - b o n d i n g i n the flat con f igu ra 
t i o n . P y r a z i n e is i n t e r e s t i n g i n that i t has a cen te r o f s y m m e t r y , a n d 
therefore , s h o u l d h a v e m u t u a l l y e x c l u s i v e I R a n d R a m a n m o d e s . 
H o w e v e r , b o t h R a m a n a n d I R a c t i v e m o d e s are o b s e r v e d w i t h S E R S 
( JO, 22 ) , i n d i c a t i n g a l o w e r i n g o f m o l e c u l a r s y m m e t r y (22) f rom Dzh to 
p r o b a b l y C 2 r , w h i c h is fur ther p r o o f o f the c lo se con tac t o f the m o l e 
c u l e to the sur face . 

B o t h R a m a n a n d I R m o d e s a l so w e r e o b s e r v e d w i t h S E R S o n f i lms 
o f e t h y l e n e c o n d e n s e d o n v a p o r - d e p o s i t e d s i l v e r o n a n a l u m i n u m sur
face (88) u n d e r v a c u u m c o n d i t i o n s . L i n e s o c c u r i n the s p e c t r u m that 
w e r e a t t r i b u t e d to t w o sources , one a surface l a y e r n e x t to the s i l v e r 
a n d the o ther a t h i c k l a y e r o f s o l i d C 2 H 4 . S e l e c t i o n ru l e s for the C2v 

s y m m e t r y d e r i v e d f rom a n i m a g e - d i p o l e theo ry a p p a r e n t l y w e r e not 
o b e y e d (22 , 88 ) . T h e S E R S s p e c t r u m o f p r o p y l e n e o n the v a p o r -
d e p o s i t e d s i l v e r a l so was o b s e r v e d (88) . 

T h e o r i g i n a l s t u d y o f F l e i s c h m a n n et a l . (4) s h o w e d i n s i tu s p e c t r a 
o f surface layers o f m e r c u r o u s c h l o r i d e , m e r c u r o u s b r o m i d e , a n d m e r 
c u r i c o x i d e o n a m e r c u r y e l e c t r o d e ; h o w e v e r , there p r o b a b l y was a 
t h i c k m u l t i l a y e r fo rma t ion i n th is s t udy . E l e c t r o g e n e r a t e d l ayers o f 
A g 2 0 a n d p h o t o e l e c t r o c h e m i c a l l y gene ra t ed A g O h a v e a lso b e e n 
s t u d i e d at a s i l v e r e l e c t r o d e ( 8 9 ) . 

CYANIDE AND THIOCYANATE ANIONS. N u m e r o u s a n i o n i c 
l i g a n d s h a v e e x h i b i t e d S E R S . V a r i o u s s tud ies o f the s i m p l e an ions l i k e 
c y a n i d e ( C N " ) ( JO, J J , 2 0 , 3 5 , 70, 76) a n d t h i o c y a n a t e ( S C N " ) ( J 2 , 70 , 
90 , 92 ) h a v e b e e n u n d e r t a k e n . W e s h o u l d a lso p o i n t ou t that C O , 
w h i c h is not a n i o n b u t is i s o e l e c t r o n i c w i t h C N - , has b e e n s t u d i e d 
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92 BIOLOGICAL REDOX COMPONENTS 
u n d e r U H V c o n d i t i o n s (36 , 91) . I n the C N " case, s p e c t r a l da ta w e r e 
i n t e r p r e t e d i n t e rms o f v a r i o u s A g C N n - ( n _ 1 ) s pe c i e s at the s i l v e r sur
face. A spec i e s m a d e u p o f th ree C N " ions b o n d e d to a A g + a d i o n 
[ A g ( C N ) 3

2 " ] w i t h C3v sur face s y m m e t r y at - 1 . 0 V vs . S C E was p r o 
p o s e d (76) . T h i s a s s i g n m e n t was m a d e b y c o m p a r i s o n w i t h the s o l u t i o n 
R a m a n b a n d o f A g ( C N ) 3

= . A s t u d y (70) o f the e n t i r e S E R S s p e c t r u m 
f o u n d that i t r e s e m b l e s the R a m a n s p e c t r u m o f s o l i d K A g ( C N ) 2 , a n d a 
A g ( C N ) 2 - l i k e u n i t w i t h C2 s i te s y m m e t r y was a s s igned as the surface 
spec i e s . V i b r a t i o n a l m o d e s i n S E R S are sh i f t ed cons i s t en t ly to l o w e r 
w a v e n u m b e r s w i t h r e spec t to the s o l i d or s o l u t i o n c o m p l e x e s . T h i s 
b e h a v i o r is r a t i o n a l i z e d as d u e to the d i f fe rence b e t w e e n the s i l v e r 
surface a toms , w h i c h are m o s t l i k e l y o n l y p a r t i a l l y c h a r g e d , a n d the 
f u l l y c h a r g e d ions o f the c o m p l e x e s (70) . I n the p o t e n t i a l r e g i o n - 0 . 9 
to - 1 . 3 V , the C N s t r e t c h i n g f r e q u e n c y shifts to l o w e r v a l u e s as the 
e l e c t r o d e is m a d e m o r e n e g a t i v e , a t r e n d a l so f o u n d w i t h n i t r o g e n -
c o n t a i n i n g c o m p o u n d s (72) . T i m e r e s o l v e d s p e c t r a l p e a k s w e r e as
s i g n e d ( I I ) to the fo rma t ion o f s o l u t i o n - l i k e c o m p l e x e s o f A g ( C N ) 4

3 -

a n d A g ( C N ) 3

2 " (2110 c m " 1 ) , A g ( C N ) 2 " (2140 c m " 1 ) , a n d A g C N (2110 
c m - 1 ) , w h i c h a p p e a r at d i f ferent vo l t ages (see F i g u r e 5). 

F o r S C N ~ o n s i l v e r , the ea r l i e s t s t u d y (12) o n h i g h l y r o u g h e n e d 
s i l v e r e l e c t r o d e s s h o w e d a p o t e n t i a l - d e p e n d e n t w e a k b a n d that co r r e 
sponds to the C N s t re tch . R e e x a m i n a t i o n o f the s y s t e m (92) s h o w e d a 
b a n d at 0 .0 V that was a s s i g n e d to a A g S C N - l i k e surface l aye r . B e 
t w e e n - 0 . 5 a n d - 1 . 0 V vs . S C E the b a n d shif ts f r o m 2 1 2 0 to 2 0 7 0 
c m - 1 . T h i s s h i f t i n g b a n d is a s s i g n e d to a sp e c i e s w i t h t w o S C N - for 
e a c h sur face s i l v e r a t o m b a s e d o n the spec t r a o f s o l i d N H 4 A g ( S C N ) 2 . A t 
- 1 . 0 V , the b a n d at 2 0 7 0 c m - 1 is w e a k a n d is a s s i g n e d to free S C N - . 
S E R S at a s i l v e r e l e c t r o d e i n 0.1 M K C 1 a n d i n 0 .05 M K S C N at - 0 . 2 V 
s h o w e d (70) a s t rong b a n d at 2 1 1 8 c m - 1 a n d b a n d s at 4 4 0 , 2 3 0 , a n d 180 
c m - 1 . T h e sur face spec i e s w e r e a s s igned (70) to a A g ( S C N ) 2 ~ u n i t a n d 
e v e n t h o u g h C I " w a s present , o n l y S C N " a p p a r e n t l y w a s a d s o r b e d . 
A l l e n a n d V a n D u y n e (90) a l so s t u d i e d th i s s y s t e m u s i n g 0 .05 M 
N a S C N i n 0 .95 M N a C l or N a C 1 0 4 w i t h a s i n g l e d o u b l e s t ep e l e c t r o d e 
p re t r ea tmen t . T h e y p ropose that A g - S c o o r d i n a t i o n p r e d o m i n a t e s b u t 
that s o m e A g - N b o n d i n g a l so takes p l a c e . T h u s , at the P Z C b o t h types 
o f b o n d i n g o c c u r , b u t b y c h a n g i n g the p o t e n t i a l a n d thus the cha rge o n 
s i l v e r , the o r i en t a t i on o f S C N - c a n b e i n v e r t e d . T h e inves t iga to r s a l so 
a rgue that the 2 1 0 0 - c m - 1 feature arises f rom one S C N " i n t e r a c t i o n w i t h 
s i l v e r a n d not t w o , as c o n c l u d e d b y G o l d a n d B u c k (92) a n d P e m b l e 
(70) . I n the absence o f C I " , a d d i t i o n o f C d 2 + p r o f o u n d l y affects the 
s p e c t r u m a n d A l l e n a n d V a n D u y n e find e v i d e n c e for C d 2 + i n t e r a c t i o n 
w i t h the surface v i a a b r i d g i n g S C N - g r o u p (90) . A l t h o u g h the i n 
te rpre ta t ions o f S E R S spec t r a for C N ~ a n d S C N " b y v a r i o u s g r o u p s are 
s o m e w h a t di f ferent , the m o l e c u l a r i n f o r m a t i o n o n surface b o n d i n g that 
c a n b e o b t a i n e d b y S E R S c l e a r l y is u n a v a i l a b l e b y a n y o the r t e c h -
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 93 

n i q u e . U n a m b i g u o u s i n t e r p r e t a t i o n o f surface s p e c i e s w i l l h a v e to 
w a i t u n t i l an e x p l a n a t i o n o f the S E R S p h e n o m e n o n , w h i c h is cons i s 
tent w i t h a l l e x p e r i m e n t a l observa t ions , is a c h i e v e d . 

H A L I D E IONS AND PYRIDINE PLUS H A L I D E IONS. V a r i o u s s t ud 
ies a lso h a v e b e e n m a d e o f h a l i d e ions u s i n g S E R S (52 , 70 , 77, 90 ) . O n 
s i l v e r sols (51) , b a n d s for a d s o r b e d h a l i d e s h a v e b e e n a s s i g n e d as I " 
(112 c m - 1 ) , B r " (163 c m - 1 ) , a n d C I " ( 2 3 5 c m - 1 ) . O n s i l v e r e l e c t r o d e s , 
h a l i d e b a n d s h a v e b e e n i d e n t i f i e d as d u e to I " (115 c m _ 1 / 9 0 c m " 1 ) , B r " 
(162 c m ~ 7 1 4 3 c m " 1 ) , a n d C I " (240 c m " 1 ) (77) . E v i d e n c e o f coadso rp -
t i o n o f w a t e r a n d h a l i d e ions f r o m the changes i n the R a m a n b a n d s o f 
w a t e r i n the p resence a n d absence o f h a l i d e ions a l so was f o u n d (76) . 
I n a d d i t i o n , v e r y l o w l y i n g b a n d s , a t t r i b u t e d to v i b r a t i o n a l m o d e s o f a 
surface p s e u d o l a t t i ce o f h a l i d e s , are f o u n d that shi f t w i t h a c h a n g e i n 
h a l i d e i o n t y p e — C I " (8.5 c m " 1 ), B r " (7 c m " 1 ), a n d I " (6 c m " 1 ). T h e 2 4 0 -
c m " 1 b a n d for C I " g r o w s as a f unc t i on o f c h l o r i d e i o n concen t r a t i on , 
l e v e l i n g off i n the r e g i o n o f 1.0 M a c t i v i t y w h e r e the cove rage is re 
p o r t e d to r e a c h 0.8. T h e source o f R a m a n sca t t e r ing is a t t r i b u t e d to a 
s p e c i f i c a l l y a d s o r b e d c h l o r i d e i o n or a surface A g C l 2 ~ spec i e s . M o r e 
w o r k is n e e d e d to e s t a b l i s h that the R a m a n s i g n a l seen i n these expe r 
i m e n t s is l i n e a r l y p r o p o r t i o n a l to the surface cove rage o f a h a l i d e 
spec i e s , that is , that the s ca t t e r ing cross sec t ion is i n d e p e n d e n t o f 
cove rage . 

D o r n h a u s a n d C h a n g (93) obse rve l i n e shifts for t he l o w l y i n g 
b a n d ( 1 0 0 - 2 0 0 c m " 1 ) w i t h p y r i d i n e i n the p re sence o f C I " , B r " , a n d I " . 
S i m i l a r resu l t s w e r e seen b y P e m b l e (70) . T h e fo rmer authors a l so 
repor t that the f r e q u e n c y o f the b a n d shifts w i t h p o t e n t i a l (93 ). D o r n 
haus a n d C h a n g (94 ) a n d P e t t i n g e r a n d W e t z e l (81 ) a t t r i b u t e d the 
2 4 0 - c m " 1 p e a k o f p y r i d i n e i n the p re sence o f C I " to the s y m m e t r i c a l 
C l - A g - C l s t re tch . T h e c h l o r i d e ions a n d the p y r i d i n e are c o a d s o r b e d , 
a n d are p i c t u r e d as b o u n d to the same a d a t o m o f A g , f o r m i n g a 
N - A g C l n , η = 1, 2 , . . g r o u p (81). I n the absence o f p y r i d i n e , the 
S E R S s p e c t r u m o f C l ~ i n H 2 0 o n r o u g h e n e d s i l v e r e l ec t rodes at 
- 0 . 2 V v s . S C E s h o w s H 2 0 b a n d s at 3 4 9 8 c m " 1 for the s y m m e t r i c a l 
O H s t r e t ch a n d at 1610 c m " 1 for the s y m m e t r i c a l O H b e n d i n g v i b r a 
t i o n (77) . B e c a u s e these l i n e s are not o b s e r v e d w h e n c h l o r i d e is re
p l a c e d b y sulfa te or p ropanoa te , t h e y are a t t r i b u t e d to c o a d s o r b e d 
H 2 0 a n d C I " s t ruc tures at the s i l v e r e l e c t r o d e surface (77) . 

T h e t y p e o f surface spec i e s g i v i n g r i se to the b a n d a r o u n d 2 3 9 
c m " 1 for p y r i d i n e i n K C 1 s o l u t i o n at a s i l v e r e l e c t r o d e has b e e n a ma t t e r 
o f c o n t i n u e d con t rove r sy . T h i s b a n d w a s first a s s i g n e d as the A g - N 
s t r e t c h i n g m o d e for p y r i d i n e i n K C 1 (13). L a t e r the 2 3 9 - c m " 1 b a n d was 
a t t r i b u t e d to r e s i d u a l s i l v e r c h l o r i d e a n d a l i n e at 2 1 6 c m - 1 w a s as
s i g n e d as the A g - N v i b r a t i o n a l m o d e ( J ) . O t h e r researchers see a l i n e 
at 2 2 7 c m " 1 at p H = 1.2, w h e r e the p y r i d i n e n i t r o g e n w o u l d b e p r o -
tona t ed , a n d a lso see the l i n e d i s a p p e a r i n B r " s o l u t i o n a n d ass ign th i s 
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94 BIOLOGICAL REDOX COMPONENTS 
l i n e to C l 2

- (95) ; s t i l l others a t t r ibu te the l i n e to A g - C l - s ca t t e r ing 
(57) . B a s e d o n the p o t e n t i a l d e p e n d e n c e o f the b a n d i n t e n s i t y , a n 
u n s p e c i f i e d spec i e s c o n t a i n i n g b o t h p y r i d i n e a n d Ο Γ , p o s s i b l y 
P y H + C r , t e n t a t i v e l y w a s p r o p o s e d , w h i c h desorbs as the p o t e n t i a l is 
m a d e m o r e n e g a t i v e (71). T h i s b e h a v i o r a l so w o u l d fit p r e v i o u s l y re
p o r t e d m o d e l s (81, 93) w h e r e A g P y C l 2

2 _ is the s p e c i e s . W h e n the 
sur face s p e c i e s desorbs p y r i d i n e , h y d r o g e n b o n d i n g to w a t e r is p r o 
p o s e d to t ake its p l a c e (71). 

W e r e p o r t e d that for so lu t ions o f b i o l o g i c a l bases a n d a m i n o a c i d s 
i n 0.2 M K C 1 , the b a n d i n the 2 4 0 - c m - 1 r e g i o n has c o n s i d e r a b l e i n t e n 
s i ty o n the e l e c t r o d e at the expense o f o ther R a m a n l i n e s , a n d that i ts 
m a x i m u m shifts to l o w e r w a v e n u m b e r s as the e l e c t r o d e p o t e n t i a l 
m o v e s f r o m - 0 . 1 to ca . - 0 . 8 V vs . S C E (72) . T o subs tan t ia te the as
s i g n m e n t o f the b a n d i n the 2 0 0 - 2 4 0 - c m - 1 r e g i o n to a A g - N s t re tch , w e 
e x a m i n e d the S E R S s p e c t r u m o f p y r i d i n e o n s i l v e r sols i n the absence 
o f c h l o r i d e . A v e r y p r o m i n e n t b a n d at 2 3 9 c m - 1 a l r e a d y w a s r e p o r t e d 
( i n this sys t em) , w h i c h does not a p p e a r i n the s o l u t i o n s p e c t r u m , b u t i t 
was not m e n t i o n e d w h e t h e r a n y C I " w a s p resen t (49) . I n the absence o f 
C I - o n the A g sols , a v e r y w e l l - d e f i n e d b a n d at 2 3 9 c m - 1 is f o u n d , 
w h i c h is t a k e n as de f in i t e p r o o f o f the p o s s i b i l i t y o f a A g - N s t r e t c h i n g 
v i b r a t i o n (96) . B e c a u s e p y r i d i n e i n the absence o f C I - (96) , a n d C I " i n 
the absence o f p y r i d i n e (51 ), a n d the t w o toge ther a p p a r e n t l y g i v e the 
same spec t r a l b a n d , i t is d i f f i cu l t to ass ign u n a m b i g u o u s l y th is surface 
b a n d . T h e shi f t o f th is b a n d for s e v e r a l d i f ferent m o l e c u l e s fits the 
c h a n g e i n r e d u c e d mass o f a s i n g l e s i l v e r a t o m - m o l e c u l e b a n d . T h i s 
co r r e l a t i on w a s m a d e w i t h e l e v e n n i t r o g e n - c o n t a i n i n g m o l e c u l e s for 
the A g - N s t re tch , a n d for formate , acetate , a n d p y r i d i n e - N - o x i d e 
w h e r e a A g - O s t re tch is p o s t u l a t e d (96) . 

T h e shif t i n the b a n d i n the 2 0 0 - c m - 1 r e g i o n w i t h b o t h the t y p e o f 
h a l i d e a n d the t y p e o f m o l e c u l a r R a m a n a c t i v e spec i e s is e v i d e n c e o f a 
h a l i d e - s i l v e r - a d s o r b a t e c o m p l e x at the surface . T h e m o s t r ea sonab le 
t y p e o f c o m p l e x a p p a r e n t l y consis ts o f a n a d a t o m o f s i l v e r w i t h c o a d 
s o r b e d h a l i d e a n d m o l e c u l a r adsorba te b o u n d to i t . W e a lso l o o k e d at 
the l i n e shape o f the surface b a n d a n d f o u n d that i t bes t fits a G a u s s i a n 
d i s t r i b u t i o n , i n d i c a t i n g i n h o m o g e n e o u s l i n e b r o a d e n i n g (86) . 

O T H E R ANIONIC SPECIES. O t h e r an ions that g i v e w e l l - r e s o l v e d 
S E R S s p e c t r a a l so h a v e b e e n s t u d i e d . T h e s e i n c l u d e the s i m p l e a n i o n , 
a z i d e ( N 3 " ) (97) , a n d m o r e c o m p l i c a t e d an ions l i k e c i t ra te (98) , 
e t h y l e n e d i a m i n e t e t r a a c e t a t e ( E D T A ) (99) , a n d P t C N 4

2 " (56) , a l l at a 
s i l v e r e l e c t r o d e . F o r a z i d e , the sca t t e r ing spec i e s is a t h i n l a y e r o f A g N 3 

(97) . H e x a c y a n o r u t h e n a t e , R u C N 6

4 " , ( J 0 0 ) a n d M o 0 4 " (101) w e r e 
s t u d i e d at b o t h s i l v e r a n d c o p p e r e l e c t r o d e s . 

NONPOLAR M O L E C U L E S . T h e l i s t o f n i t r o g e n - c o n t a i n i n g o r g a n i c 
c o m p o u n d s , a n d a n i o n i c l i g a n d s p r e v i o u s l y c i t e d as g i v i n g S E R S 
spec t ra , is i n d i c a t i v e o f the l a rge v a r i e t y o f p o l a r spec i e s that c a n b e 
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 95 

s t u d i e d w i t h S E R S at a m e t a l / e l e c t r o l y t e in te r face . T w o repor ts c i t e 
r e l a t i v e l y n o n p o l a r m o l e c u l e s as g i v i n g a S E R S spec t r a ( 3 0 , 5 0 ) . S E R S 
was r e p o r t e d (30) for b e n z e n e a n d c y c l o h e x a n e d e p o s i t e d o n m e r c u r y 
f rom the gas phase as w e l l as for p y r i d i n e b u t no t for m e t h a n o l , a n d 
w e a k e r e n h a n c e m e n t for c a r b o n t e t r a c h l o r i d e . A n o t h e r s t u d y (50) re 
p o r t e d e n h a n c e d R a m a n s p e c t r a o f b e n z e n e , d e u t e r o b e n z e n e , 
a c e t o n i t r i l e , p y r i d i n e , Ν , Ν - d i m e t h y l a n i l i n e , a n d c r y s t a l v i o l e t o n 
s i l v e r so ls . T h u s far, S E R S o f m o l e c u l e s w i t h o u t c o o r d i n a t i n g a toms 
h a v e no t b e e n seen i n a n 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 . 

M O L E C U L E S T H A T SHOW SURFACE E N H A N C E D RESONANCE 
RAMAN SCATTERING AND APPLICATIONS TO T H E STUDY OF E L E C 
TRODE PROCESSES. C r y s t a l v i o l e t is a d y e that e x h i b i t s r e sonance 
R a m a n sca t t e r ing ( R R S ) i n s o l u t i o n . A t the e l e c t r o d e sur face b o t h R R S 
a n d S E R S c o u l d b e o b t a i n e d f r o m a d s o r b e d c ry s t a l v i o l e t a n d m e t h y l 
v i o l e t , a n d the e n h a n c e m e n t was m u l t i p l i c a t i v e , or 1 0 1 1 to 1 0 1 2 (6). 
S u c h e n h a n c e m e n t factors m a y b e o v e r e s t i m a t e d . R e c e n t s tud ies ( J 0 2 ) 
o f d y e s e x c i t e d to a n e l e c t r o n i c t r ans i t ion s h o w that the R a m a n i n t e n 
s i ty f rom the d y e a d s o r b e d o n s i l v e r m e t a l i s l a n d films d e p o s i t e d o n 
s i l i c a is o n l y a b o u t 2 0 0 t i m e s that o f the d y e a d s o r b e d o n the p u r e s i l i c a 
subs t ra te . T h u s , the e n h a n c e m e n t factor o n the s i l v e r m e t a l i s l a n d s i n 
th is case is o n l y ca . 2 x 1 0 8 . O t h e r s tud ies s h o w e d that a d s o r b e d 
spec i e s that e x h i b i t R R S i n s o l u t i o n c a n b e s t u d i e d at e l ec t rodes , for 
e x a m p l e , p - n i t r o s o d i m e t h y l a n i l i n e o n a p l a t i n u m e l e c t r o d e (24) a n d 
the d y e , R o s e B e n g a l , on a z i n c o x i d e s e m i c o n d u c t o r e l e c t r o d e (103). 

A recen t s t u d y o f d i p h e n y l t h i o c a r b a z o n e ( d i t h i z o n e ) a n i o n a n d its 
r e d o x forms was m a d e at a s i l v e r e l e c t r o d e i n a q u e o u s a l k a l i n e s o l u 
t i o n ( 104) u s i n g a s p i n n i n g e l e c t r o d e c e l l (8). T h e R a m a n s i g n a l for the 
d i t h i z o n e a n i o n a n d o x i d a t i o n p r o d u c t s s h o w w h a t appea r s to b e b o t h 
R R S a n d S E R S . T h e ex i s t ence on the e l e c t r o d e o f a d s o r b e d d i t h i z o n e 
a n i o n a n d the p r e d o m i n a n t o x i d a t i o n p r o d u c t , the d i s u l f i d e , is c o n 
firmed b y a c o m p a r i s o n o f S E R S spec t r a w i t h a u t h e n t i c s a m p l e s o f the 
spec i e s . T h i s i n v e s t i g a t i o n is one o f the first to use S E R S to s t u d y 
p r o d u c t s o f a n e l e c t r o d e r eac t i on . 

A n o t h e r e x p e r i m e n t a l s t u d y o f a n e l e c t r o d e r eac t i on was a c h i e v e d 
u s i n g S E R S . F o r the e l e c t r o c h e m i c a l r e d u c t i o n o f 4 - c y a n o p y r i d i n e o n 
s i l v e r , a c h a n g e i n m e c h a n i s m as a f u n c t i o n o f p o t e n t i a l was d e m o n 
s t ra ted (205) . W i t h a n e u t r a l p H e l e c t r o l y t e at p o t e n t i a l s a r o u n d - 0 . 6 
V vs . S C E , e v i d e n c e is g i v e n for t w o f o l l o w - u p c h e m i c a l reac t ions , one 
p r o d u c i n g 4 - a m i n o m e t h y l p y r i d i n e a n d the o ther C N " a n d p y r i d i n e . 
T h e e v i d e n c e a l so i n d i c a t e d that the la t ter m e c h a n i s m p r e d o m i n a t e s at 
- 1 . 0 V vs . S C E , as e s t a b l i s h e d b y the r i se o f the C N - p e a k at th i s 
p o t e n t i a l . 

T h e t w o e x a m p l e s o f the use o f S E R S to i n v e s t i g a t e the m e c h a 
n i s m o f e l e c t r o d e processes at s i l v e r is a g o o d i n d i c a t i o n that the 
m e t h o d w i l l p r o v i d e the t y p e o f m o l e c u l a r i n f o r m a t i o n n e e d e d to 
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96 BIOLOGICAL REDOX COMPONENTS 
s t u d y s u c h p r o b l e m s . M a n y a p p l i c a t i o n s o f S E R S to the s t u d y o f e l e c 
t rode processes w i l l c e r t a i n l y b e f o r t h c o m i n g . 

SERS Studies of Biologically Important Molecules 

T h e p o s s i b i l i t y o f u s i n g S E R S for the s t u d y o f m o l e c u l e s a d s o r b e d 
o n e l e c t r o d e s f r o m v e r y l o w s o l u t i o n concen t ra t ions , w h e r e b o t h sur
face a n d resonan t R a m a n o c c u r f rom the a d s o r b e d m o l e c u l e s , is v e r y 
p r o m i s i n g a n d s h o u l d b e u s e f u l e s p e c i a l l y for b i o l o g i c a l l y i m p o r t a n t 
m o l e c u l e s . O n e v e r y i n t e r e s t i n g s t u d y is that o f the b i l e p i g m e n t 
b i l i v e r d i n e ( a e t i o b i l i v e r i d i n e - I V - 8 ) a n d a p a r t i a l s t ruc tu re o f the c o m 
p o u n d , d i m e t h y l p y r r o m e t h e n o n e w i t h a s i l v e r so l s o l u t i o n (106). R e s 
o n a n c e R a m a n spec t r a are d i f f i cu l t to o b t a i n for these c o m p o u n d s 
b e c a u s e the f luorescences c o m p l e t e l y o b s c u r e the R a m a n b a n d s . 
H o w e v e r , w e l l - d e f i n e d S E R S s p e c t r a c a n b e o b t a i n e d o n the s i l v e r 
sols at 2 x Ι Ο - 7 M b i l i v e r d i n e a n d 5 x 1 0 - 7 M p y r r o m e t h e n o n e . T h i s 
p h e n o m e n o n is a t t r i b u t e d to the r e d u c t i o n o f f luorescence b y the v e r y 
l o w concen t ra t ions n e e d e d to a c h i e v e the S E R S spec t r a . I t has b e e n 
t h o u g h t that f luorescence a l so w o u l d b e e n h a n c e d at the surface b u t 
these resu l t s s h o w that R a m a n e n h a n c e m e n t is m u c h l a rge r t h a n 
f luorescence , w h i c h m a y b e q u e n c h e d b y the e l e c t r o d e . 

A n o t h e r d e m o n s t r a t i o n o f the u t i l i t y o f S E R S for s t u d y i n g b i o l o g 
i c a l m o l e c u l e s is the s t u d y (107) w h e r e S E R S s p e c t r a o f c y t o c h r o m e c 
a n d m y o g l o b i n c o u l d b e o b s e r v e d o n s i l v e r e l e c t r ode s at a concen t r a 
t i o n b e l o w 1 x 1 ( Γ 6 M . A t - 0 . 6 V vs . S C E , t he s p e c t r u m o f c y t o c h r o m e 
c s h o w s that the h e m e i r o n is i n the l o w s p i n i r o n (II) o x i d a t i o n state. 
T h i s r e su l t suggests that the s o l u t i o n spec ie s , w h i c h is i r o n ( I I I ) , is 
r e d u c e d at the e l e c t r o d e . A t - 0 . 2 V vs . S C E , the S E R S s p e c t r u m 
s h o w s l o w s p i n i ron ( I I I ) c y t o c h r o m e c. T h e v i b r a t i o n a l b a n d s o f the 
a d s o r b e d s p e c i e s are w i t h i n 6 c m - 1 o f the s o l u t i o n spec i e s , w h i c h is 
e v i d e n c e that e x t e n s i v e d e n a t u r a t i o n does not t ake p l a c e . M y o g l o b i n 
appea r s to u n d e r g o s i m i l a r r e d u c t i o n at - 0 . 6 V a n d r e o x i d a t i o n at - 0 . 2 
V , b u t the e v i d e n c e is not as c e r t a i n as i n the c y t o c h r o m e c case b e 
cause o f a shif t i n S E R S o f the o x i d a t i o n state m a r k e r b a n d s f r o m t h e i r 
s o l u t i o n v a l u e s . T h e authors c o n c l u d e (107) that a d s o r b e d s p e c i e s are 
b e i n g o b s e r v e d a n d that the u n d e r l y i n g e n h a n c e m e n t m e c h a n i s m has 
a bas is s i m i l a r to S E R S w i t h s m a l l m o l e c u l e s . 

S E R S s p e c t r a o f Ι Ο - 5 M c o b a l t t e t r a su l fona ted p h t h a l o c y a n i n e a d 
s o r b e d on a s i l v e r e l e c t r o d e w e r e r e c o r d e d as a f u n c t i o n o f p o t e n t i a l 
a n d the effect o f d i f ferent laser e x c i t a t i o n energ ies w a s s t u d i e d (108). A 
r o t a t i n g c e l l w a s u s e d to m i n i m i z e l o c a l h e a t i n g effects i n the absorb
i n g s o l u t i o n . P o s s i b l e conf igura t ions o f a d s o r b e d m o n o m e r s a n d oxy 
g e n b o n d e d d i m e r s at the e l e c t r o d e surface w e r e g i v e n , b u t i t is not 
p o s s i b l e to d i s t i n g u i s h b e t w e e n the m o d e l s o n the basis o f the S E R S 
data . 
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4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 97 

F i n a l l y , w e w i l l d i scuss S E R S s tud ies o f some b i o l o g i c a l l y i m p o r 
tant m o l e c u l e s that d o not absorb i n the v i s i b l e r e g i o n a n d thus d o no t 
s h o w R R S , b u t w h i c h c a n b e seen w i t h S E R S . S E R S spec t r a o f 2 x 
Ι Ο - 3 M a d e n i n e , a d e n o s i n e , a n d a d e n o s i n e 5 ' - m o n o p h o s p h a t e a d 
s o r b e d at a s i l v e r e l e c t r o d e i n 0.1 M K C 1 , Ι Ο - 3 M P 0 3 " 2 , a n d 10~ 4 M 
E D T A ad ju s t ed to p H 8 w e r e r e p o r t e d (109). T h e s e s p e c i e s a n d o the r 
a d e n i n e n u c l e o t i d e s a l so w e r e i n v e s t i g a t e d i n a n associate s t u d y (110). 
D u r i n g a n e a r l i e r i n v e s t i g a t i o n (72) , w e o b t a i n e d the S E R S s p e c t r a o f 
a d e n i n e , g u a n i n e , a n d i n o s i n e . T h e g u a n i n e S E R S s p e c t r a a c t u a l l y w a s 
f o u n d i n a 1 :1 m e t h a n o l : H 2 0 m i x t u r e , w h i c h is one o f the f e w cases 
w h e r e m i x e d so lven t s w e r e u s e d to o b t a i n S E R S . A t a h i g h e r pe rcen t 
age o f m e t h a n o l to H 2 0 , i t w a s not p o s s i b l e to obse rve the S E R S 
s p e c t r u m . D e t a i l s o f these spec t r a w e r e no t r e p o r t e d a n d T a b l e I 
s h o w s a c o m p a r i s o n o f r e l a t i v e i n t ens i t y (the s t rongest b a n d set to 100) 
at a g i v e n w a v e n u m b e r for the s o l u t i o n a n d S E R S s p e c t r u m o f 
a d e n i n e . T h e S E R S s p e c t r u m w a s o b t a i n e d for 0.1 M a d e n i n e i n 0.2 M 
p o t a s s i u m c h l o r i d e , a n d 0.5 M s o d i u m h y d r o x i d e s o l u t i o n . T h e S E R S 
s p e c t r u m at - 0 . 6 V vs . S C E , as a l r e a d y r e p o r t e d (109) , is m a n y t i m e s 
m o r e i n t ense t h a n t he s o l u t i o n s p e c t r u m . T h e m o s t in t ense b a n d s o f 

T a b l e I . O b s e r v e d F r e q u e n c i e s a n d R e l a t i v e In t ens i t i e s o f 
A d e n i n e ( 6 - A m i n o p u r i n e ) for the S o l u t i o n a n d Sur face 

E n h a n c e d R a m a n S p e c t r a 

Adenine 
Normal Surface ( -0.6 V) 

cm ') Intensity (cm~') Intensity 

165 4 9 
2 2 0 2 4 

3 0 0 11 
5 3 5 11 

6 0 5 12 
627 11 6 3 0 12 
722 100 7 3 0 100 
9 6 0 2 2 

1135 11 1170 2 4 
1215 12 

1250 56 1255 12(B) 
1275 75(B) 

1315 11 1320 4 9 
1330 100 
1365 2 2 1414 26(B) 
1453 2 2 
1543 22 

1545 37(B) 
1600 2 4 ( B ) 

1650 11 
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98 BIOLOGICAL REDOX COMPONENTS 
the s o l u t i o n s p e c t r u m , 722 a n d 1330 c m - 1 , c a n b e a s s i g n e d as s k e l e t o n 
v i b r a t i o n s o f the a d e n i n e r i n g (109). T h e b a n d a r o u n d 730 c m 1 i n the 
S E R S spec t r a is the r i n g - b r e a t h i n g v i b r a t i o n a n d is the s t rongest one i n 
the s p e c t r u m (see T a b l e I) . T h i s a s s i gnmen t a lso is f o u n d for a d e n o s i n e 
a n d a d e n o s i n e 5 ' - m o n o p h o s p h a t e ( 5 ' - A M P ) . N e w surface peaks ap 
p e a r at 165 a n d 2 2 0 c m - 1 i n o u r a d e n i n e S E R S s p e c t r u m a l t h o u g h 
s e v e r a l w e a k e r p e a k s i n the n o r m a l R a m a n s p e c t r u m are not o b s e r v e d 
o n the surface at a l l . T h e s e resu l t s s h o w that w e are o b s e r v i n g the spec 
t r u m o f surface a d e n i n e . K o g l i n a n d c o w o r k e r s (109,110) c o n c l u d e d o n 
the basis o f a v e r y s t rong p e a k a r o u n d 2 4 5 c m " 1 i n the 5 ' - A M P a n d 
a d e n o s i n e 5 ' - t r i phospha t e ( 5 ' - A T P ) spec t ra , that the p h o s p h a t e g r o u p 
a n d the a d e n i n e ring o f the n u c l e o t i d e w e r e i n t e r a c t i n g w i t h the sur
face. I n o r g a n i c p h o s p h a t e does not s h o w a b a n d i n the 2 0 0 - c m - 1 r e g i o n 
a n d c o a d s o r p t i o n o f C l ~ a n d adsorbate to g i v e a b a n d a r o u n d 2 4 0 c m - 1 

is v e r y l i k e l y . T h u s , the c o n c l u s i o n that t h e 2 4 5 - c m - 1 b a n d is d u e to 
surface p h o s p h a t e m u s t b e r e g a r d e d as ten ta t ive . 

The Nature of a SERS Active Chemical Species 

T h e necess i ty o f a c h e m i c a l b o n d i n g i n t e r a c t i o n b e t w e e n the 
m e t a l subs t ra te a n d the adsorba te has b e e n p o s t u l a t e d as a p r e r e q u i s 
i t e o f S E R S i n s e v e r a l i nves t i ga t i ons . F u r t a k a n d c o - w o r k e r s (111,112) 
o b s e r v e d a S E R S s p e c t r u m o f p y r i d i n e o n g o l d at 5 1 4 . 5 - n m laser e x c i 
t a t ion o n l y after d e p o s i t i n g 1.3 m o n o l a y e r s o f s i l v e r . T h e y c o n c l u d e 
that the c o u l o m b i c in te rac t ions o f the sur face are g o l d - l i k e a n d that the 
s i l v e r is necessary as a b r i d g e for the e x c i t e d e l e c t r o n i c states o f g o l d to 
c o m m u n i c a t e w i t h those o f p y r i d i n e (111). O u r w o r k w i t h a c r i d i n e 
s h o w s a S E R S s p e c t r u m on s i l v e r , w h e r e a s a n t h r a c e n e , w h i c h is i d e n 
t i c a l to a c r i d i n e e x c e p t for the r e p l a c e m e n t o f a n i t r o g e n b y a c a r b o n 
a t o m , does not e x h i b i t S E R S (113). T h i s r e su l t demons t ra tes the 
necess i ty i n S E R S o f sites i n the m o l e c u l e that c a n c o o r d i n a t e c h e m i 
c a l l y to the sur face . A n o t h e r i n d i c a t i o n o f the s e n s i t i v i t y o f S E R S to the 
surface c o o r d i n a t i o n o f the adsorbate are the e x p e r i m e n t s (46, 114) 
w i t h 4 - p y r i d i n e c a r b o x y l i c a c i d ( i s o n i c o t i n i c a c i d ) a n d b e n z o i c a c i d i n 
a s i l v e r i s l a n d film-glass s a n d w i c h . W h e n the c a r b o x y l a t e e n d o f the 
b e n z o i c a c i d w a s c h e m i s o r b e d o n the s i l v e r i s l a n d film, the m o l e c u l e 
gave S E R S ; h o w e v e r , w h e n the c a r b o x y l a t e was c h e m i s o r b e d o n the 
glass subs t ra te , a n d not o n the s i l v e r film s i d e o f the s a n d w i c h , no S E R S 
a p p e a r e d . T h e 4 - p y r i d i n e c a r b o x y l i c a c i d w i t h t w o c o o r d i n a t i n g sites 
gave S E R S i n e i t he r con f igu ra t i on (46). S i m i l a r resu l t s w e r e r e p o r t e d 
(45) . A p p a r e n t l y , w h a t is necessa ry i n S E R S is a p a r t i c u l a r t y p e o f 
adso rp t ion b o n d that p r o d u c e s " a c h e m i c a l b o n d w i t h the m e t a l o f 
m o d e r a t e s t r e n g t h " (112). T h i s b o n d a l l o w s 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 the surface a n d adsorba te . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

04



4. BIRKE ET AL. Surface Enhanced Raman Spectroscopy 99 

Summary of SERS Characteristics 

I n o rde r to e x p l a i n the source o f the surface e n h a n c e m e n t , a 
t h e o r e t i c a l m o d e l m u s t a c c o u n t for a l a rge n u m b e r o f e x p e r i m e n t a l 
obse rva t ions . S e v e r a l m e c h a n i s m s m o s t l i k e l y w i l l b e necessa ry to 
i nco rpo ra t e a l l o f the e x p e r i m e n t a l findings. A s u m m a r y o f S E R S 
charac te r i s t i c s that m u s t b e a c c o u n t e d for b y a t h e o r e t i c a l m o d e l that 
dea l s w i t h the p h e n o m e n o n are l i s t e d : 

1. S i l v e r , c o p p e r , g o l d , a n d p r o b a b l y n i c k e l s h o w the ef
fect, w i t h the la rges t e n h a n c e m e n t s o c c u r r i n g o n s i l v e r . 

2 . A w i d e range o f m o l e c u l e s a n d ions g i v e a S E R S s i g n a l . 
A l l o f these spec i e s i n v e s t i g a t e d at a m e t a l / e l e c t r o l y t e 
in te r face h a v e the p o s s i b i l i t y o f some t y p e o f c o o r d i n a 
t i o n to the m e t a l surface . 

3. E n h a n c e m e n t factors o f 1 0 5 - 1 0 6 are f o u n d at e l e c t r o d e s 
for spec i e s that d o not g i v e resonance R a m a n sca t t e r ing 
i n s o l u t i o n . 

4 . S p e c i e s that s h o w resonance R a m a n sca t t e r ing i n s o l u 
t i o n s h o w a c o m b i n e d e n h a n c e m e n t factor o f Î C P - I O 1 0 

o n the surface . 
5. R o u g h e n i n g b y c h e m i c a l , m e c h a n i c a l , or e l e c t r o c h e m i 

c a l means p r o d u c e s i n c r e a s e d e n h a n c e m e n t , b u t 
r o u g h e n i n g is not a n abso lu t e p r e r e q u i s i t e for o b s e r v i n g 
S E R S . 

6. A b a c k g r o u n d c o n t i n u u m is f o u n d w i t h S E R S that has 
the s ame i n t e n s i t y v s . p o t e n t i a l cha rac te r i s t i c s as S E R S 
a n d appea r s to b e a l u m i n e s c e n t p rocess . 

7. S E R S v i b r a t i o n a l m o d e s are d e p o l a r i z e d . 
8. T h e a n g l e o f i n c i d e n c e o f the e x c i t i n g l i g h t has a n effect 

o n S E R S i n t e n s i t y . 
9. S E R S i n t e n s i t y c a n b e e n h a n c e d b y exc i t a t i on o f p l a s 

m o n surface po l a r i t ons ( P S P s ) . 
10. T h e effect o f laser e x c i t a t i o n f r e q u e n c y o n S E R S i n t e n 

s i ty depar t s f r o m the f r e q u e n c y to the f o u r t h - p o w e r de 
p e n d e n c e f o u n d i n n o r m a l R a m a n sca t t e r ing , a n d is d e 
p e n d e n t o n the o p t i c a l p rope r t i e s o f the m e t a l subs t ra te . 

11. T h e effect o f e l e c t r o d e p o t e n t i a l o n the S E R S i n t e n s i t y 
i n m a n y cases d e p e n d s on the v i b r a t i o n a l m o d e ex
a m i n e d . 

Theoretical Models of SERS 

M a n y t h e o r e t i c a l m o d e l s h a v e b e e n p r o p o s e d to e x p l a i n S E R S . 
A m o n g these m o d e l s are the effect o f the h i g h field i n the i n n e r H e l m -
h o l t z l a y e r at a m e t a l - e l e c t r o l y t e in te r face , ( I , 9) , the i m a g e - d i p o l e 
e n h a n c e m e n t m e c h a n i s m , (115-119), c o u p l i n g to surface p l a s m o n s 
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100 BIOLOGICAL REDOX COMPONENTS 
t h r o u g h roughnes s to g i v e a resonance R a m a n effect (120-122), e l e c -
t roref lec tance m o d e l s (35, 123, 124), cha rge t ransfer e n h a n c e m e n t 
m o d e l s (78,125), s i n g l e p a r t i c l e exc i ta t ions g i v i n g r i se to a resonance 
R a m a n effect, (20, 78,126-128), a t o m i c sca l e r o u g h n e s s - i n d u c e d e l e c 
t r o n i c R a m a n sca t t e r ing (76,123,129,130), e l e c t r o m a g n e t i c effects at 
the r e sonance si te s u c h as the l i g h t n i n g r o d effect (131), the i n f l u e n c e 
o f l o c a l d i p o l a r surface p l a s m o n s (132), e l e c t r o m a g n e t i c effect for gen 
e ra l g e o m e t r i e s (133), e l e c t r o m a g n e t i c t heo ry o f a n e l e c t r i c a l d i p o l e 
on the surface o f a s p h e r i c a l m e t a l p a r t i c l e (134), M i e s ca t t e r i ng o n 
adsorben t b o u n d sols (49), e x c i t a t i o n o f t ransverse c o l l e c t i v e e l e c t r o n 
resonances (135, 136), s u r f a c e - i n d u c e d resonant R a m a n sca t t e r i ng d e 
r i v e d f rom a c l a s s i c a l m o d e l (137-139), a n d f u n d a m e n t a l t rea tments o f 
l o c a l fields (140-142). M a n y o f the m o d e l s h a v e s i m i l a r features . 
S o m e o f the t h e o r e t i c a l m o d e l s w e r e d i s c u s s e d i n a n e x c e l l e n t re
v i e w (2 ). 

It is not o u r p u r p o s e to d i scuss the de t a i l s o f e a c h o f the v a r i o u s 
theor ies i n th is chap te r . T h o s e theor ies that a p p e a r e d i n the l i t e r a tu re 
p r i o r to m i d - 1 9 7 9 a l r e a d y w e r e d i s c u s s e d c r i t i c a l l y (2). Ra the r , w e w i l l 
t ry to d e s c r i b e some o f the m o r e r e c e n t theor ies a n d to i n d i c a t e t h e i r 
c o r r e s p o n d e n c e to e x p e r i m e n t a l r e su l t s . O f the e a r l i e r t h e o r e t i c a l 
m e c h a n i s m s , the effect o f the h i g h s tat ic H e l m h o l t z d o u b l e - l a y e r field, 
a n d to some ex ten t the e l ec t ro re f l ec tance m o d e l s , r e c e i v e d l i t t l e a d d i 
t i o n a l a t t en t ion . T h e i m a g e - d i p o l e theo ry , h o w e v e r , r e c e i v e d fur ther 
c o n s i d e r a t i o n , a n d so w e w i l l c o m m e n t o n th is m o d e l as i t is r e l a t e d to 
s o m e o f the m o r e r ecen t 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 resu l t s . 

T h e s i m p l e s t i m a g e - d i p o l e m o d e l assumes the surface to b e h a v e 
as a pe r fec t m i r r o r , p o s t u l a t i n g that the e n h a n c e m e n t is d u e to a n 
o s c i l l a t i n g p o i n t d i p o l e p l u s i ts i m a g e . T h i s m o d e l p r e d i c t s the co r r ec t 
o rde r o f m a g n i t u d e o f the e n h a n c e m e n t at a t o m i c d is tances w h e r e the 
c l a s s i c a l i m a g e theo ry s h o u l d b r e a k d o w n — c a . 2 A . T h i s t heo ry a lso 
p r e d i c t s that there s h o u l d b e s t rong sca t t e r ing from v i b r a t i o n a l m o d e s 
w i t h d i p o l a r c o m p o n e n t s p e r p e n d i c u l a r to the e l e c t r o d e a n d no scat
t e r i n g f r o m those p a r a l l e l to the surface . E x p e r i m e n t s w i t h 2- , 3-, a n d 
4 - c y a n o p y r i d i n e s (19) a n d 2- , 3-, a n d 4 - m e t h y l p y r i d i n e s (23) c a n b e 
c o r r e l a t e d w i t h the c o s i n e s q u a r e d o f the a n g l e b e t w e e n the n o r m a l to 
the e l e c t r o d e a n d the d i r e c t i o n o f the subs t i t uen t b o n d i n a g r e e m e n t 
w i t h the a b o v e p r e d i c t i o n . H o w e v e r , S E R S a lso w a s f o u n d for v i b r a 
t i o n a l c o m p o n e n t s p a r a l l e l to the e l e c t r o d e , w h i c h is i ncons i s t en t w i t h 
the i m a g e d i p o l e theory (23) . 

T h e i m a g e - d i p o l e t heo ry a l so p r e d i c t s that m o l e c u l e s w i t h no 
p e r m a n e n t d i p o l e m o m e n t s h o u l d h a v e c o n s i d e r a b l y w e a k e r e n 
h a n c e m e n t s t h a n those w i t h a p e r m a n e n t m o m e n t . H o w e v e r , e n 
h a n c e m e n t s for n o n p o l a r p y r a z i n e are the same o rde r o f m a g n i t u d e as 
for p y r i d i n e (22) . 
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T h e r e are also t h e o r e t i c a l d i f f i cu l t i e s w i t h a s i m p l e p o i n t i m a g e 
d i p o l e theory . F i r s t , i t is b a s e d o n a m u l t i p o l a r e x p a n s i o n o f the m o l e c 
u l a r c h a r g e d i s t r i b u t i o n i n w h i c h h i g h e r m u l t i p o l e s are i g n o r e d . T h i s 
resul t s i n a p o l a r i z a b i l i t y exp res s ion w i t h a s i n g u l a r i t y w h e n the m o 
l e c u l e app roaches the surface c lo se r t h a n s o m e c r i t i c a l d i s t ance . I t is 
th is s i n g u l a r i t y that a p p a r e n t l y is r e s p o n s i b l e for the g i a n t e n h a n c e 
m e n t , 1 0 5 - 1 0 6 . H o w e v e r , at s u c h short d i s tances the h i g h e r m u l t i p o l e s 
c anno t b e d i s c a r d e d , a n d w h e n i n c l u d e d , the s i n g u l a r i t y no l o n g e r is 
o b t a i n e d . M o r e d e t a i l e d q u a n t u m m e c h a n i c a l S C F H a r t r e e c a l c u l a 
t ions s h o w that the p o l a r i z a b i l i t y g ives o n l y a s l i g h t e n h a n c e m e n t at 
th is c r i t i c a l d i s t ance (143) . A t rea tmen t (142) o f the i m a g e fields at a 
flat sur face , w h i c h takes i n t o a c c o u n t finite m o l e c u l a r s ize a n d the 
n o n l o c a l response o f the m e t a l , is a m u c h be t te r m o d e l for the r e a l 
m e t a l / m o l e c u l e e l e c t r o m a g n e t i c i n t e r a c t i o n . A n o rde r o f m a g n i t u d e 
c a l c u l a t i o n g ives an e n h a n c e m e n t factor o f 1 0 3 for a s p h e r i c a l m o l e 
c u l e . T h e m o s t r e c e n t v i e w o f the i m a g e d i p o l e m o d e l is that i t m a y 
a c c o u n t for par t o f the e n h a n c e m e n t a n d thus s h o u l d b e c o m b i n e d 
w i t h o ther m o d e l s to g i v e the to ta l e n h a n c e m e n t effect (56 , 142). 

A s i l l u s t r a t e d i n the l i s t o f theor ies p r e v i o u s l y g i v e n , e l e c 
t r o m a g n e t i c theor ies i n w h i c h l o c a l s ca t t e r ing fields are e n h a n c e d 
h a v e r e c e i v e d m u c h r ecen t a t ten t ion . T h e s e theor ies w e r e s t i m u l a t e d 
b y the o b s e r v a t i o n o f the necess i ty o f roughness i n m e t a l / u l t r a h i g h 
v a c u u m e x p e r i m e n t s (38). O n e o f the m o s t c o m p l e t e expos i t i ons o f 
e l e c t r o m a g n e t i c effects is the t heo ry o f G e r s t e n a n d N i t z a n (132). T h i s 
t heo ry o f a surface m o d e l e d as a h e m i s p h e r o i d p r o t r u d i n g f rom a flat 
c o n d u c i n g p l a n e w i t h a n a d s o r b e d m o l e c u l e a l o n g its major s y m m e t r y 
axis s h o w s that me ta l s w i t h l a rge n e g a t i v e r ea l c o m p o n e n t s o f the 
d i e l e c t r i c func t ion a n d s m a l l i m a g i n a r y c o m p o n e n t s w i l l h a v e l a rge 
p o l a r i z a b i l i t i e s a n d thus h i g h e f f i c iency for the S E R S effect (132). T h i s 
is the c o n d i t i o n for e x c i t i n g the d i p o l a r surface p l a s m o n a n d e x p l a i n s 
w h y c o p p e r a n d g o l d are o n l y seen w i t h r e d laser l i g h t . T h e resu l t s o f 
s i m i l a r e l e c t r o m a g n e t i c theor ies o f K e r k e r et a l . (134), w h e r e the sur
face s t ruc tures are m o d e l e d as spheres , a n d M c C a l l et a l . (133) are 
q u a l i t a t i v e l y the s ame as the t heo ry o f G e r s t e n a n d N i t z a n (132). T h e 
e n h a n c e m e n t rat ios w i t h the la t ter e l e c t r o m a g n e t i c t heo ry are o f the 
o rde r o f m a g n i t u d e f o u n d e x p e r i m e n t a l l y a n d are d e p e n d e n t s t r o n g l y 
on the shape a n d s i ze o f the m e t a l p r o t r u s i o n , w h i c h w o u l d e x p l a i n the 
effect o f the p r e t r e a t m e n t o f the surface . T h e effect o f the a n g l e o f 
i n c i d e n c e on the i n t ens i t y , m o l e c u l a r d i p o l e o r i en t a t i on effects, a n d to 
s o m e ex ten t the h i g h d e p o l a r i z a t i o n ra t io f o u n d e x p e r i m e n t a l l y a l so 
c o u l d cor re la te w i t h this t y p e o f theory (132). T h i s theory a lso ex
p l a i n e d peaks f o u n d a r o u n d 8 c m - 1 f r om the R a y l e i g h l i n e i n the S E R S 
s p e c t r u m (144-146) i n te rms o f a n a c o u s t i c a l v i b r a t i o n a l m o d e o f the 
m e t a l p r o t r u s i o n . F i n a l l y , the b r o a d b a c k g r o u n d r a d i a t i o n , w h i c h ap-
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102 BIOLOGICAL REDOX COMPONENTS 
pears to b e a l u m i n e s c e n c e a n d p r o b a b l y no t a R a m a n effect as c o n 
c l u d e d f rom p i c o s e c o n d R a m a n g a i n s p e c t r o s c o p y (80) , c a n b e a t t r i 
b u t e d to the d e c a y o f the e x c i t e d d i p o l a r surface p l a s m o n s . 

O n e o f the major d i f f i cu l t i e s w i t h the surface p l a s m o n theory is the 
l a ck o f re fe rence to the r o l e o f i n d i v i d u a l m o l e c u l e s a n d the na tu re o f 
t h e i r i n t e r a c t i o n w i t h the surface . I n p r i n c i p l e , a n y m o l e c u l e 
p h y s i s o r b e d to the surface s h o u l d s h o w the effect. H o w e v e r , m o l e 
c u l e s v a r y w i d e l y i n t h e i r e n h a n c e m e n t at a m e t a l / e l e c t r o l y t e in te r 
face. P y r i d i n e , q u i n o l i n e , a n d a c r i d i n e s h o w a s t rong e n h a n c e m e n t o n 
a s i l v e r e l e c t r o d e , b u t b e n z e n e , n a p h t h a l e n e , a n d an th racene d o not . A 
s u r v e y o f m o l e c u l e s w i t h s t rong e n h a n c e m e n t i n d i c a t e the p r o b a b l e 
n e e d for a l o n e p a i r o f e l ec t rons , w h i c h c a n i n some w a y s t r o n g l y 
o v e r l a p w i t h m e t a l o rb i t a l s . T h i s n e e d i n d i c a t e s that at leas t a w e a k 
c h e m i s o r p t i o n is n e e d e d for the effect. A m o d e l w a s p r o p o s e d (122) 
that cons ide r s m o d u l a t i o n b y the m o l e c u l a r v i b r a t i o n s o f the t u n n e l i n g 
i n d u c e d m e t a l l i c surface cha rge as w e l l as the field e n h a n c e m e n t . 
T u n n e l i n g is r e l a t e d to the b a r r i e r to e l e c t r o n t ransfer b e t w e e n m o l e 
c u l e a n d m e t a l , that i s , a w e a k c h e m i c a l b o n d . Sur face p l a s m o n s are 
p r e s u m e d to b e r e sonan t l y e x c i t e d t h r o u g h surface roughness . T h e 
e n h a n c e m e n t rat io is a v e r y sens i t ive func t ion o f the b a r r i e r he igh t , b u t 
m o r e w e a k l y d e p e n d e n t o n the d i s t ance b e t w e e n the m o l e c u l e a n d the 
surface . 

T h e a d a t o m hypo thes i s , ano ther p l a u s i b l e theo ry , e x p l a i n s the 
b a c k g r o u n d c o n t i n u u m a n d S E R S as r o u g h n e s s - i n d u c e d R a m a n scat
t e r i n g d u e to a t o m i c sca le roughness (3 , 76 , 2 2 3 , 130, 147). I n th is 
m o d e l , the adsorbate is p i c t u r e d as b o u n d to m e t a l l i c ada toms a n d th is 
a t o m i c sca le m i c r o r o u g h n e s s l eads to b r e a k d o w n o f m o m e n t u m c o n 
se rva t ion (76) . A l t h o u g h the R a m a n g a i n e x p e r i m e n t s (80) s h o w the 
b a c k g r o u n d to b e l u m i n e s c e n t , th is theory a l so m a y e x p l a i n the c o n 
t i n u u m i f one assumes that r a d i a t i v e e x c i t a t i o n a n d r e c o m b i n a t i o n o f 
e x c i t e d e l e c t r o n - h o l e pa i r s g ives a " h o t " l u m i n e s c e n t (148) b ack 
g r o u n d c o n t i n u u m , a n d that resonant R a m a n sca t t e r ing is t a k i n g p l a c e 
d u e to e l e c t r o n - h o l e p a i r e x c i t a t i o n a n d e l e c t r o n - a d s o r b a t e in t e rac 
t ions . S t r o n g d e p o l a r i z a t i o n o f b o t h the c o n t i n u u m a n d S E R S is p r e 
d i c t e d b y th is m o d e l , as o b s e r v e d e x p e r i m e n t a l l y . T h e e x p e r i m e n t s 
p r e v i o u s l y d i s c u s s e d , w h i c h i n d i c a t e that S E R S is c o n f i n e d to m o l e 
c u l e s i n the surface m o n o l a y e r , s u p p o r t th is m o d e l ; h o w e v e r , the effect 
o f the m e t a l d i e l e c t r i c func t ion suppor t s a n e l e c t r o m a g n e t i c theory . 

O u r r e c e n t e x p e r i m e n t s w i t h 2 , 6 - d i m e t h y l p y r i d i n e (87) s h o w that 
there is no d i s to r t ion o f the m e t h y l v i b r a t i o n s i n the S E R S s p e c t r u m . I f 
the m o l e c u l e is a t t ached to the surface t h r o u g h a A g - N b o n d , t h e n the 
o n l y w a y to r e l i e v e the s te r ic in te rac t ions o f the m e t h y l g roups a n d the 
adjacent s i l v e r a toms is b y a t o m i c sca le roughness , s u c h as a n a d a t o m -
2 , 6 - d i m e t h y l p y r i d i n e c o m p l e x . F u r t h e r m o r e , c o r r e l a t i o n o f the sur
face c o m p l e x s t r e t c h i n g f r e q u e n c y w i t h a n a d a t o m - m o l e c u l e c o m p l e x 
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(96) is fur ther e v i d e n c e for the ex i s t ence o f th i s s p e c i e s . O t h e r e v i 
d e n c e o f the r o l e o f the a d a t o m - c o m p l e x c o m e s f r o m R S in t ens i t y v s . 
p o t e n t i a l p r o f i l e s tud ie s . I f the p o t e n t i a l is s c a n n e d i n a n e g a t i v e d i r e c 
t i o n b e y o n d ca . - 1 . 2 V vs . S C E a n d then b a c k i n a p o s i t i v e d i r e c t i o n , 
the s ca t t e r i ng i n t e n s i t y does no t t rack i t s e l f o n the r eve r se s can (6,21, 
149). T h e i n t e rp re t a t i on o f th is p h e n o m e n o n is that at the m o s t n e g a 
t i v e p o t e n t i a l s the de so rp t i on o f the l i g a n d s o c c u r s , e s p e c i a l l y h a l i d e s , 
f r om the s i l v e r a d a t o m - l i g a n d c o m p l e x , w h i c h a l l o w s the ada toms to 
b e i n c o r p o r a t e d i n t o the m e t a l l a t t i ce d e s t r o y i n g the c o m p l e x e s (149). 
A d d i t i o n o f a s i l v e r sal t at a p o t e n t i a l o n the rever se s c a n after R S 
q u e n c h i n g has o c c u r r e d s h o w s a r e g r o w t h o f the S E R S s i g n a l , w h i c h is 
b e l i e v e d to b e c a u s e d b y r e d e p o s i t i o n o f s i l v e r p r o d u c i n g n e w 
ada toms a n d surface c o m p l e x e s . T h i s p h e n o m e n o n m a y s u p p o r t a n 
a d a t o m sca t t e r ing m e c h a n i s m or a n e l e c t r o m a g n e t i c field e n h a n c e 
m e n t theory . I n s u p p o r t o f the la t ter case, p r e t r e a t m e n t o x i d a t i o n -
r e d u c t i o n c y c l e s t i l l is necessa ry to a c h i e v e the o r i g i n a l e n h a n c e m e n t , 
a n d the r o l e o f the a d a t o m c o m p l e x m a y o n l y b e necessa ry to b i n d the 
R a m a n a c t i v e spec i e s o n sites at the apex o f s h a r p surface p ro t rus ions 
w h e r e the field ( l i g h t n i n g rod) effect is m o s t eff ic ient (131). 

A c o m p l e t e t heo ry o f the S E R S effect has not ye t b e e n a c h i e v e d . 
A p p a r e n t l y , m o r e t h a n one e n h a n c e m e n t m e c h a n i s m is t a k i n g p l a c e so 
the e a r l i e r a t t empts to e x p l a i n the to ta l e n h a n c e m e n t b y one m e c h a 
n i s m e v e n t u a l l y w i l l b e r e p l a c e d b y a m o d e l that i n c l u d e s s eve ra l 
m e c h a n i s m s . It is h i g h l y p r o b a b l e that , i n a d d i t i o n to a n i m a g e effect, 
b o t h m a c r o r o u g h n e s s e l e c t r o m a g n e t i c field e n h a n c e m e n t a n d m i c r o -
r o u g h n e s s - i n d u c e d e l e c t r o n i c c o u p l i n g e n h a n c e m e n t w i l l h a v e to b e 
c o n s i d e r e d i n s u c h a m o d e l . I n i t i a l a t t empts w e r e m a d e a l o n g these 
l i n e s (122,128 ), b u t a c o m p l e t e , g e n e r a l l y a c c e p t e d t heo ry w i l l r e q u i r e 
m o r e 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 v e l o p m e n t s . 
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5 
Control of Redox Potentials in 
Mononuclear and Dinuclear Copper 
Cryptates 
J. P. GISSELBRECHT and M. GROSS 

Université Louis Pasteur, Laboratoire d'Electrochimie et de Chimie Physique 
du Corps Solide, Equipe de Recherches Associée au CNRS (n° 468), Institut 
Le Bel, 67000 Strasbourg, France 

The electrochemical behavior of mononuclear and dinu
clear macrocyclic copper complexes was studied on solid 
electrodes in water and in organic media, and the fac
tors controlling the redox properties of the complexes 
were identified. In mononuclear complexes, the formal 
redox potential of the copper(II)/copper(I) system ranged 
from -0.10 to +0.49 V vs. SCE in water. This potential 
was shifted to more positive values by introducing 
thioether groups in the macrocycle and by increasing the 
size of the N-substituents. In dinuclear copper com
plexes, symmetrical cryptates exhibited a single, reversi
ble dielectronic interconversion between the dicopper(II) 
and the dicopper(I) cryptate. On the other hand, one 
nonsymmetrical cryptate exhibited two successive and 
distinct monoelectronic reduction steps, as a conse
quence of the large difference between the two coordina
tion sites in the ligand. Incremental stabilization of cop
per(I) relative to copper(II) was observed with changes 
in chemical composition of the ligand and coordination 
geometry of the copper ions for all dinuclear macrocyclic 
copper complexes studied. 

T n r e c e n t years , s t rong efforts w e r e d i r e c t e d t o w a r d the u n d e r s t a n d i n g 
A a n d r e p r o d u c i b i l i t y o f e x p e r i m e n t a l da t a d e a l i n g w i t h the p h y s i c o -
c h e m i c a l p rope r t i e s o f c o p p e r i n c o p p e r p ro t e in s a n d e n z y m e s t h r o u g h 
a p p r o p r i a t e s y n t h e t i c c o o r d i n a t i n g l i g a n d s ( J , 2 ) . 

O f s p e c i a l r e l e v a n c e i n th is con tex t are the s p e c t r a l a n d r e d o x 
p roper t i e s o f the copper ( I I ) / copper ( I ) s y s t e m i n n a t u r a l m o l e c u l e s , 
w h i c h are c h a r a c t e r i z e d b y r e v e r s i b l e e l e c t r o n transfers h a v i n g f o r m a l 

0065-2593/82/0201-0109$08.25/0 
© 1982 Amer ican Chemica l Society 
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po ten t i a l s r a n g i n g f r o m +0 .2 to +0 .8 V vs . N H E . E l e c t r o c h e m i c a l 
resu l t s on s y n t h e t i c m o d e l s ( 3 - 6 ) gave c l ea r - cu t e v i d e n c e that a p p r o 
p r i a t e d e s i g n o f l i g a n d s c o o r d i n a t e d to c o p p e r m a y h a v e m a r k e d ef
fects o n the r e d o x p o t e n t i a l o f the copper ( I I ) / copper ( I ) c o u p l e a n d o n 
the spec t r a l p roper t i e s o f the c u p r i c c o m p l e x . S y n t h e t i c m o n o n u c l e a r 
che la t e s w e r e d e s c r i b e d (6) w h o s e r e d o x p rope r t i e s (one -e l ec t ron re
v e r s i b l e t ransfer at m a r k e d l y p o s i t i v e po ten t i a l s ) a n d spec t r a l cha rac 
te r i s t i cs ( in tense b a n d a r o u n d 6 0 0 n m ) m i m i c those o f b l u e m o n o n u 
c l e a r c o p p e r p ro t e in s ( type 1 c o p p e r ) . 

R e c e n t l y (7) , e x p e r i m e n t a l r e p r o d u c i b i l i t y o f the s p e c t r a l a n d 
r e d o x p rope r t i e s o f t y p e 3 c o p p e r 1 w e r e a c h i e v e d i n a m o d e l , a l t h o u g h 
l o w - m o l e c u l a r w e i g h t c o p p e r c o m p l e x e s , w h i c h r e p r o d u c e sepa ra t e ly 
s o m e p rope r t i e s o f t y p e 3 c o p p e r , w e r e p r e v i o u s l y r e p o r t e d ( 8 - 1 8 ) . I n 
th is c h a p t e r w e presen t a s y s t e m a t i c s t u d y o f the effects o f t y p i c a l 
m a c r o c y c l i c l i g a n d charac te r i s t i c s o n the r e d o x b e h a v i o r o f the 
copper ( I I ) / copper ( I ) c o u p l e , i n m o n o n u c l e a r a n d i n d i n u c l e a r che la tes . 
M o n o c y c l i c , b i c y c l i c , a n d t r i c y c l i c l i g a n d s w e r e u s e d ; t h e i r t y p i c a l 
p rope r t i e s w e r e p r e s e n t e d e l s e w h e r e (19). 

Experimental 

A l l measurements were carried out at 25°C using pla t inum, glassy carbon, 
or gold electrodes. Unless otherwise noted, a l l reported measurements were 
taken using pla t inum electrodes. W i t h some complexes the current-voltage 
curves were distorted on pla t inum due to adsorption effects and i n these cases 
either gold or glassy carbon electrodes were u t i l ized . These electrodes showed 
less surface effects, and thus better defined current-voltage curves could be 
observed. N o differences in potentials were observed between the three types 
of electrode material. These three electrodes were also used as rotating disk 
electrodes ( R D E ) w i t h rotation rates from 250 to 5000 rev/min. The measure
ments were performed w i t h an electrochemical device consisting of a poten-
tiostat ( S O L E A Tacussel P R T 20 X ) , a voltage pilot unit ( S O L E A Tacussel 
G S T P 2), a current-potential converter ( S O L E A Tacussel A D T P 1), and a 
potentiometric XY-recorder ( I F E L E C I F 3802). This device also was used for 
cyc l ic voltammetric measurements at scan rates up to 1 V/s . ; for higher scan 
rates, the signal was stored i n a two-channel transient recorder ( B R Y A N S 512 
A ) , and afterwards plotted on the XY-potent iometr ic recorder. Potentiostatic 
coulometry p rov ided the amount of Faradays exchanged per mole of cryptate. 
Throughout the measurements, a calomel electrode was used as reference 
electrode, in a saturated aqueous solution of potassium chloride ( S C E ) . This 
electrode was connected electrically to the studied solution by a br idge filled 
wi th the solvent plus the background electrolyte used i n the ce l l . 

Experiments were performed in propylene carbonate (PC) containing 0.1 
M tetraethylammonium perchlorate ( T E A P ) , d imethyl sulfoxide ( D M S O ) con
taining 0.1 M T E A P , in 0.1 M KC1 aqueous solutions for those complexes that 
were soluble in water. 

1 These characteristics of type 3 copper are (a) Cu(II)/Cu(I) formal redox potential 
about 0.4 to 0.5 V vs. NHE, (b) reversible two-electron transfer, (c) very large antifer-
romagnetic coupling constant and lack of EPR signal in both the oxidized and reduced 
states of the complex, (d) electronic absorption band near 330 nm. 
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We investigated eleven mononuclear complexes w i t h Ligands l a - 5 and 
seven dinuclear complexes wi th Ligands 6 -12 . The syntheses of these com
plexes was reported previously (16, 20, 21). 

N / ' X V ^ X > / N X - N N - X 

la: X = Y = 0 2a: X = H 

lb: X = 0 ; Y = S 2b: X = C H 3 

lc: X = Y = S 2c: X = C H 2 C e H 5 

Χ—Ν Ν—Χ Χ—Ν Ν—Χ 

3a: Χ = Η 4a: Χ = Η 

3b: X = C H 3 4b: Χ = C H 3 

Η Ν N H Η Ν N H 

5 6 
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Mononuclear Copper Chelates 

P h y s i c o c h e m i c a l da ta o n the coppe r ( I I ) c o m p l e x e s w i t h l a - 5 
h a v e b e e n v e r y scarce . S e v e r a l s t a b i l i t y constants w e r e m e a s u r e d 2 , 3 

a n d i n d i c a t e a h i g h s t a b i l i t y o f the o x i d i z e d fo rm i n s o l u t i o n . A l s o , 
s t r u c t u r a l ana ly s i s o f the c u p r i c c o m p l e x w i t h 5 r e v e a l e d that 
coppe r ( I I ) is o c t a h e d r a l l y c o o r d i n a t e d w i t h four o u t o f the s ix b o n d s 
b e l o n g i n g to the m a c r o c y c l e 5 (24, 25), w h e r e a s a n a p p r o x i m a t e l y 
t e t r agona l p y r a m i d is o b s e r v e d i n the c u p r i c c o m p l e x w i t h 2 f r o m the 
k n o w n s t ruc tu re ( J 7) o f the c o r r e s p o n d i n g d i n u c l e a r c o m p l e x w i t h 10 , 
w h i c h con ta ins t w o s u b u n i t s o f m a c r o c y c l e 2 . 

Results 

R e d o x m e a s u r e m e n t s on the c o p p e r c o m p l e x e s w i t h l a - 5 ( T a b l e 
I) r e v e a l e d that a l l o f the coppe r ( I I ) c o m p l e x e s — e x c e p t for those w i t h 
l a a n d 5 — w e r e r e d u c e d at a R D E i n t w o s i n g l e , o n e - e l e c t r o n s teps . 
T h e first s tep w a s the r e v e r s i b l e r e d u c t i o n f r o m a coppe r ( I I ) to a c o p -
per(I ) c o m p l e x ; the s e c o n d s tep , at m o r e n e g a t i v e po t en t i a l s , w a s the 
r e d u c t i o n f rom a copper ( I ) c o m p l e x to n o n v a l e n t c o p p e r a n d free u n a l 
t e r e d l i g a n d i n s o l u t i o n . F i g u r e 1 is g i v e n as a n e x a m p l e d o c u m e n t i n g 
the t w o o n e - e l e c t r o n t ransfer r e d u c t i o n m e c h a n i s m for the c u p r i c 
c o m p l e x w i t h 3 a a n d a l so i l lus t r a t e s the i m p o r t a n t d i f fe rence b e t w e e n 
the po t en t i a l s o f the t w o r e d u c t i o n s teps . F i g u r e 2 , for the s ame c o m 
p l e x , s h o w s c l e a r l y the r e v e r s i b i l i t y o f the c u p r i c - c u p r o u s s y s t e m . 
T h e o b t a i n i n g o f a n o n v a l e n t c o p p e r after the s e c o n d s tep was ascer
t a i n e d b y a c o p p e r d e p o s i t o n the p l a t i n u m R D E . T h e s e c o n d s tep 
[ C u ( I ) —> C u ( 0 ) ] m a y b e o b s e r v e d o n l y i n so lven t s that h a v e a l a rge 
c a t h o d i c e l e c t r o a c t i v i t y r ange , s u c h as P C . I n contras t , i n P C the c o p -
per ( I I ) c o m p l e x e s w i t h l a a n d 5 w e r e r e d u c e d to n o n v a l e n t c o p p e r a n d 
free l i g a n d i n a s i n g l e t w o - e l e c t r o n s tep [ w i t h l a , C u ( I I ) r educes to 
C u ( 0 ) at - 1 . 7 V v s . S C E , a n d w i t h 5 at - 0 . 9 5 V v s . S C E ] . 

S ta t ionary V o l t a m m e t r y . F o r those c u p r i c c o m p l e x e s r e d u c e d i n 
t w o d i s t i n c t o n e - e l e c t r o n s teps ( T a b l e I) , the s ta t ionary v o l t a m m e t r y 
c u r v e s at a R D E i n d i c a t e d that the C u ( I I ) —» C u ( I ) r e d u c t i o n is d i f f u 
s ion c o n t r o l l e d . T h i s ana lys i s is b a s e d o n b o t h the p r o p o r t i o n a l i t y b e 
t w e e n the c a t h o d i c l i m i t i n g c u r r e n t (Ium) a n d the a n a l y t i c a l concen t r a 
t i o n o f the c o m p l e x as w e l l as f r o m L e v i c h ' s (26) l i n e a r p l o t o f l / i n m = 
/ ( 1 / ω 1 / 2 ) . L o g a r i t h m i c ana lys i s [ l o g ( / / / „ „ - / ) = / ( £ ) ] o f the C u ( I I ) -> 
C u ( I ) c a t h o d i c c u r v e s (Tab les I I a n d I I I ) c o r r e s p o n d e d to r e v e r s i b l e or 
q u a s i - r e v e r s i b l e processes . B e c a u s e the s t u d i e d so lu t ions d i d no t c o n -

2 Log Κ [Cu(II)-L] in H z O + 0.1 M TEAP 25°C with ligands la (6.81) and 5 (6.18) 
(22). 

3 Log Κ [Cu(II)-L] in H 2 0 + 0.1 M TEAP 25°C with ligands 2a (8.44), 2b (12.75), 3a 
(13.04) (23). 
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114 BIOLOGICAL REDOX COMPONENTS 
Table I. Redox Measurements on Mononuclear 

Copper Complexes 

Reduction 
Ligand log K ( C l < ( / / ) _ L )

a steps 

la, 6 . 8 1 b one , di-e 
lb t w o , mono-e 
l c t w o , mono-e 
2a, 2b, 2c 8 . 4 4 c 

1 2 . 7 5 c t w o , mono-e 
3a, 3b 1 3 . 0 4 c t w o , mono-e 
4a, 4b — t w o , mono-e 
5 6 .18 f t one , di-e 

a Copper complexation with ligand L is represented by 
Cu-L . Experiments were performed in water plus 0.1 M TEAP 
at 25°C. 

b Log Κ [Cu(II)-L] in H 2 0 + 0.1 M TEAP 25°C with ligands 
la (6.81) and 5 (6.18) (22). 

c Log Κ [Cu(II)-L] in H 2 0 + 0.1M TEAP 25°C with ligands 
2a (8.44), 2b (12.75), and 3a (13.04) (23). 

— 

- CuUcu 1 

• 
Ε 

V / S C E 

0.5 0 - Q 5 - 1 - 1 . 5 "2 

Figure 1. The mono electronic reduction waves of the Cu(II) com
plex with 3a: in PC + 0.1 M TEAP, on a platinum RDE (2000 revlmin), 

[Cu(Il)J = 1.9 10-4 M . 
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5. GISSELBRECHT AND GROSS Copper Cryptâtes 115 

Figure 2. Cyclic voltammogram of the first reduction step [Cu(II) —* 
Cu(I)] in Cu(II)-3a (ο = 1.9·10~4 M). Electrode: Pt Solution: PC + 

0.1 M TEAP. Scan rates: 1,10 mV/s; 2, 20 mV/s; 3, 50 mV/s. 

t a i n free l i g a n d i n excess [ a l l so lu t ions w e r e p r e p a r e d f r o m c r y s t a l l i z e d 
coppe r ( I I ) c o m p l e x e s o f s t o i c h i o m e t r y 1 : 1 ] , the o b s e r v e d l i n e a r i t y o f 
the p lo t s [ l o g (I/Inm ~I) = / ( £ ) ] c o n f i r m e d that the n u m b e r o f l i g a n d s 
c o o r d i n a t e d to c o p p e r r e m a i n e d cons tant t h r o u g h o u t the r e d u c t i o n 
(27) . T h u s , the r e d u c t i o n p r o d u c t o f coppe r ( I I ) is a l w a y s a copper ( I ) 
c o m p l e x o f i d e n t i c a l s t o i c h i o m e t r y . O n the o ther h a n d , fur ther r e d u c 
t ion o f the c o m p l e x f rom copper ( I ) to copper(O) m a y b e c a r r i e d o u t 
o n l y at ra ther n e g a t i v e p o t e n t i a l , i n d i c a t i v e o f the h i g h s t a b i l i t y o f the 
coppe r ( I ) c o m p l e x g e n e r a t e d b y the first r e d u c t i o n s tep . 

C y c l i c V o l t a m m e t r y . M e a s u r e m e n t s o n the first r e d u c t i o n s tep 
[ C u ( I I ) —» C u ( I ) ] p r o v i d e c l e a r - c u t i n f o r m a t i o n o n the r e v e r s i b i l i t y o f 
the e l e c t r o d e processes (Tables I I a n d I I I ) . S o m e c o m p l e x e s are re 
d u c e d r e v e r s i b l y as i n d i c a t e d b y a n i n v a r i a n t a n d c lo se to 5 8 - m V p e a k 
separa t ion Δ £ ρ ( Δ Ε Ρ = EPa - EPc) at l o w s c a n rates (v < 0.1 V / s ) . F o r 
o ther c o m p l e x e s , o n l y q u a s i - r e v e r s i b l e r e d u c t i o n o c c u r s , w h i c h is a l so 
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118 BIOLOGICAL REDOX COMPONENTS 
seen f r o m s ta t ionary c u r v e s o n the R D E [Tab les I I a n d I I I , c o m p l e x e s 
w i t h L i g a n d 4 b i n w a t e r a n d L i g a n d s 4 b a n d l c i n P C ] . T h e E ° ' v a l u e s 
g i v e n i n T a b l e s I I a n d I I I w e r e c a l c u l a t e d f r o m EPa a n d EPc [ ( E P a + 
E P c ) / 2 ] a n d are a l m o s t i d e n t i c a l to the E1/2 o b t a i n e d at a R D E . T h i s 
c a l c u l a t i o n a lso w a s u s e d for the r e d u c t i o n s teps that w e r e a l m o s t 
r e v e r s i b l e [Tab les I I a n d I I I , L i g a n d s 4 b a n d l c ] . 

F o r a l l o f the c o m p l e x e s s t u d i e d (excep t for C u ( I I ) i n 2 c a n d l b i n 
a q u e o u s so lu t ions ) the he t e rogeneous rate constants w e r e e s t i m a t e d at 
the f o r m a l p o t e n t i a l E°' C u ( I I ) / C u ( I ) (28 ); a l l c a l cu l a t edk v a l u e s r a n g e d 
f r o m 1 0 " 3 to 1 0 " 2 cm/s a n d no s ign i f i can t effect w a s d e t e c t e d from the 
n i t r o g e n subs t i tuen t s no r f r o m the so lven t s ( H 2 0 or P C ) . 

P e c u l i a r B e h a v i o r O b s e r v e d for S o m e C r y p t â t e s . REDUCTION OF 
COPPER(II) IN COMPOUNDS 2 c , 4 b , AND l c IN WATER . I n wa te r , the 
c o m p l e x o f coppe r ( I I ) w i t h 2c does no t s h o w a n y w a v e b y s ta t ionary 
v o l t a m m e t r y o n a R D E . Ins t ead , the v o l t a m m e t r i c c u r v e s are p e a k 
s h a p e d , w h i c h m a y b e a s c r i b e d to a p a s s i v a t i n g film gene ra t ed at the 
e l e c t r o d e surface d u r i n g the r e d u c t i o n process . T h e r e f o r e , the g i v e n 
r e d u c t i o n p o t e n t i a l (+0 .14 V vs . S C E ) is o n l y a p p r o x i m a t e . F u r t h e r 
a n o d i c p o l a r i z a t i o n o f the e l e c t r o d e at +0 .25 V vs . S C E e l i m i n a t e s the 
film. O n the o the r h a n d , for so lu t ions o f 1 :1 c u p r i c c o m p l e x e s w i t h 4 b 
a n d l c , m i x e d a n o d i c - c a t h o d i c w a v e s are o b s e r v e d for 4 b a n d e n t i r e l y 
a n o d i c w a v e s for l c , thus i n d i c a t i n g that a s ign i f i can t ( w i t h 4b) or 
q u a n t i t a t i v e ( w i t h l c ) spon taneous h o m o g e n e o u s r e d o x r eac t i on oc
curs , w h i c h conver t s a coppe r ( I I ) c o m p l e x to copper ( I ) c o m p l e x i n 
these so lu t ions . 

REDUCTION OF COPPER(II) IN COMPOUNDS 4 a , 4 b , AND l c IN 
P C . I n P C , resul t s w e r e o b t a i n e d for the r e d u c t i o n o f coppe r ( I I ) 
c o m p l e x e s w i t h 4 b a n d l c [ w h i c h is s p o n t a n e o u s l y r e d u c e d c h e m i 
c a l l y to C u ( I ) c o m p l e x e s , see f o l l o w i n g sec t ion] that w e r e v e r y s i m i l a r 
to those j u s t r e p o r t e d for the same c o m p l e x e s i n wa te r . F o r coppe r ( I I ) 
c o m p l e x e s w i t h 4a a n d 4 b ( T a b l e I I I ) , s ta t ionary v o l t a m m o g r a m s o n 
R D E , a p p e a r e d less r e v e r s i b l e t h a n c y c l i c v o l t a m m o g r a m s . T h i s 
d r a w n - o u t cha rac te r o f the s ta t ionary c u r v e s m a y l i k e l y b e a s c r i b e d to 
a s l o w c h e m i c a l process o c c u r r i n g i n the s o l u t i o n o f c o m p l e x e s i n v o l v 
i n g 4 b a n d 4a ; on the shor ter t i m e sca le o f c y c l i c v o l t a m m e t r y , these 
processes m a y b e p r e v e n t e d f r o m i n t e r f e r i n g w i t h the e l e c t r o n transfer 
k i n e t i c s . 

T h u s , w h e n c r y p t a t e d i n l c or 4 b , d i v a l e n t c o p p e r is spon tane 
o u s l y r e d u c e d to the m o n o v a l e n t c o m p l e x i n w a t e r as w e l l as i n P C . 
A l s o , after co r r ec t i on for the l i q u i d j u n c t i o n p o t e n t i a l b e t w e e n P C a n d 
H 2 0 (29): 

ESCE i n P C + 0.1 M T E A P - E S C E i n H 2 0 + 0.1 M KC1 = 0.13 V 
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5. GISSELBRECHT AND GROSS Copper Cryptâtes 119 

a n d for the p o t e n t i a l o f the S C E re fe r r ed to the N H E (0.242 V ) , c u p r i c 
c o m p l e x e s w h o s e h a l f - w a v e r e d u c t i o n p o t e n t i a l s are m o r e c a t h o d i c 
t h a n + 0 . 5 0 V v s . N H E r e m a i n s t ab le i n b o t h so lven t s , whe reas c u p r i c 
c o m p l e x e s w h o s e po t en t i a l s are m o r e a n o d i c t h a n +0 .50 V vs . N H E 
are r e d u c e d s p o n t a n e o u s l y t h r o u g h h o m o g e n e o u s r e d o x processes , 
p a r t i a l l y [ C u ( I I ) - 4 b ] or q u a n t i t a t i v e l y [ C u ( I I ) - l c ] . S u c h b e h a v i o r i m 
p l i e s that the r e d u c t a n t i n v o l v e d e x h i b i t s a s t a n d a r d r e d o x p o t e n t i a l 
c l o s e to, a n d not m u c h m o r e a n o d i c t h a n , +0 .50 V vs . N H E . 

Discussion 

R e l a t i v e S t a b i l i t y o f Copper(II) a n d Copper(I) i n C o m p l e x e s . 
W h e n coppe r ( I I ) is c o m p i e x e d b y l i g a n d s c o n t a i n i n g o n l y n i t r o g e n 
a n d o x y g e n he te roa toms ( L i g a n d s l a a n d 5), r e d u c t i o n o f coppe r ( I I ) 
occu r s i n a s i n g l e t w o - e l e c t r o n transfer s tep. I n o ther c o m p l e x e s w h e r e 
c o p p e r is c o o r d i n a t e d to su l fu r he te roa toms , the s t a n d a r d r e d o x p o t e n 
t i a l o f copper ( I I ) / copper ( I ) shifts w i t h the r e l a t i v e s t a b i l i t y o f c o p -
per ( I I ) a n d copper ( I ) that are c o m p i e x e d b y the s ame l i g a n d s . D e p e n d 
i n g o n th is r e l a t i v e s t a b i l i t y , the r e s u l t i n g p o t e n t i a l is e x p e c t e d to b e 
m o r e c a t h o d i c or m o r e a n o d i c t h a n the s t anda rd r e d o x p o t e n t i a l o f the 
u n c o m p l e x e d copper ( I I ) / copper ( I ) s y s t e m , a c c o r d i n g to the k n o w n re
l a t i o n s h i p (30 , 31) (at 2 5 ° C ) : 

[ E 1 / 2 C u ( I I ) / C u ( I ) ] 
compiexed 

= [ E 1 / 2 C u ( I I ) / C u ( I ) ] u n c o m p l e x e ( i - 0 .059 I o g 1 0 p 2 ^ (1) 
*Ved 

w h e r e KoX a n d Kred are the s t a b i l i t y constants o f the c u p r i c a n d c u p r o u s 
c o m p l e x e s , r e s p e c t i v e l y . S e v e r a l E 1 / 2 C u ( I I ) / C u ( I ) w e r e d e t e r m i n e d 4 

for the c o m p l e x e s i n T a b l e s I I a n d I I I . M o s t h a l f - w a v e p o t e n t i a l s o f the 
c o m p i e x e d copper ( I I ) / copper ( I ) spec i e s are m o r e p o s i t i v e t h a n the 
s t anda rd p o t e n t i a l o f u n c o m p l e x e d copper ( I I ) / copper ( I ) . T h e v a l u e 
u s e d i n E q u a t i o n 1, i n the absence o f c o m p l e x a t i o n , w a s the 
s t anda rd r e d o x p o t e n t i a l o f copper ( I I ) / copper ( I ) i n wate r . T h i s p o t e n 
t i a l w a s i n i t i a l l y g i v e n as +0 .153 V v s . N H E (32). L a t e r da ta gave a 
r ange o f a b o u t +0 .16 to +0 .17 V vs . N H E (33-35). H o w e v e r , the 
q u e s t i o n a b l e e l e m e n t i n the da t a l e a d i n g to E° = +0 .153 V v s . N H E 
for the a q u e o u s copper ( I I ) / copper ( I ) c o u p l e w a s the h y d r a t i o n free 
e n e r g y o f copper ( I ) , w h e r e a s r e l i a b l e da ta w e r e a v a i l a b l e for d i v a l e n t 

4 [E Cu(Il)/Cu(I)]ii2/NHE have been calculated, for the studied complexes, from 
experimental [E Cu(II)/Cu(I)]1/2/SCE through the following relationship: [E Cu(II)/ 
Cu(I)]1/2 complex/NHE = [E Cu(II)/Cu(I)]i/2 complex/SCE + Ε SCE/NHE - Et where 
E} = 0 in water, and +0.13 (29) in PC. 
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120 BIOLOGICAL REDOX COMPONENTS 
c o p p e r [ £ ° C u ( I I ) / C u ( 0 ) i n w a t e r = +0 .34 V v s . N H E ] (32) . R e c e n t 
findings (36) c o n f i r m e d b o t h the r e l i a b i l i t y o f [ C u ( I I ) / C u ( 0 ) ] a q da t a ( E ° 
= + 0 . 3 4 V vs . N H E ) a n d the q u e s t i o n a b i l i t y o f [ C u ( I I ) / C u ( I ) ] a q p o t e n 
t i a l ( + 0 . 1 5 3 V v s . N H E ) . H o w e v e r , f r o m the d i s s o c i a t i o n cons tan t o f 
c u p r o u s ions (37) e x p e r i m e n t a l l y o b t a i n e d i n w a t e r at 2 5 ° C , a n d w i t h 
the a s s u m p t i o n , b a s e d o n these a r g u m e n t s , that E ° [ C u ( I I ) / C u ( 0 ) ] a Q = 
+0 .34 V vs . N H E is i n d e e d cor rec t , Ε ° [ C u ( I ) / C u ( 0 ) ] a q m a y b e c a l c u 
l a t e d e q u a l to + 0 . 5 2 V v s . N H E . T h e r e s u l t i n g E ° c a l c u l a t e d for 
C u ( I I ) / C u ( I ) u s i n g these v a l u e s for C u ( I ) / C u ( 0 ) a n d C u ( I I ) / C u ( 0 ) is 
t h e n E ° [ C u ( I I ) / C u ( I ) ] a q = + 0 . 1 6 V v s . N H E . T h i s v a l u e , b a s e d o n 
r e l i a b l e e x p e r i m e n t a l data , is q u i t e c l o s e to the v a l u e r e p o r t e d i n 1952 
(32) . 

T h u s , a s £ ° [ C u ( I I ) / C u ( I ) ] a q = +0 .16 V v s . N H E , i t m a y b e c o n c l u d e d 
f r o m E q u a t i o n 1 a n d T a b l e s I I a n d I I I that m o s t o f the coppe r ( I ) 
c o m p l e x e s are m o r e s t ab le t h a n the coppe r ( I I ) c o m p l e x e s w i t h the 
l i g a n d s u s e d . 

F o r c o m p l e x e s o f L i g a n d s 2 a a n d 2 b w i t h coppe r ( I I ) the 
l o g a r i t h m s o f the s t a b i l i t y constants are k n o w n i n w a t e r 5 a n d the co r re 
s p o n d i n g v a l u e s c a n b e c a l c u l a t e d for copper ( I ) f r om the e l e c t r o c h e m 
i c a l h a l f - w a v e p o t e n t i a l s : l o g K s t a b = 8.1 w i t h 2a [ C u ( I ) - 2 a ] a n d l o g 
Kstab = 13.8 w i t h 2 b [ C u ( I ) - 2 b ] . S u c h h i g h s t a b i l i t y o f copper ( I ) c o m 
p l e x e s is q u i t e u n c o m m o n i n wate r . T h i s h i g h s t a b i l i t y is cons i s ten t 
w i t h the ra ther n e g a t i v e p o t e n t i a l ( E 1 / 2 = - 0 . 6 7 V v s . S C E ) o b s e r v e d 
for the r e d u c t i o n o f [ C u ( I ) - 2 a ] i n wa te r . 

C o m m o n E f f e c t o f L i g a n d S i z e a n d o f the N u m b e r o f S u l f u r 
H e t e r o a t o m s o n the R e d o x P o t e n t i a l o f Copper(II) /Copper(I) i n the 
M a c r o c y c l e s . T o c h a r a c t e r i z e th is effect, m a c r o c y c l i c l i g a n d s o f d i f 
ferent s i ze w e r e u s e d w i t h i d e n t i c a l subs t i tuen t s o n the n i t rogens . T h e 
r e d o x b e h a v i o r o f coppe r ( I I ) c o m p l e x e s w a s e x a m i n e d i n w a t e r a n d i n 
p r o p y l e n e ca rbona te for the t w e l v e - , fifteen-, a n d e i g h t e e n - m e m b e r e d 
m o n o c y c l i c l i g a n d s . I n the first series o f these m a c r o c y c l i c l i g a n d s , the 
s u b s t i t u e n t o n the n i t rogens w a s h y d r o g e n a n d i n the s e c o n d series i t 
w a s m e t h y l ( T a b l e I V ) . 

A s a g e n e r a l t r e n d i n e i the r series, the f o r m a l r e d o x p o t e n t i a l for 
the c o u p l e C u ( I I ) / C u ( I ) shifts a n o d i c a l l y w i t h i n c r e a s i n g s i ze o f the 
m a c r o c y c l e a n d w i t h i n c r e a s i n g n u m b e r o f s u l f u r he te roa toms . O n e 
e x c e p t i o n is o b s e r v e d for 4a . T h e s e resu l t s w e r e q u a l i t a t i v e l y e x p e c t e d 
f r o m the k n o w n effect o f the n u m b e r o f su l fu r d o n o r a toms i n a 
m o n o c y c l i c l i g a n d , b e c a u s e p r e v i o u s e x p e r i m e n t s (6) r e v e a l e d that 
c o o r d i n a t i n g c o p p e r to s u l f u r s t r o n g l y s t a b i l i z e s m o n o v a l e n t c o p p e r 
m o r e t h a n d i v a l e n t c o p p e r . F u r t h e r m o r e , these resu l t s r e v e a l e d that 
s o l v e n t effects are m u c h m o r e i m p o r t a n t on s m a l l c y c l e s t h a n o n l a rge 
c y c l e s . 
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5. GISSELBRECHT AND GROSS Copper Cryptâtes 121 

E f f e c t o f N i t r o g e n S u b s t i t u e n t s o n the R e d o x P o t e n t i a l o f 
Copper(II) /Copper(I) . I n th is s t u d y , th ree g r o u p s o f c o m p l e x e s w e r e 
c o m p a r e d ( T a b l e V). I n a g i v e n g r o u p , l i g a n d s dif fer f r o m e a c h o ther 
o n l y b y the na tu re o f the s u b s t i t u e n t o n the n i t r o g e n . P o t e n t i a l s s h o w n 
i n T a b l e V s h o w that , for a g i v e n m a c r o c y c l e , the f o r m a l r e d o x p o t e n 
t i a l o f C u ( I I ) / C u ( I ) is a n o d i c a l l y s h i f t e d as the s u b s t i t u e n t o n the n i t r o 
g e n b e c o m e s m o r e b u l k y a n d e x h i b i t s be t te r e l e c t r o n d o n o r p rope r t i e s . 
H o w e v e r , the la t ter cha rac te r i s t i c s c a n n o t a c c o u n t for the o b s e r v e d 
shif t , b e c a u s e i n c r e a s i n g e l e c t r o n d o n o r effect w o u l d i n d u c e c a t h o d i c 
shifts o f the p o t e n t i a l (38-40), w h e r e a s a n a n o d i c sh i f t is o b s e r v e d 

T a b l e IV. E f f ec t o f L i g a n d S i z e a n d N u m b e r o f S u l f u r H e t e r o a t o m s 
o n the R e d o x P o t e n t i a l o f Cu(II)/Cu(I) i n M a c r o c y c l e s 2, 3, a n d 4 

E ° ' Cu(II)ICu(I) (H20) E ° ' Cu(II)/Cu(I) (PC) 
Ligand (V vs. SCE) (V vs. SCE) 

2a - 0 . 1 0 +0 .01 
3a — + 0 . 0 5 
4a - 0 . 1 0 - 0 . 0 9 
2b - 0 . 0 2 5 + 0 . 1 0 
3b +0 .14 +0 .19 
4b +0 .31 + 0 . 3 0 

α Corrected for liquid junction potential 

T a b l e V. E f f ec t o f N i t r o g e n S u b s t i t u e n t s o n the 
R e d o x P o t e n t i a l o f the C o m p i e x e d 

C u ( I I ) / C u ( I ) C o u p l e 

E ° ' Cu(U)ICu(l)a E ° ' Cu(II)/Cu(I)b 

Ligand (V vs. SCE) (V vs. SCE) 

2a - 0 . 1 0 (0 .5 ) c + 0 . 1 3 (25) 
2b - 0 . 0 2 (11)" + 0 . 2 2 (8 x 10 2 ) 
2c +0.14 (5.7 x 10 3 ) + 0 . 3 0 (1.8 x 10 4 ) 
3a — +0 .17 (115) 
3b +0.14 (5.7 x 10 3 ) +0 .31 (2.7 x 10 4 ) 
4a - 0 . 1 0 (0.5) +0 .024 (0.4) 
4b +0.31 (4.4 x 10 6 ) +0 .44 (4.5 x 10 6 ) 

Note: Values in parentheses are the ratio of the stability con
stant of Cu(I) in L to the stability constant of Cu(II) in L. 

a In H 2 O + 0.1M KC1. 
δ In PC + 0.1 M TEAP. 
c As log K s t a b for Cu(II)L is 8.44, it may be calculated that log 

K s t a b for Cu(I)L is 8.1. 
d Same comment: log K s t a b for Cu(II)L is 12.75, thus log K s t a b for 

Cu(I)L is 13.8. 
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122 BIOLOGICAL REDOX COMPONENTS 
here . T h e t r e n d o b s e r v e d w i t h these c o m p l e x e s is r e m i n i s c e n t o f that 
o b s e r v e d for o ther c o m p l e x e s (5) , w h e r e a n a n o d i c shif t o f the p o t e n 
t i a l p a r a l l e l e d the c h a n g e o f n i t r o g e n subs t i tuen t s f r om h y d r o g e n to 
b u t y l . T h i s shif t was r a t i o n a l i z e d (5) i n t e rms o f l i g a n d s te r ic c o n 
straints d u e to subs t i tuen t s that f avo red n o n p l a n a r copper ( I ) c o m 
p l e x e s . S i m i l a r a r g u m e n t s m a y b e d e v e l o p e d to a c c o u n t for the presen t 
resu l t s . A l s o , the v i s i b l e spec t r a o f coppe r ( I I ) c o m p l e x e s r e v e a l , for a 
g i v e n m a c r o c y c l e , a r e d shif t o f the d-d b a n d w h e n the n i t r o g e n s u b 
s t i tuents c h a n g e f rom h y d r o g e n to m e t h y l a n d a fur ther shif t u p o n 
c h a n g i n g to b e n z y l (Tab l e V I ) . S u c h a shif t is i n d i c a t i v e o f c o n f o r m a 
t i o n a l changes i n the m a c r o c y c l e (41-43) c o r r e s p o n d i n g to a c l o s e r 
t e t r ahed ra l c o o r d i n a t i o n o f coppe r ( I I ) i n the p resence o f the b e n z y l 
g r o u p t h a n i n the presence o f h y d r o g e n . 

N u m b e r o f S u l f u r H e t e r o a t o m s i n the M a c r o c y c l e a n d the S tan 
d a r d P o t e n t i a l o f C o p p e r ( I I ) / C o p p e r ( I ) . MONOCYCLIC LIGANDS 2 τ ο 
5. C u p r i c c o m p l e x e s o f these l i g a n d s e x h i b i t r e d o x p roper t i e s that 
d e p e n d c r i t i c a l l y on the l i g a n d c h e m i c a l c o m p o s i t i o n . T h u s , i n P C + 
0.1 M T E A P the coppe r ( I I ) c o m p l e x w i t h 5 u n d e r g o e s a t w o - e l e c t r o n 
i r r e v e r s i b l e r e d u c t i o n at E m = - 0 . 9 5 V vs . S C E , w h e r e a s i n the same 
so lven t the c u p r i c c o m p l e x w i t h 4a is r e v e r s i b l y r e d u c e d f rom c o p -
per( I I ) to copper ( I ) at +0.03 ± 0.01 V v s . S C E . A s d o c u m e n t e d i n 
T a b l e s I I - I V , the p re sence o f su l fu r he te roa toms i n the m a c r o c y c l i c 
l i g a n d s c l e a r l y s t a b i l i z e s m o n o v a l e n t c o p p e r w i t h r e spec t to d i v a l e n t 
c o p p e r . T h i s r e su l t is cons is ten t w i t h Pea r son ' s h a r d a n d soft a c i d a n d 
base ( H S A B ) p r i n c i p l e (44): a m o n g the s ix he te roa toms i n the l i g a n d 
4a that m a y c o o r d i n a t e to copper ( I ) (soft a c i d ) , the four su l fu r a toms 
are soft bases . I n contrast , the m a c r o c y c l e 5 consis ts o f four oxygens 
(ha rd bases) a n d t w o n i t rogens that are i n t e r m e d i a t e bases . C r y s t a l -
l o g r a p h i c ana lys i s o f the coppe r ( I I ) c o m p l e x w i t h 5 r e v e a l e d (24) that 
d i v a l e n t c o p p e r ( i n t e r m e d i a t e ac id ) is c o o r d i n a t e d to the t w o n i t rogens 
a n d to t w o oxygens , as e x p e c t e d f r o m the p r e f e r r e d c o o r d i n a t i o n 
o f coppe r ( I I ) to n i t r o g e n p r e d i c t e d b y H S A B theory . B a s e d o n the 

T a b l e V I . S p e c t r a l a n d R e d o x Shif ts f r o m N i t r o g e n S u b s t i t u e n t s 
i n P C + 0.1 M T E A P 

Cu(II) d - d σ—» Cu σ—* Cu E ° ' Cu(II)/Cu(I) 
Ligand (nm) (nm) (nm) (V vs. SCE)a 

2 a 595 370 310 +0.01 
2 b 600 375 325 +0.10 
2 c 620 375 325 +0.18 
4 a 610 385 310 -0 .09 
4b 670 415 340 +0.31 

a Corrected for liquid junction potential. 
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5. GISSELBRECHT AND GROSS Copper Cryptâtes 123 

same a r g u m e n t s o f P e a r s o n , i t m a y b e e x p e c t e d that m o n o v a l e n t 
c o p p e r w o u l d c o o r d i n a t e i n 5 o n l y w i t h the t w o n i t rogens , thus l e a d i n g 
to u n s t a b l e l i n e a r g e o m e t r y (45) i n th is m a c r o c y c l e 5. 

BICYCLIC LIGANDS l a , l b , AND l c . A s o b s e r v e d w i t h m o n o c y c l i c 
l i g a n d s , su l fu r he te roa toms m a r k e d l y s t a b i l i z e m o n o v a l e n t v s . d i v a l e n t 
c o p p e r , a n d this effect increases w i t h the n u m b e r o f su l furs i n the 
c y c l e . T h e effect is c l e a r l y o b s e r v a b l e f rom l b to l c (Tables I I a n d 
I I I ) — r e d o x p o t e n t i a l d i f fe rence o f 0.3 V — a n d i t m a y b e a s c r i b e d to the 
m a c r o b i c y c l i c s t ruc tu re o f the l i g a n d . 

Dinuclear Copper Cryptâtes 

I n th i s ser ies o f c o m p l e x e s ( 6 - 1 2 ) , a l l l i g a n d s e x h i b i t t w o d i s t i n c t 
c o o r d i n a t i o n sites that are a b l e to a c c o m m o d a t e coppe r ( I I ) a n d c o p -
per( I ) . I n this r espec t , th ree sa l i en t cha rac te r i s t i c s o f the l i g a n d s 
s h o u l d b e n o t e d : 

1. I n L i g a n d s 6 a n d 7, e a c h c o o r d i n a t i o n site is t r iden ta te , 
the c o o r d i n a t i n g L e w i s bases b e i n g t w o su l fu r a n d one 
n i t r o g e n i n 6, a n d th ree n i t rogens i n 7. 

2 . L i g a n d 8 e x h i b i t s the s p e c i a l feature o f h a v i n g t w o v e r y 
di f ferent c o o r d i n a t i o n sites, one si te b e i n g q u i t e s i m i l a r 
to that i n l i g a n d 7, the o ther s i te b e i n g m u c h l i k e the 
site o b s e r v e d i n the m o n o n u c l e a r che la tes o f the 
t w e l v e - m e m b e r e d L i g a n d s 2 a - 2 c a n d a lso s i m i l a r to 
those o f L i g a n d 10. 

3. I n the m a c r o t r i c y c l i c series 9 to 12 , the o x y g e n 
he te roa toms i n the t w e l v e - m e m b e r e d m o n o c y c l e s are 
s u b s t i t u t e d b y su l fu r f r o m 9 to 10 , 11 a n d 12 . A l s o , u s i n g 
t w o i d e n t i c a l m o n o c y c l i c s u b u n i t s , the c h e m i c a l c o m p o s 
i t i o n o f the s i d e - b r a n c h l i n k i n g the t w o m o n o c y c l e s w a s 
c h a n g e d i n 1 0 - 1 2 . 

N o n e o f the d i n u c l e a r c o m p l e x e s , e x c e p t L i g a n d 6, e x h i b i t e d s i g 
n i f i can t C u - C u c o u p l i n g , as cons i s t en t ly v e r i f i e d e x p e r i m e n t a l l y (18) 
a n d e x p e c t e d t h e o r e t i c a l l y (46). T h e r e d o x b e h a v i o r o f the copper ( I I ) / 
copper ( I ) c o u p l e i n these l i g a n d s is e x p e c t e d to p r o v i d e s ign i f i can t 
i n s i g h t i n t o the pa ramete r s a l l o w i n g c o n t r o l o f the t h e r m o d y n a m i c s o f 
the e l e c t r o n transfers f rom d i n u c l e a r coppe r ( I I ) to d i n u c l e a r copper ( I ) 
m o i e t i e s . 

Results 

T h e r e d o x charac te r i s t i c s o f the d i n u c l e a r c o p p e r che la tes w i t h 
L i g a n d s 6 - 1 2 are g i v e n i n T a b l e V I I . 

D i n u c l e a r C o p p e r C o m p l e x w i t h 6. T h e E S R - s i l e n t (47) c r y s t a l 
l i z e d c o m p l e x o f 6 w i t h t w o C u ( N 3 ) 2 g roups is o n l y v e r y s l i g h t l y s o l u -
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b l e i n s e v e r a l o r g a n i c so lven t s , b u t i t d i s so lves r e a s o n a b l y , a l t h o u g h 
s l o w l y , i n D M S O r e s u l t i n g i n a y e l l o w - b r o w n s o l u t i o n (47) [absorp
t i o n b a n d s at 2 8 0 n m (e = 6 0 0 0 M " 1 c m " 1 ) , 3 9 8 (e = 3750) , 738 
(e = 2250) ] . T h i s s o l u t i o n is no t t h e r m o d y n a m i c a l l y s t ab le a n d the 
c o l o r turns to g r e e n - b r o w n after 24 h , t h e n to g r e e n after 4 8 h , 
c o r r e s p o n d i n g to the d e c o m p l e x a t i o n o f one o f the t w o c o m p i e x e d 
coppe r ( I I ) a toms , as e x p e c t e d f r o m the h i g h e r s t a b i l i t y o f the m o n o n u 
c l e a r coppe r ( I I ) c o m p l e x t h a n that o f the d i n u c l e a r coppe r ( I I ) s p e c i e s 
(48 ) 5 . H o w e v e r , c o n s i d e r i n g the t i m e sca le o f the r e d o x e x p e r i m e n t s , 
th is p a r t i a l d e c o m p l e x a t i o n m a y b e n e g l e c t e d i f f resh so lu t ions o f the 
d i n u c l e a r coppe r ( I I ) c o m p l e x are u s e d i n the e l e c t r o c h e m i c a l m e a 
su remen t s , as i n this s t udy . 

U s i n g f resh so lu t ions o f the c o m p l e x C u ( N 3 ) 2 - 6 , r e d o x s tud ies re
v e a l e d (7) th ree reac t ions o n p l a t i n u m i n the e l e c t r o a c t i v i t y r ange o f 
D M S O + 0.1 M T E A P (+1 .2 to - 1 . 9 V vs . S C E ) . 

1. T h e first s i g n a l w a s a n o x i d a t i o n at E 1 / 2 = +0 .88 V vs . 
S C E , c o r r e s p o n d i n g to the o x i d a t i o n o f az ides N i " re
l e a s e d i n s o l u t i o n after d i s s o l u t i o n o f the i n i t i a l c o m p l e x . 
S u b s e q u e n t ana lyses d e m o n s t r a t e d that th is o x i d a t i o n 
i n v o l v e d t w o o u t o f the four a z i d e s i n i t i a l l y i n c l u d e d i n 
e a c h d i n u c l e a r coppe r ( I I ) c o m p l e x . 

2 . A s e c o n d s i g n a l , at E 1 / 2 = +0 .10 V vs . S C E , c o r r e s p o n d s 
to the r e v e r s i b l e (7) d i e l e c t r o n i c r e d u c t i o n f r o m [ C u ( I I ) , 
C u ( I I ) ] to [ C u ( I ) , C u ( I ) ] , w h i c h a c t u a l l y resu l t s f r o m the 
m e r g i n g o f t w o m o n o e l e c t r o n i c s u b s e q u e n t s teps, re 
s p e c t i v e l y 

[ C u ( I I ) , C u ( I I ) ] / [ C u ( I I ) , C u ( I ) ] ( Ε ° ' = + 0 . 1 2 V v s . S C E ) 

a n d 

[ C u ( I I ) , C u ( I ) ] / [ C u ( I ) , C u ( I ) ] ( Ε ° ' = + 0 . 0 6 V v s . S C E ) 

3. T h e las t s tep (Ei / 2 = - 0 . 7 0 V v s . S C E ) is d i e l e c t r o n i c a n d 
co r r e sponds to the r e d u c t i o n o f [ C u ( I ) , C u ( I ) ] to free, u n 
a l t e r e d L i g a n d 6 a n d to u n c o m p l e x e d C u ( 0 ) . 

D i n u c l e a r C o m p l e x o f C u ( C 1 0 4 ) 2 w i t h 7. I n p r o p y l e n e ca rbona te 
(+0.1 M T E A P ) de p o l a r o g r a m s o n a D r o p p i n g M e r c u r y E l e c t r o d e 
( D M E ) r e v e a l e d t w o r e d u c t i o n w a v e s at E 1 / 2 = - 0 . 2 0 ± 0.01 V v s . S C E 
( l o g a r i t h m i c s l o p e = 73 m V / l o g ) a n d at E 1 / 2 = - 0 . 6 5 ± 0.01 V vs . S C E 
( l o g a r i t h m i c s l o p e = 90 m V / l o g ) ( F i g u r e 3) . T h e u n e q u a l he igh t s o f the 
t w o r e d u c t i o n w a v e s r e su l t f r om a s l i g h t adso rp t ion w a v e m e r g e d w i t h 

5 (CuL) 2 + : log β = 9.84. (Cu 2 L) 4 + : log β = 12.88. 
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126 BIOLOGICAL REDOX COMPONENTS 
0.75 
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Figure 3. dc Folarograms of a dinuclear Cu(II) complex with 7 
(anion: CIO4). Solvent: PC +0.1 M TEAP, Key: a, reduction of the 
dinuclear complex [Cu(II)]2-7; h, polarogram recorded after ex
haustive coulometry at -0.400 V vs. SCE; and c, polarogram recorded 

after exhaustive coulometry at -0.900 V vs. SCE. 
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the first r e d u c t i o n s tep . Po t en t io s t a t i c c o u l o m e t r y o f th is first w a v e 
g ives 2 F / m o l , the c o l o r o f the s o l u t i o n t u r n i n g f r o m l i g h t b l u e to 
y e l l o w . 

Af t e r e x h a u s t i v e c o u l o m e t r y p e r f o r m e d o n the first r e d u c t i o n s tep , 
the r e c o r d e d p o l a r o g r a m s h o w s ( F i g u r e 3b) one o x i d a t i o n w a v e at 
Ell2 = - 0 . 2 2 ± 0.1 V vs . S C E a n d , as e x p e c t e d , the r e m a i n i n g u n a l 
t e r e d s e c o n d r e d u c t i o n w a v e at E m = - 0 . 6 5 V vs . S C E . E x h a u s t i v e 
c o u l o m e t r y o n th is s e c o n d w a v e at - 0 . 9 V vs . S C E i n d i c a t e s 1.9 F / m o l , 
whe rea s the s o l u t i o n b e c o m e s co lo r l e s s . P o l a r o g r a m s r e c o r d e d after 
th is s e c o n d c o u l o m e t r y e x h i b i t o n l y the o x i d a t i o n w a v e at - 0 . 2 0 V v s . 
S C E ( F i g u r e 3c) , w h i c h w a s a l so o b s e r v e d i n so lu t ions c o n t a i n i n g o n l y 
the free L i g a n d 7. T h e o x i d a t i o n at - 0 . 2 0 V v s . S C E w a s a u t h e n t i c a t e d 
as the l i gand -a s s i s t ed o x i d a t i o n o f the m e r c u r y e l e c t r o d e , w h i c h was 
s t u d i e d a l r e a d y (49) w i t h n i t r o g e n - c o n t a i n i n g m a c r o c y c l i c l i g a n d s . 
T h u s , the first r e d u c t i o n s tep o f the c o m p l e x c o r r e s p o n d s to the d i e l e c 
t r o n i c r e d u c t i o n o f [ C u ( I I ) , C u ( I I ) ] - 7 to [ C u ( I ) , C u ( I ) ] - 7 , a n d the sec
o n d s tep l eads , t h r o u g h the r e d u c t i o n o f b o t h C u ( I ) a toms, to u n c o m 
p l e x e d n o n v a l e n t c o p p e r a n d free, u n a l t e r e d L i g a n d 7. T h e first s t ep 
( t w o - e l e c t r o n r e d u c t i o n ) m a y b e r e v e r s e d , a n d c y c l e d m a n y t i m e s b y 
succes s ive c a t h o d i c a n d a n o d i c e x h a u s t i v e c o u l o m e t r i e s . 

D i n u c l e a r C o m p l e x o f C u ( C 1 0 4 ) 2 w i t h 8. P o l a r o g r a m s o n m e r 
c u r y r e v e a l e d fou r d i s c r e t e r e d u c t i o n s teps i n P C + 0.1 M T E A P . H o w 
ever , the E 1 / 2 a n d the g e o m e t r y o f these fou r w a v e s w e r e s u c h that t h e y 
p r e v e n t e d any s t r a i g h t f o r w a r d ana lys i s o f the four s teps . T h e r e f o r e , the 
r e d u c t i o n po t en t i a l s w e r e o b t a i n e d w i t h a p r e c i s i o n o f ± 0 . 0 1 V b y 
d i f f e r en t i a l p u l s e p o l a r o g r a p h y ( F i g u r e 4) a n d gave , r e s p e c t i v e l y , 
v a l u e s o f + 0 . 3 1 , - 0 . 1 7 , - 0 . 6 1 , a n d - 1 . 0 0 V vs . S C E . T h e c u r r e n t o f the 
las t s tep (at - 1 . 0 0 V vs . S C E ) w a s m u c h s m a l l e r t h a n that o f the th ree 
others . O w i n g to the poo r r e s o l u t i o n o f the w a v e s , the l a c k o f d e t a i l e d 
i n f o r m a t i o n l e d us to ass ign the w a v e s b y a c o m p a r i s o n o f t he i r p o t e n 
t i a l s w i t h those o f a n a l o g o u s b i n u c l e a r s y m m e t r i c a l c o m p l e x e s ( w i t h 7 
a n d 10) a n d a l so , w i t h those o f m o n o n u c l e a r c o r r e s p o n d i n g che la tes 
w i t h L i g a n d s 2 . 

T h e first r e d u c t i o n , at Ep = +0 .31 V vs . S C E , is m o n o e l e c t r o n i c 
a n d w a s o b s e r v e d at i d e n t i c a l p e a k po t en t i a l s o n g lassy c a r b o n or o n 
m e r c u r y e l e c t r o d e s . T h i s finding i n d i c a t e s that th is s tep does not i n 
v o l v e c h e m i c a l r eac t i on o f the e l e c t r o d e m a t e r i a l . A s the m o n o n u c l e a r 
c u p r i c c o m p l e x w i t h t w e l v e - m e m b e r e d L i g a n d 2c was s h o w n ( T a b l e 
I I I ) to b e r e d u c e d to the c u p r o u s c o m p l e x at +0 .30 V vs . S C E i n th is 
so lven t ( P C ) , the p resen t s tep at +0 .31 V vs . S C E m a y b e a s c r i b e d to 
the r e d u c t i o n o f coppe r ( I I ) to copper ( I ) i n the t w e l v e - m e m b e r e d 
m o n o c y c l i c s u b u n i t o f 8, w h e r e four L e w i s bases ( two sul furs a n d t w o 
n i t rogens ) are a v a i l a b l e to c o o r d i n a t e the c o p p e r . 
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128 b i o l o g i c a l r e d o x c o m p o n e n t s 

I nA 

0.5 0 -0 .5 -1 -1.5 

Figure 4. Differential pulse polarogram of dinuclear Cu(H) complex 
with asymmetrical Ligand 8. Electrode: Hg, Medium: PC + 0.1 M TEAP. 

T h e s e c o n d r e d u c t i o n is a l so m o n o e l e c t r o n i c a n d is o b s e r v e d at a 
p o t e n t i a l ( E p = - 0 . 1 7 V vs . S C E ) c l o s e to that ( E 1 / 2 = - 0 . 2 0 V vs . S C E ) 
c o r r e s p o n d i n g to the r e d u c t i o n o f the t w o c o p p e r s i n s y m m e t r i c a l 
L i g a n d 7. T h e r e f o r e , th is r e a c t i o n m a y b e a s c r i b e d to the r e d u c t i o n o f 
coppe r ( I I ) [to C u ( I ) ] , w h i c h is c o o r d i n a t e d to the t r iden ta t e s i te i n 
v o l v i n g th ree n i t rogens i n d i s s y m m e t r i c a l L i g a n d 8. 

U s i n g s i m i l a r a r g u m e n t s j u s t m e n t i o n e d , the t h i r d r e d o x process 
(EP = - 0 . 6 1 V vs . S C E ) is a t t r i b u t e d to the r e d u c t i o n o f one Ci i(I) to 
C u ( 0 ) i n the t r i den ta t e si te o f 8, i n v o l v i n g a s i m i l a r c o n f o r m a t i o n as 
i n 7. 

T h e fou r th s tep (EP= - 1 . 0 0 V vs . S C E ) w o u l d b e e x p e c t e d to 
c o r r e s p o n d to the r e d u c t i o n o f C u ( I ) to C u ( 0 ) i n the t w e l v e - m e m b e r e d 
c y c l e i n v o l v i n g t w o n i t rogens a n d t w o su l fu rs . H o w e v e r , the s m a l l 
a m p l i t u d e o f the s i g n a l as c o m p a r e d w i t h those o f the first t h ree re
m a i n s u n e x p l a i n e d . O n e p o s s i b i l i t y is that a c h e m i c a l r e a c t i o n f o l l o w s 
e l e c t r o n transfer, for i n s t ance , p a r t i a l d i s s o c i a t i o n o f the m o n o n u c l e a r 
c u p r o u s c o m p l e x g e n e r a t e d after the first th ree o n e - e l e c t r o n re 
d u c t i o n s . 

T h u s , the d i n u c l e a r c o m p l e x o f coppe r ( I I ) w i t h 8 e x h i b i t s r e m a r k 
a b l e r e d o x p r ope r t i e s ; as a r e s u l t o f the m a r k e d d i f ferences i n the t w o 
c o o r d i n a t i o n sites, the r e d o x p o t e n t i a l s o f C u ( I I ) / C u ( I ) as w e l l as o f 
C u ( I ) / C u ( 0 ) c o u p l e s are s i g n i f i c a n t l y sh i f t ed . I n a d d i t i o n , the r e d u c t i o n 
p o t e n t i a l s c o r r e s p o n d i n g to C u ( I I ) -> C u ( I ) r e m a i n a l m o s t u n c h a n g e d 
i n a g i v e n c o o r d i n a t i o n s i te , as i n d i c a t e d b y a c o m p a r i s o n o f the v a l u e s 
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5. GissELBRECHT A N D GROSS Copper Cryptâtes 129 

o b t a i n e d i n 8 w i t h the v a l u e s g i v e n for s y m m e t r i c a l L i g a n d s 7 or 10 or 
L i g a n d 2c i n T a b l e I I I ( F i g u r e 5). T h e s e resu l t s i n d i c a t e that a n a p p r o 
p r i a t e c o n t r o l o f the c o o r d i n a t i o n sites a r o u n d the c o p p e r s i n p o l y n u -
c l e a r c o m p l e x e s m a y b e u s e d as a n eff ic ient t o o l to d e s i g n p o l y n u c l e a r 
c o m p l e x e s i n w h i c h c a s c a d e - l i k e p o l y e l e c t r o n processes m a y b e t u n e d 
a n d o p e r a t e d e f f i c i en t ly . 

Reduction of the Dinuclear Complex of Cu(C10 4) 2 with 9. I n P C , 
th is c o p p e r ( I I ) c o m p l e x is r e d u c e d i n t w o d i e l e c t r o n i c s teps at Ε °' = 
+ 0 . 2 5 V vs . S C E { [ C u ( I I ) , C u ( I I ) ] to [ C u ( I ) , C u ( I ) ] } a n d at E°' = 
- 0 . 7 5 V vs . S C E { [ C u ( I ) , C u ( I ) ] to n o n v a l e n t u n c o m p l e x e d c o p p e r 
a n d free L i g a n d 9}. 

C y c l i c v o l t a m m o g r a m s i n d i c a t e that the first c a t h o d i c s tep 
{ [ C u ( I I ) , C u ( I I ) ] to [ C u ( I ) , Cu ( I ) ] } is r e v e r s i b l e (peak po t en t i a l s i n d e 
p e n d e n t o f s can rate u p to 0.1 V / s ) . F r o m a p r e v i o u s l y d e s c r i b e d 
m e t h o d (50) , Δ Ε ° ' = 6 0 m V w a s c a l c u l a t e d as the d i f fe rence b e t w e e n 
the f o r m a l p o t e n t i a l s ( £ ? ' a n d E l ' ) c o r r e s p o n d i n g , r e s p e c t i v e l y , to the 
first a n d the s e c o n d e l e c t r o n transfer . O n the s ame t i m e sca le o f the 
e l e c t r o c h e m i c a l m e t h o d s , b o t h El' a n d El' are m e r g e d i n the s i n g l e 
t w o - e l e c t r o n s t ep at + 0 . 2 5 V v s . S C E . T h u s , Ε\' = +0 .28 V v s . S C E 
a n d Ε 1 ' = + 0 . 2 2 V v s . S C E . A l s o , the d i n u c l e a r c u p r o u s c o m p l e x w i t h 
9, w h e n e l e c t r o g e n e r a t e d b y e x h a u s t i v e r e d u c t i o n c o r r e s p o n d i n g to 
the first r e d u c t i o n s tep , is u n s t a b l e a n d u n d e r g o e s s l o w c h e m i c a l d e g 
r a d a t i o n i n the s o l u t i o n . 

Dinuclear Complexes of Copper(II) with 10,11, and 12 in Aque
ous 0.1 M KC1. I n the e l e c t r o a c t i v i t y r ange c o r r e s p o n d i n g to th i s 
s o l v e n t o n a r o t a t i n g d i s k e l e c t r o d e ( f rom +1 .2 to —0.9 V v s . S C E ) a 
u n i q u e t w o - e l e c t r o n r e d u c t i o n w a v e is o b s e r v e d for these d i n u c l e a r 
c o p p e r ( I I ) c o m p l e x e s . 

T h e o b s e r v e d w a v e c o r r e s p o n d s to the r e d u c t i o n f rom [ C u ( I I ) , 
C u ( I I ) ] to [ C u ( I ) , C u ( I ) ] , as c o n f i r m e d b y e l e c t r o n i c a b s o r p t i o n a n d 
E S R s p e c t r a r e c o r d e d i n the s o l u t i o n be fore a n d after e x h a u s t i v e 
r e d u c t i o n at 2 F / m o l (15) . 

W i t h the d i n u c l e a r c u p r i c c o m p l e x e s o f 10 a n d 11, the l i m i t i n g 
c a t h o d i c cur ren t s are d i f fus ion c o n t r o l l e d , as i n d i c a t e d f rom the p l o t 
1/iiim vs . 1 / ω 1 / 2 ( l i n e a r t h r o u g h o r i g i n ) (26) . C y c l i c v o l t a m m o g r a m s o f 
these t w o c o m p l e x e s are i n d i c a t i v e o f a r e v e r s i b l e r e d o x process at the 
e l e c t r o d e , at l o w s c a n rates ( < 1 0 0 m/s) , w i t h a d i f fe rence Δ Ε Ρ b e t w e e n 
the a n o d i c a n d c a t h o d i c p e a k p o t e n t i a l s b e i n g 6 5 m V ( w i t h 10) a n d 8 0 
m V ( w i t h 11). A t h i g h e r s c a n rates, ana lys i s o f the v o l t a m m o g r a m s was 
o b s c u r e d for 11 b y a c h e m i c a l r e a c t i o n s u b s e q u e n t to the e l e c t r o n 
transfer , w h e r e a s , i n the c o m p l e x w i t h 10, the e x c e l l e n t s t a b i l i t y o f the 
i n i t i a l reac tan t a n d o f the r e d u c e d p r o d u c t a l l o w e d c o m p l e t e ana lys i s 
o f the v o l t a m m o g r a m s . I n the c o m p l e x w i t h 10, the d i f fe rence b e t w e e n 
the f o r m a l po t en t i a l s o f the t w o o n e - e l e c t r o n s teps c o r r e s p o n d i n g to 
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the t w o - e l e c t r o n r e d o x process w a s c a l c u l a t e d a c c o r d i n g to k n o w n 
p r o c e d u r e s (50) a n d w a s (15) e q u a l to Δ Ε ° = 3 0 ± 5 m V , w h i c h is q u i t e 
c l o s e to the v a l u e 35 .6 m V c o r r e s p o n d i n g to the r e d u c t i o n o f t w o i n d e 
p e n d e n t r e d o x cen te rs (51 , 52) . 

A s for the d i n u c l e a r c u p r i c c o m p l e x w i t h 12, r e d o x m e a s u r e m e n t s 
s h o w that i t u n d e r g o e s , i n par t , a spon t aneous c h e m i c a l r e d u c t i o n to 
[ C u ( I ) , C u ( I ) ] i n s o l u t i o n . F o r i n s t ance , s ta t ionary v o l t a m m o g r a m s o n a 
g o l d R D E r e m a i n e d c h a r a c t e r i z e d b y a constant E1/2 at +0 .29 V vs . 
S C E , a l t h o u g h the en t i r e w a v e s h i f t e d w i t h t i m e a l o n g the c u r r e n t axis 
f rom the c a t h o d i c t o w a r d the a n o d i c s i de , r e s u l t i n g finally i n a m i x e d 
a n o d i c - c a t h o d i c w a v e . T h e a n o d i c l i m i t i n g c u r r e n t w a s d i f fus ion c o n 
t r o l l e d , whe reas the c a t h o d i c l i m i t i n g c u r r e n t i n v o l v e d a c h e m i c a l s tep 
i n a d d i t i o n to the e l e c t r o n transfer. T h i s c h e m i c a l s tep b e c o m e s u n d e 
t e c t a b l e w h e n the r e d o x process is s t u d i e d i n P C + 0.1 M T E A P , as 
d o c u m e n t e d later . 

D i n u c l e a r C o m p l e x e s o f C o p p e r ( I I ) w i t h 10, 11 , a n d 12 , i n P C + 
0.1 M T E A P . W h e n s t u d i e d o n s o l i d e l ec t rodes i n P C w h e r e i n h i b i t 
i n g processes are absent , a l l th ree c o m p l e x e s e x h i b i t q u a l i t a t i v e l y 
a n a l o g o u s b e h a v i o r . T h e c o n v e r s i o n o f [ C u ( I I ) , C u ( I I ) ] to [ C u ( I ) , C u ( I ) ] 
is d e t e c t a b l e as a s i n g l e t w o - e l e c t r o n w a v e o n the r o t a t i n g d i s k e l e c 
t rode . T h e l i m i t i n g c a t h o d i c c u r r e n t w a s c h e c k e d as b e i n g d i f fus ion 
c o n t r o l l e d , a n d s p e c t r o s c o p i c e v i d e n c e w a s o b t a i n e d (absorp t ion a n d 
E S R spectra) that the t w o e l ec t rons t rans fe r red to [ C u ( I I ) , C u ( I I ) ] i n 
d e e d genera te [ C u ( I ) , C u ( I ) ] . 

T h e cha rac te r i s t i c s o f the r e d o x c o u p l e [ C u ( I I ) , C u ( I I ) ] / [ C u ( I ) , 
C u ( I ) ] are g i v e n i n T a b l e V I I . 

I n c y c l i c v o l t a m m e t r y , the a n o d i c a n d c a t h o d i c p e a k cur ren t s are 
e q u a l at a l l s can rates. H o w e v e r , as the r e d u c t i o n was q u a s i - r e v e r s i b l e 
i n a l l t h ree c o m p l e x e s , Δ Ε Ρ inc reases w i t h the s c a n rate a n d , as a 
c o n s e q u e n c e , Δ Ε ' ° (50) b e t w e e n the t w o success ive o n e - e l e c t r o n 
transfers c o u l d not b e c a l c u l a t e d . H o w e v e r , as Δ Ε Ρ is less t h a n 100 m V 
at l o w scan rates, Δ Ε '° s t i l l c a n b e e s t i m a t e d to b e less t h a n 6 0 m V . 

Discussion 

T h e resul ts o b t a i n e d o n the r e d o x b e h a v i o r o f d i n u c l e a r c o p p e r 
che la tes ( T a b l e V I I ) p r o v i d e g e n e r a l t r ends o n the s t r u c t u r e - r e d o x 
r e a c t i v i t y r e l a t i o n s h i p i n the s t u d i e d c o m p l e x e s . 

T h e da ta c o l l e c t e d c l e a r l y demons t ra t e that a l l o f the l i g a n d s s t u d 
i e d s t a b i l i z e coppe r ( I ) v s . coppe r ( I I ) , a n d that the copper ( I ) s t a b i l i z a 
t i on increases w i t h the n u m b e r o f su l fu r he te roa toms . T h i s c o n c l u s i o n 
is cons i s ten t w i t h p r e v i o u s observa t ions o n o ther l i g a n d s (5 , 6) . I n a n y 
o f these d i n u c l e a r c o m p l e x e s , s t a b i l i z a t i o n o f copper ( I ) is d o c u m e n t e d 
b y the a n o d i c shif t o f the E 1 / 2 c o r r e s p o n d i n g to C u ( I I ) / C u ( I ) ( i n the 
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s t r ic tes t sense th is shif t i l l u s t r a t e s the s t a b i l i z a t i o n o f C u ( I ) r e l a t i v e to 
C u ( I I ) , i n the l i g a n d ) a n d a lso b y the c a t h o d i c shif t o f E m c o r r e s p o n d 
i n g to C u ( I ) / C u ( 0 ) , i n the l i g a n d . I n this r espec t , the resu l t s o b s e r v e d 
for the r e d u c t i o n o f d i n u c l e a r c u p r i c c o m p l e x e s i n 9 l e a d to the f o l l o w 
i n g obse rva t ions : 

1. E 1 / 2 [ C u ( I I ) , C u ( I I ) ] - » [ C u ( I ) , C u ( I ) ] i n 9 is v e r y c l o s e to 
the Ei/2 m e a s u r e d i n the h o m o l o g o u s L i g a n d 10 (a l 
t h o u g h 10 i n v o l v e s su l furs a n d 9 does not) . 

2 . E 1 / 2 [ C u ( I ) , C u ( I ) ] - » 2 C u ( 0 ) is m u c h m o r e n e g a t i v e i n 10 
( - 1 . 5 0 V v s . S C E ) t h a n i n 9 ( - 0 . 7 5 V v s . S C E ) . 

T h e first o b s e r v a t i o n is a c l e a r i n d i c a t i o n that the ra t io o f the s t a b i l i t y 
constants o f the c u p r o u s to the c u p r i c d i n u c l e a r c o m p l e x e s is a l m o s t 
i d e n t i c a l i n L i g a n d s 9 a n d 10. H o w e v e r , the s e c o n d o b s e r v a t i o n i n d i 
cates that the c u p r o u s c o m p l e x w i t h 10 is m u c h m o r e s tab le t h a n w i t h 
9. T h i s r e s u l t is f u l l y cons is ten t w i t h o u r o b s e r v a t i o n that the C u ( I ) 
d i n u c l e a r c o m p l e x i n 9 is c h e m i c a l l y u n s t a b l e , as m e n t i o n e d . T h e 
c o m p l e x w i t h 9 is the first r e p o r t e d i n w h i c h r e v e r s i b l e , d i e l e c t r o n i c 
i n t e r c o n v e r s i o n o f [ C u ( I I ) , C u ( I I ) ] / [ C u ( I ) , C u ( I ) ] o c c u r s at v e r y p o s i t i v e 
p o t e n t i a l s (about +0 .5 V vs . N H E ) i n the p resence o f o n l y n i t r o g e n a n d 
o x y g e n as L e w i s base he te roa toms (5). F u r t h e r m o r e , r e p l a c e m e n t o f 
the o x y g e n he te roa toms b y s u l f u r (9-10) b a s i c a l l y s t a b i l i z e s copper ( I ) . 
H o w e v e r , the a b i l i t y o f a g i v e n d i n u c l e a r c o p p e r c o m p l e x to act as a 
t w o - e l e c t r o n accep to r /donor at p o s i t i v e p o t e n t i a l s d e p e n d s p r i m a r i l y 
on the r e l a t i v e s t a b i l i t y o f coppe r ( I I ) a n d copper ( I ) i n the m a c r o c y c l i c 
l i g a n d . T h e r e d o x b e h a v i o r o f s u c h c o m p l e x e s w i t h 9 a n d 10 s h o w s 
that the r e l a t i v e s t a b i l i t y o f copper ( I ) c o m p a r e d to coppe r ( I I ) i n e a c h 
c o m p l e x d e p e n d s c r i t i c a l l y o n the c o o r d i n a t i o n g e o m e t r y m u c h m o r e 
t h a n o n the p resence o f o x y g e n or s u l f u r i n the c y c l e . 

I n te rms o f s e l e c t i v e l y s h i f t i n g the r e d o x p o t e n t i a l o f a g i v e n 
c o u p l e [here C u ( I I ) / C u ( I ) ] , r e su l t s o b t a i n e d w i t h the d i n u c l e a r 
c u p r i c / c u p r o u s c o m p l e x e s i n 7 , 8, a n d 10 ( T a b l e V I I ) p r o v i d e fur ther 
u n a m b i g u o u s e v i d e n c e that c o n t r o l l i n g the c o o r d i n a t i o n s t e r e o c h e m i s 
t ry is t a n t a m o u n t to c o n t r o l l i n g the r e d o x p o t e n t i a l o f C u ( I I ) / C u ( I ) , 
as b o t h o f the r e d o x sites are n o n i n t e r a c t i n g i n the c o m p l e x e s . 

I n a d d i t i o n , the d i n u c l e a r c o m p l e x w i t h 8 i l l u s t r a t e s that the ex
c e l l e n t s e l e c t i v i t y o p e r a t i n g on the r e d o x po t en t i a l s t h r o u g h the coor
d i n a t i o n g e o m e t r y p r o v i d e s a basis for the r a t i ona l synthes is o f m i x e d -
v a l e n c e c o m p l e x e s o f p r e d i c t a b l e s t a b i l i t y ( F i g u r e 5). 

A s a n e x a m p l e d o c u m e n t i n g th is c o n c l u s i o n , the c o p r o p o r t i o n a t i o n 
cons tan t K c o p r o f the c o m p l e x w i t h a s y m m e t r i c a l L i g a n d 8, w h o s e 
e q u a t i o n is : 

[ C u ( I I ) , Cu( I I ) ] -8 + [ C u ( I ) , C u ( I ) ] - 8 ^ 2 [ C u ( I I ) , Cu( I ) ] -8 
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5. GISSELBRECHT AND GROSS Copper Cryptâtes 133 

was c a l c u l a t e d as e q u a l to 1.3 x 1 0 8 at 2 5 ° C i n P C + 0.1 M T E A P 
( a s s u m i n g E m = E ° , a n d the r e d o x reac t ions b e i n g r e v e r s i b l e ) . 

T h e s e c o n c l u s i o n s on d i n u c l e a r c o p p e r c o m p l e x e s m a y b e ex
t e n d e d to o ther d i m e t a l l i c h o m o n u c l e a r a n d h e t e r o n u c l e a r c o m p l e x e s ; 
w o r k is i n progress o n th is p o i n t (53) . 

F i n a l l y , t he s y m m e t r i c a l d i n u c l e a r c o m p l e x e s o f c o p p e r w i t h 
L i g a n d s 1 0 , 1 1 , a n d 12 w e r e u s e d to c l a r i f y the effect o f the s ide c h a i n s 
l i n k i n g the t w o m o n o c y c l i c s u b u n i t s to the C u ( I I ) / C u ( I ) r e d o x p o t e n 
t i a l s . A s spec t r a l resul ts r e v e a l e d that the t w o c o p p e r s i n a g i v e n 
c o m p l e x d o no t in te rac t s i g n i f i c a n t l y (18), e a c h c o m p l e x m a y b e c o n 
s i d e r e d as the d u p l i c a t i o n o f t w o m o n o n u c l e a r s u b u n i t s o f i d e n t i c a l 
s t ruc tu re a n d r e d o x p o t e n t i a l , e a c h s u b u n i t i n v o l v i n g one c o p p e r 
c o o r d i n a t e d to a m o n o c y c l e b e a r i n g o n e - h a l f l a t e r a l c h a i n o n e a c h 
n i t r o g e n . T h e resu l t s o n m o n o n u c l e a r che la tes r e v e a l e d that b u l k y 
subs t i t uen t s o n n i t rogens i n d u c e a n o d i c shifts o f the C u ( I I ) / C u ( I ) p o 
t e n t i a l , thus s t a b i l i z i n g copper ( I ) w i t h r e spec t to coppe r ( I I ) , a n d , as a l 
r e a d y o b s e r v e d i n o ther m o n o n u c l e a r c o m p l e x e s (5) , th is effect m a y 
b e a s c r i b e d to a n i n c r e a s e d d i s t o r t i o n o f the c o o r d i n a t i o n sphe re— 
f r o m p l a n a r to te t rahedra l -d i s tor ted—as the s i z e o f the n i t r o g e n s u b s t i 
tuents increases . P r o b a b l y , t h e n , i n the d i n u c l e a r c o m p l e x e s w i t h 10 , 
11 , a n d 12, the s a m e q u a l i t a t i v e a r g u m e n t s h o l d . H o w e v e r , at v a r i a n c e 
w i t h m o n o n u c l e a r che la tes , i n l i g a n d s l i k e 10 , 11 , a n d 12, o ther c o n 
fo rma t iona l e l e m e n t s c o m e i n t o p l a y , so that the w h o l e flexibility o f 
the l i g a n d , ra ther t h a n j u s t the flexibility o f the s i d e cha in s , m a y b e 
c o n s i d e r e d as a c r u c i a l p a r a m e t e r i n the p r e f e r e n t i a l s t a b i l i z a t i o n o f a 
g i v e n f o r m , ox or r e d . H o w e v e r , the less flexible the l a t e ra l c h a i n (flex
i b i l i t y d e c r e a s i n g f r o m 11 to 10 , a n d to 12), the m o r e copper ( I ) is s t ab i 
l i z e d t o w a r d coppe r ( I I ) , p r o b a b l y d u e to c o r r e l a t i v e i n c r e a s i n g dis tor
t i o n o f e a c h t w o m o n o c y c l e s ( two n i t rogens , t w o su l furs ) . Q u a n t i t a t i v e 
c o r r e l a t i o n i n the series is p r e v e n t e d b y the i n t e r a c t i o n o f c o p p e r w i t h 
o x y g e n i n the c o m p l e x w i t h 10 (17). See F i g u r e 6. 

O n the o ther h a n d , o f a l l the d i n u c l e a r c o m p l e x e s , the c o m p l e x 
w i t h 6, 2 [ C u ( I I ) ( N 3 ) 2 ] - 6 , is u n i q u e i n b e i n g a b l e to s i m u l t a n e o u s l y 
r e p l i c a t e the r e d o x p rope r t i e s ( r e v e r s i b l e t w o - e l e c t r o n accep to r /donor 
at ra ther p o s i t i v e po t en t i a l ) a n d the m a g n e t i c charac te r i s t i c s ( E S R s i 
len t ) o f t y p e 3 c o p p e r pa i r s i n c o p p e r e n z y m e s (7). 

T h e r e d o x a n d s p e c t r a l p rope r t i e s o f the d i n u c l e a r c o p p e r c o m 
p l e x w i t h 6 are m u c h a k i n to those r e p o r t e d o n t r ike tona te d i c o p p e r 
c o m p l e x e s (14,15), w i t h the a d d i t i o n a l fea ture that the s t a n d a r d r e d o x 
p o t e n t i a l o f the c o m p l e x w i t h 6 is p o s i t i v e a n d is c l o se to those re
p o r t e d for t y p e 3 c o p p e r p r o t e i n s 1 , at v a r i a n c e w i t h o ther m o d e l s 
(14, 15). 

I n a d d i t i o n , the resu l t s o b t a i n e d o n d i n u c l e a r c o p p e r c o m p l e x e s 
o ther t h a n those w i t h l i g a n d 6 p r o v i d e the a n s w e r to a q u e s t i o n ( 14), as 
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they demons t r a t e c l e a r l y that the t w o adjacent coppe r s ( I I ) i n a c o m 
p l e x d o not n e e d to b e s t rong ly i n t e r a c t i n g to a l l o w a r eve r s ib l e* t w o -
e l e c t r o n c a t h o d i c transfer, as a l r e a d y d i s c u s s e d i n a p r e v i o u s p a p e r 
d e v o t e d to the d i n u c l e a r c o m p l e x w i t h 10 (15) . 

Conclusion 

F i r s t , the m o n o n u c l e a r c o m p l e x e s s t u d i e d r e v e a l e d that the for
m a l r e d o x p o t e n t i a l o f C u ( I I ) / C u ( I ) is a n o d i c a l l y sh i f t ed , that is , 
copper ( I ) s t a b i l i z e d v s . coppe r ( I I ) , b y i n c r e a s i n g the n u m b e r o f 
su l fu r a toms i n the m a c r o c y c l i c l i g a n d s . T h i s t r e n d is v e r i f i e d for a 
g i v e n l i g a n d s t ruc ture (for in s t ance f rom l a to l c , f r o m 5 to 4a) a n d a l so 
w h e n t h i o e t h e r g r o u p s are i n c r e a s i n g l y i n t r o d u c e d i n t o the m a c r o c y -
c y l i c l i g a n d , for e x a m p l e , f r o m 2 to 3 a n d 4. O x y g e n he te roa toms i n a 
l i g a n d are u n f a v o r a b l e to the c o n v e r s i o n o f coppe r ( I I ) to copper ( I ) i n 
these m o n o n u c l e a r c o m p l e x e s . T h e s e resul t s are cons i s ten t w i t h , a n d 
to s o m e extent p r e d i c t a b l e f r o m p r e v i o u s observa t ions o n o ther c o m 
p l e x e s (5 , 6) as w e l l as f r o m H S A B cons ide ra t ions (44). S e c o n d , 
the f o r m a l r edox p o t e n t i a l o f C u ( I I ) / C u ( I ) a l so is sh i f t ed a n o d i c a l l y 
w h e n s te r ic strains are e x e r t e d o n the c o m p l e x i n g m a c r o c y c l e s u c h 
that c o n f o r m a t i o n a l changes o c c u r that a l te r the p r e f e r r e d c o o r d i n a t i o n 
o f coppe r ( I I ) . S u c h changes m a y v e r y w e l l r e su l t f r om the s u b s t i t u t i o n 
o f b u l k y g roups ( l i k e m e t h y l or b e n z y l ) for h y d r o g e n o n the n i t rogens . 

W i t h d i n u c l e a r c r y p t â t e s , the resul t s o b t a i n e d are cons is ten t w i t h 
the c o n c l u s i o n s d r a w n f r o m the resu l t s o n m o n o n u c l e a r c r y p t â t e s , a n d 
t h e y 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 : 

• T h e C u ( I I ) / C u ( I ) p o t e n t i a l d e p e n d s a l m o s t a l w a y s o n the c o o r d i n a t 
i n g s i te , so that t w o i d e n t i c a l sites i n d u c e a s i n g l e t w o - e l e c t r o n trans
fer, w h e r e a s n o n i d e n t i c a l sites (see L i g a n d 8) i n d u c e t w o d i s t i nc t , 
o n e - e l e c t r o n s teps . 

• S p e c i f i c effects o f the b i c y c l i c s t ruc tu re o f the l i g a n d are o b s e r v a b l e , 
as for in s t ance w i t h L i g a n d 9 w h e r e E° C u ( I I ) / C u ( I ) is q u i t e s i m i l a r 
to the p o t e n t i a l o b s e r v e d i n the p resence o f th ioe thers ( L i g a n d s 10, 
11, a n d 12), a n d is at v a r i a n c e w i t h the resu l t s i n c o r r e s p o n d i n g 
m o n o n u c l e a r c r y p t â t e s ( L i g a n d s 4 a n d 5) . 

• T h e o c c u r r e n c e o f a r e v e r s i b l e , t w o - e l e c t r o n transfer is i n d e p e n d e n t 
o f the c o o r d i n a t i o n o f b r i d g i n g u n i t s b e t w e e n the t w o coppe r s (see 
c o m p l e x w i t h 6 a n d 10). 

T h u s , u n a m b i g u o u s i n f o r m a t i o n is n o w m a d e a v a i l a b l e o n the l i g a n d 
d e s i g n r e q u i r e d to f o r m s tab le coppe r ( I I ) a n d copper ( I ) c o m p l e x e s 
w h o s e r e d o x p rope r t i e s m i m i c sa t i s fac tor i ly those o f c o p p e r p r o t e i n s . 

M o r e g e n e r a l l y , the a b o v e resu l t s o n the r edox p rope r t i e s 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 p r o v i d e r a t iona l e l e -
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ments in understanding the control of redox potentials in natural 
multielectron metalloorganic redox mediators. 

Until now wide efforts had been directed to the control of redox 
potentials of models. Convincing evidence exists that such control 
may indeed be achieved efficiently through appropriate substitutions 
in the ligand(s) and/or coordination changes on the metal ion. Typi
cally, the redox potential of a given couple in such systems may be 
shifted by an interval as large as 1 V (54). However, in many circum
stances the shift of the redox potentials through such means is rather 
questionable in living systems. 

The results presented in this chapter provide reasonable clues to 
the possibility of achieving the control of redox potentials mainly 
through the conformation of the ligand surrounding the redox active 
metal, in addition to the effects on the potentials of the chemical com
position of the ligand. 
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6 
The Synthesis, Electrochemistry, and 
Reactivity of Binuclear Copper(I) 
Complexes as Mimics of Protein Active 
Sites 

R O B E R T R. G A G N É , R O B E R T P. K R E H , 1 and J O H N D O D G E 

California Institute of Technology, Division of Chemistry and Chemical 
Engineering, Pasadena, C A 91125 

Several binuclear cuprous complexes were synthe
sized as potential models for binuclear copper protein 
sites. Appropriate modifications of the polydentate 
ligand systems resulted in a wide range of reduction po
tentials. In this manner, utilizing only nitrogen and oxy
gen ligands, high reduction potentials comparable to 
those of the protein binuclear sites were achieved. The 
new binuclear copper(I) complexes appear to be only 
tricoordinated in solution but in some instances demon
strate significant copper(I)-copper(I) interactions in the 
solid state. The CO and O2 reactivities of these com
pounds also were explored. 

A n u n d e r s t a n d i n g o f the in te rac t ions b e t w e e n d i o x y g e n a n d t rans i 
t i o n m e t a l sites i n p ro t e in s is v a l u a b l e f r o m a p e d a g o g i c a l 

s t a n d p o i n t as w e l l as for p o s s i b l e p r a c t i c a l a p p l i c a t i o n s to e l e c t r o n 
transfer ca ta lys is [e .g. , the 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 i n f u e l c e l l s 
( I ) ] . F o r c o p p e r p ro te ins , a b i n u c l e a r a c t i v e si te is u t i l i z e d for a d i r e c t 
i n t e r a c t i o n w i t h m o l e c u l a r o x y g e n . T h e s e p ro te ins i n c l u d e 
h e m o c y a n i n , w h i c h is r e s p o n s i b l e for r e v e r s i b l e o x y g e n a t i o n i n the 
b l u e b l o o d o f v a r i o u s m o l l u s k s a n d a r th ropods (2); t y ros inase , w h i c h 
ca t a lyzes the o x i d a t i o n o f substrates b y d i o x y g e n i n a v a r i e t y o f or
g a n i s m s (3,4); a n d laccase , w h i c h ca ta lyzes the 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 a n d is f o u n d i n A s i a n l a c q u e r trees a n d w h i t e rot f u n g i (5, 6 ) . 

1 Current address: University of Georgia, Department of Chemistry, Athens, GA 
30602 

0065-2393/82/0201-0139$06.00/0 
© 1982 Amer ican C h e m i c a l Society 
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140 BIOLOGICAL REDOX COMPONENTS 

S e v e r a l i n t e r e s t i n g features i n these c o p p e r p ro t e in s w e r e n o t e d 
a n d i n v e s t i g a t e d : 

1. A l t h o u g h the exac t n u m b e r a n d g e o m e t r y o f the l i g a n d s 
b o u n d to the c o p p e r centers is u n k n o w n , n i t r o g e n o u s 
l i g a n d s ( h i s t i d i n e , i n p a r t i c u l a r ) w e r e i m p l i c a t e d (7). A 
p e r o x i d e m o i e t y b r i d g i n g the t w o c u p r i c ions i n 
o x y h e m o c y a n i n a n d o x y t y r o s i n a s e was p o p u l a r i z e d (8-

2. I n the o x i d i z e d forms, a l l t h ree b i n u c l e a r c u p r i c 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 (12, 13). 

3. T h e ty ros inase a n d l accase b i n u c l e a r sites e x h i b i t t w o -
e l e c t r o n r e d u c t i o n s at p o t e n t i a l s that are ra ther h i g h 
( ^ 0 . 3 6 V vs . N H E ) for the p r o p o s e d a l l n i t r o g e n - o x y g e n 
c o p p e r c o o r d i n a t i o n (13-16). 

T h e s e p roper t i e s a n d the d i o x y g e n b i n d i n g o f these c o p p e r sites 
h a v e b e e n add re s sed b y d i r e c t s t u d y o f the p ro t e in s a n d i nves t i ga t i ons 
o f a p p r o p r i a t e m o d e l c o m p o u n d s . S o m e success w a s a t t a i n e d i n 
m i m i c k i n g the b i n u c l e a r c o p p e r a c t i v e sites i n te rms o f l i g a n d e n v i 
r o n m e n t s , r e d o x p rope r t i e s , m a g n e t i c in te rac t ions , a n d d i o x y g e n b i n d 
i n g ( J 7 - 2 8 ) . T o h e l p e l u c i d a t e the r e l a t i o n s h i p s b e t w e e n l i g a n d e n v i 
ronmen t s , r edox po t en t i a l s , a n d d i o x y g e n r e a c t i v i t y w e i n v e s t i g a t e d 
the c h e m i s t r y o f a series o f b i n u c l e a r copper ( I ) c o m p l e x e s . T o c l e a r l y 
de f ine a n d prese rve the c o o r d i n a t i o n sphere a r o u n d e a c h c o p p e r , 
p o l y d e n t a t e l i g a n d s w e r e e m p l o y e d (29-32). W e a p p r o x i m a t e d the 
p r o p o s e d p r o t e i n l i g a n d e n v i r o n m e n t as c l o s e l y as p o s s i b l e , a n d thus , 
o n l y n i t r o g e n a n d o x y g e n donors w e r e u s e d . 

T h e first series o f b i n u c l e a r c o p p e r c o m p o u n d s to b e d i s c u s s e d 
w e r e g e n e r a t e d b y mod i f i c a t i ons o n the m a c r o c y c l i c l i g a n d s y s t e m i n 
C o m p o u n d 1. 

11). 

1 
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6. GAGNÉ ET AL. Binuclear Copper(I) Complexes 141 

T h e s e c o n d s y s t e m e m p l o y s the p o t e n t i a l l y b i n u c l e a t i n g l i g a n d 
Ν , Ν , Ν ' , Ν ' - t e t r a k i s ( 2 - p y r i d y l m e t h y l ) e t h y l e n d i a m i n e ( T P E N ) . 

T h r o u g h v a r i a t i o n o f the p o l y d e n t a t e l i g a n d s , u n u s u a l copper ( I ) coor 
d i n a t i o n e n v i r o n m e n t s w e r e f o u n d , a n d a w i d e r ange o f r e d u c t i o n 
p o t e n t i a l s w e r e r e a l i z e d . 

Binuclear Systems Derived from 
2-Hydroxy-5-Methylisophthalaldehyde 

O u r i n i t i a l w o r k o n b i n u c l e a r sys tems f o c u s e d o n C o m p o u n d 1, 
s y n t h e s i z e d p r e v i o u s l y (31-33). T h i s b i n u c l e a r c o m p l e x e x h i b i t s a 
t w o - s t e p r e d u c t i o n at - 0 . 5 2 a n d - 0 . 9 1 V v s . N H E . T h e s e v e r y n e g a 
t i v e po t en t i a l s i n d i c a t e the d e s t a b i l i z a t i o n o f copper ( I ) r e l a t i v e to c o p -
per ( I I ) , w h i c h mos t l i k e l y resu l t s f r o m the s q u a r e - p l a n a r a r r a n g e m e n t 
o f " h a r d " o x y g e n a n d n i t r o g e n l i g a n d s . [ S t r u c t u r a l a n d e l e c t r o n i c fac
tors i n f l u e n c i n g c o p p e r r e d u c t i o n po t en t i a l s w e r e d o c u m e n t e d (34).] 

T o s t a b i l i z e copper ( I ) a n d t h e r e b y raise the r e d u c t i o n po t en t i a l s 
t o w a r d the h i g h v a l u e s f o u n d for ty ros inase a n d l accase , b i n u c l e a t i n g 
l i g a n d s that c o n t a i n s o m e w h a t "sof te r" a r o m a t i c n i t r o g e n l i g a n d s i n a 
m o r e flexible f r a m e w o r k (to a l l o w a t e t r ahed ra l g e o m e t r y a r o u n d e a c h 
coppe r ) w e r e d e s i g n e d . T h i s a p p r o a c h l e d to the synthes i s o f C o m 
p l e x e s 2-4, s h o w n i n S c h e m e I a l o n g w i t h v i s i b l e abso rp t i on a n d 
m a g n e t i c da ta (35). [ D u r i n g the c o u r s e o f th is w o r k , c o m p l e x e s s i m i l a r 
to 3 a n d 4 w e r e r e p o r t e d b y others (36)]. I n a l l th ree coppe r ( I I ) c o m 
p l e x e s , b o t h c o p p e r a toms are p r e s u m a b l y b o u n d to an a r o m a t i c n i t r o 
gen . T h i s b o n d i n g was d e m o n s t r a t e d b y a n x-ray s t r uc tu r a l d e t e r m i n a 
t ion o f C o m p o u n d 4 (37). (See T a b l e I for c o m p o u n d n u m b e r s a n d 
s t ructures . ) E a c h coppe r ( I I ) is a c t u a l l y p e n t a c o o r d i n a t e d ; one c o p p e r 
a t o m is b o u n d to the o x y g e n o f a w a t e r m o l e c u l e a n d the o ther c o p p e r 
is b o u n d to the o x y g e n o f the h y d r o x y b r i d g e o f a n adjacent m o l e c u l e . 

T h e e l e c t r o c h e m i s t r y o f these n o n m a c r o c y c l i c c o m p l e x e s , 2-4, is 
i r r e v e r s i b l e as s h o w n i n F i g u r e 1 for C o m p o u n d 2, i n d i m e t h y l f o r -
m a m i d e ( D M F ) . T h i s i r r e v e r s i b i l i t y m a y b e a r e su l t o f the r e l a t i v e l y 
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142 BIOLOGICAL REDOX COMPONENTS 

R λ (€) M e f f / C u 

Scheme I. Preparation of binuclear copper(II) -copper(II) complexes 
(34). Spectra were recorded in methanol solution at 25°C. Magnetic 
susceptibilities are given in B.M., measured at 25°C, and corrected 

for diamagnetism, but not for TIP. 

l a b i l e h y d r o x y b r i d g e , w h i c h is a p o o r l i g a n d for copper ( I ) . T h e i n t ro 
d u c t i o n o f p y r a z o l e d i d p r o d u c e r e v e r s i b l e e l e c t r o c h e m i c a l b e h a v i o r , 
a l so s h o w n i n F i g u r e 1. S i m i l a r resu l t s w e r e o b s e r v e d for C o m p o u n d 
3 , b u t C o m p o u n d 4 gave i r r e v e r s i b l e e l e c t r o c h e m i s t r y e v e n w i t h 
a d d e d p y r a z o l e . 

C o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s ( C P E ) at - 0 . 3 5 a n d - 0 . 7 0 V o f 
C o m p o u n d 2 , p l u s an e q u i v a l e n t a m o u n t o f p y r a z o l e , i n d i c a t e d that 
e a c h w a v e co r r e sponds to a o n e - e l e c t r o n process . N o a t t empt was 
m a d e to i so la te a m i x e d - v a l e n t s p e c i e s ; b u t the b i n u c l e a r c u p r o u s 
c o m p l e x , C o m p o u n d 5, w a s s y n t h e s i z e d b y C P E at - 0 . 7 0 V (n = 2.0) 
o f a n a c e t o n i t r i l e so lu t i on c o n t a i n i n g C o m p o u n d 2 a n d a n e q u i v a l e n t 
a m o u n t o f p y r a z o l e (35). 

C o m p o u n d 5 a l so w a s s y n t h e s i z e d d i r e c t l y f rom c u p r o u s s t a r t ing 
ma te r i a l s . S i m i l a r reac t ions w i t h 2 - a m i n o m e t h y l p y r i d i n e or 2-
( 2 ' - a m i n o e t h y l ) p y r i d i n e as s idea rms a n d w i t h p y r a z o l e a n d 3,5-
d i m e t h y l p y r a z o l e as b r i d g i n g l i g a n d s gave C o m p l e x e s 6 - 8 . (see T a b l e 
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144 BIOLOGICAL REDOX COMPONENTS 

VOLTS (nhe) 

Figure 1. Cyclic voltammograms of DMF solutions of Compound 2 ( ), 
and Compound 2 containing one equivalent of pyrazole (—). Both voltam
mograms were observed with a platinum electrode, using 0.1 M TBAP as the 
electrolyte at a scan rate of 200 mV/s. (Reproduced from Ref. 35. Copyright 

1979, American Chemical Society.) 

I a n d S c h e m e II.) T h e c o o r d i n a t i o n e n v i r o n m e n t a r o u n d e a c h c o p -
p e r i l ) o f these c o m p l e x e s was e x p e c t e d to b e a t e t r a h e d r a l a r range
m e n t o f one o x y g e n a n d th ree n i t r o g e n l i g a n d s . A c r y s t a l l o g r a p h i c 
ana lys i s o f C o m p o u n d 7 , d i d not y i e l d t he e x p e c t e d s t ruc tu re , h o w 
ever . 

Crystallographic Analysis of Compound 7 

T h e a c t u a l s t ruc tu re o f 7 is d e p i c t e d i n F i g u r e 2 a l o n g w i t h p e r t i 
nen t b o n d d i s tances (35). T h e p y r i d i n e n i t r o g e n a toms are not c o o r d i 
n a t e d a n d e a c h c o p p e r is b o u n d to th ree l i g a n d a toms i n w h a t is a l m o s t 
a T - g e o m e t r y , w i t h the la rges t ang les b e i n g b e t w e e n the i m i n e a n d 
p y r a z o l a t e n i t r ogens . T h e c o p p e r - n i t r o g e n b o n d s are shor ter t h a n 
m o s t d i s tances that w e r e r e p o r t e d for copper ( I ) c o m p l e x e s w i t h n i t r o 
g e n l i g a n d s (22 , 23, 40-43). T h e average l eng ths are 1.88 À for the 
c o p p e r - p y r a z o l e n i t r o g e n b o n d s a n d 1.90 Â for the c o p p e r - i m i n e n i 
t r o g e n b o n d s . T h e c o p p e r - o x y g e n d i s tances are s u b s t a n t i a l l y l onge r , 
a v e r a g i n g 2 .09 A . T h e s e b o n d l eng ths , a l o n g w i t h the v e r y l a rge 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

06



6. GAGNÉ E T A L . Binuclear Copper(I) Complexes 145 

Figure 2. Molecular structure of Compound 7, including labels for 
noncarbon atoms and selected bond lengths (35). Bond angles: Nl-
Cul-N3,167.6°; Ol-Cul-Nl, 91.7°; 01-Cul-N3, 97.Γ ; N2-Cu2-N4, 

170.7°; 01-Cu2-N2, 91.5°; and 01-Cu2-N4, 96.8°. 

N - C u - N b o n d ang les (ca. 170°) m a y sugges t s o m e d e g r e e o f d i c o o r d i -
n a t e d charac te r , w h i c h m a y b e e s p e c i a l l y f avorab le for copper ( I ) i n 
teract ions w i t h these n i t r o g e n o u s l i g a n d s . 

T h e i n t r a m o l e c u l a r c o p p e r - c o p p e r d i s t ance , 3 .304 A , is l o n g 
e n o u g h to m a k e a n y d i r e c t i n t e r a c t i o n u n l i k e l y . H o w e v e r , a n in te r -
m o l e c u l a r i n t e r a c t i o n a p p a r e n t l y does o c c u r b e t w e e n c o p p e r a toms . 
T h e m o l e c u l e s l i n e u p i n a n i n f i n i t e ar ray s u c h that r e l a t i v e l y c l o s e 
con tac t (2.968 À) exists b e t w e e n c o p p e r a toms o f adjacent m o l e c u l e s 
( F i g u r e 3) . T h e o v e r l a p p i n g l i g a n d a toms o f n e i g h b o r i n g m o l e c u l e s 
a l so c o m e c l o s e to one another . T h e m e a n p l a n e c o n t a i n i n g the 
p h e n o x i d e o x y g e n , the i m i n e n i t r o g e n , a n d the th ree ca rbons c o n -
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146 BIOLOGICAL REDOX COMPONENTS 

Figure 3. Crystal packing of Compound 7, showing a section of an 
infinite stack of molecules that forms in the solid state. The three 
molecules are corresponding ones from three different unit cells, 
translated along the b axis (which lies in the vertical direction in the 
orientation of this figure). All copper atoms lie in the same plane, 
parallel to the page. The pyrazolate groups are directed out of the 
page, toward the reader. The shortest copper-copper distance, 2.97 Â, 
occurs between atoms in neighboring molecules, connected by dashed 
lines in the figure. The closest intermolecular Cu-H contacts also 

are shown ( 35). 

n e c t i n g these a toms is s i tua ted at a n average d i s t ance o f 3 .20 Â a w a y 
f rom the c o r r e s p o n d i n g p l a n e d i r e c t l y b e l o w i n the n e i g h b o r i n g m o l e 
c u l e . T h i s d i s t ance is s o m e w h a t shorter t h a n the separa t ion u s u a l l y 
o b s e r v e d b e t w e e n s t a c k e d 7 r - d e l o c a l i z e d m o l e c u l e s (44-46). 

T h u s , a n i n t e r m o l e c u l a r c o p p e r - c o p p e r b o n d and /or a n in te rac 
t i on b e t w e e n the d e l o c a l i z e d 7r-systems o f adjacent m o l e c u l e s appears 
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6. GAGNÉ ET AL. Binuclear Copper(I) Complexes 147 

to b e f avo red i n the s o l i d state. C o p p e r ( I ) - c o p p e r ( I ) in te rac t ions w i t h 
m e t a l separat ions as short as 2 .45 A are k n o w n , b u t a l l p r e v i o u s l y 
c h a r a c t e r i z e d spec i e s w i t h p r o p o s e d c o p p e r ( I ) - c o p p e r ( I ) in te rac t ions 
h a v e at leas t one b r i d g i n g l i g a n d b e t w e e n the t w o i n t e r a c t i n g c o p p e r 
a toms (47-49). T h e s t ructures o f the a n a l o g o u s spec ie s , 5 - 8 , are p r o b 
a b l y s i m i l a r to th is s t ruc ture f o u n d for C o m p o u n d 7 . 

Synthesis and Solution Structures of Compounds 9-19 

T h e s t ruc ture o f C o m p o u n d 7 sugges t ed the synthes is o f a series o f 
c o m p o u n d s that h a d n o donor a toms on the s i dea rms (R) , that is , C o m 
p l e x e s 9 - 1 9 , T a b l e I . T h e s e c o m p o u n d s w e r e s y n t h e s i z e d a n a l o g o u s l y 
to the synthes is o f C o m p o u n d s 5 - 8 ( S c h e m e II ) . A l l c u p r o u s c o m 
p o u n d s w e r e f u l l y c h a r a c t e r i z e d b y e l e m e n t a l ana lys i s , I R a n d N M R 
s p e c t r o s c o p y , a n d mass s p e c t r o s c o p y o n s e l e c t e d c o m p o u n d s (35). 
T h e s e c o m p o u n d s a lso p r o v e d to b e c r y s t a l l i n e so l id s , s tab le i n the 
absence o f d i o x y g e n . B e c a u s e the p o l y d e n t a t e l i g a n d sys tems e m 
p l o y e d p r o v i d e o n l y t r i c o o r d i n a t i o n for e a c h c o p p e r , these c o m p o u n d s 
are p r e s u m e d to b e t r i c o o r d i n a t e d i n s o l u t i o n . 

A l l c o m p o u n d s that h a v e n o n b u l k y s idea rms are b r o w n i n the 
s o l i d state, this c o l o r b e i n g d u e , i n part , to a 6 0 0 - n m b a n d o b s e r v e d i n 
the s o l i d state n u j o l m u l l s p e c t r u m ( C u r v e A i n F i g u r e 4) . T h i s b a n d is 
not p resen t i n the s p e c t r u m o f the c o m p l e x w i t h t-butyl s i dea rms , 
C o m p o u n d 15 , w h i c h is r e d i n the s o l i d state as w e l l as i n s o l u t i o n 
( C u r v e C , i n F i g u r e 4) . T h i s 6 0 0 - n m abso rp t ion a l so is absent i n the 
spec t r a o f C o m p o u n d s 14 a n d 16. T h e 6 0 0 - n m b a n d m a y b e a t t r i b u t e d 
to a n 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 that m a y b e i n h i b i t e d b y the p resence 
o f l a rge £ - b u t y l s i d e a r m s . T h i s i n t e r a c t i o n appears to b e o n l y a s o l i d 
state p h e n o m e n o n , b e c a u s e the 6 0 0 - n m b a n d was not f o u n d i n s o l u t i o n 
spec t r a (e.g. , C u r v e B , F i g u r e 4), e v e n i n v e r y c o n c e n t r a t e d so lu t ions . 

T h e s o l u t i o n s t ruc ture o f C o m p o u n d 7 appears to b e s i m i l a r to that 
f o u n d i n the s o l i d state w i t h the absence o f the i n t e r m o l e c u l a r 
c o p p e r - c o p p e r i n t e r a c t i o n . T h e p y r i d i n e n i t rogens d o not a p p e a r to b e 
b o u n d i n b e n z e n e s o l u t i o n , b e c a u s e the N M R s i g n a l for the p r o t o n o n 
the c a r b o n adjacent to the p y r i d i n e n i t r o g e n o f C o m p o u n d 7 o c c u r s at 
the s ame p o s i t i o n , w i t h i n e x p e r i m e n t a l error , as the c o r r e s p o n d i n g 
p r o t o n f rom 2 - ( 2 ' - a m i n o e t h y l ) p y r i d i n e ( i .e . , 8.44 ± 0.02 p p m δ f r o m 
T M S ) . I n fact, a l l c o m p o u n d s that c o n t a i n p y r i d i n e o n the s i d e a r m s 
e x h i b i t t h i s r e sonance at the s ame p o s i t i o n , w i t h i n e x p e r i m e n t a l e r ror 
( i .e . , 8.42 ± 0.04 p p m δ f rom T M S ) . T h e resonance o f th is p r o t o n w o u l d 
b e e x p e c t e d to shif t d o w n f i e l d o n b i n d i n g to a copper ( I ) i o n . (We o b 
s e r v e d th is effect for the l i g a n d i V , ] V , i V ' , ] V ' - t e t r a k i s ( 2 - p y r i d y l m e t h y l ) -
e t h y l e n e d i a m i n e ( T P E N ) , w h e r e b i n d i n g o f copper ( I ) to the p y r i d i n e 
n i t rogens causes a d o w n f i e l d shif t o f 0.13 p p m for the r i n g p r o t o n 
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148 BIOLOGICAL REDOX COMPONENTS 

I ι ι I ι I 
4 0 0 5 0 0 6 0 0 7 0 0 

WAVELENGTH (nm) 

Figure 4. Electronic absorption spectra. Key: A, Compound 11 in the 
solid state; B , Compound 11 in a hexane solution; and C , Compound 15 
in the solid state. (Reproduced from Ref. 35. Copyright 1979 American 

Chemical Society.) 

neares t n i t r o g e n (50) . D o w n f i e l d shifts o f 0 . 4 - 0 . 7 p p m w e r e o b s e r v e d 
for the p r o t o n i n the 2 - p o s i t i o n o f a n i m i d a z o l e r i n g o n b i n d i n g 
copper ( I ) (51) . F u r t h e r m o r e , sha rp resonances w e r e o b s e r v e d for the 
p y r a z o l e p ro tons o f these c o m p o u n d s (e.g. , a d o u b l e t at 7 .87 p p m a n d 
a t r i p l e t at 6 .43 p p m for C o m p o u n d 14). T h i s o b s e r v a t i o n i n d i c a t e s 
that there is no e q u i l i b r i u m b e t w e e n b o u n d a n d u n b o u n d p y r a z o l e ; 
h e n c e , the p y r a z o l a t e b r i d g e m u s t b e t o t a l l y b o u n d to the copper ( I ) 
ions or t o t a l l y d i s s o c i a t e d i n b e n z e n e so lu t ions ( u n l i k e l y , at best) . 

Electrochemical Analysis for the Series 5-19 
A l l b i n u c l e a r copper ( I ) c o m p o u n d s p r e s e n t e d i n T a b l e I e x h i b i t e d 

c y c l i c v o l t a m m e t r y s i m i l a r to the s o l i d l i n e i n F i g u r e 1, b u t a w i d e 
r ange o f r e d u c t i o n po t en t i a l s w e r e o b s e r v e d (35). S e v e r a l t r ends c a n 
b e o b s e r v e d f r o m T a b l e I . I n the f o l l o w i n g d i s c u s s i o n , the f o r m a l p o 
ten t i a l s for the s e c o n d r e d u c t i o n , ( £ £ ) , E q u a t i o n 1, w i l l b e u s e d s ince 
these processes w e r e m o r e r e v e r s i b l e a n d s l i g h t l y m o r e s y s t e m a t i c 
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6. GAGNÉ E T A L . Binuclear Copper(I) Complexes 149 

C u ( I I ) C u ( I ) L + + e~ â C u ( I ) C u ( I ) L (1) 

t han the E{potentials. T h e g e n e r a l t rends , h o w e v e r , are the s ame w i t h 
b o t h processes . 

T h e first p o i n t o f in te res t is the effect o f p o s s i b l e b i n d i n g sites ( i .e . , 
p y r i d i n e ) i n the s i d e a r m s . T h e f o l l o w i n g series o f p o t e n t i a l s (E{) was 
o b s e r v e d : C o m p o u n d 1 1 , ( - 0 . 0 7 8 V ) « C o m p o u n d 9 , ( - 0 . 0 8 1 V ) > 
C o m p o u n d 7, ( - 0 . 3 4 4 V ) > C o m p o u n d 5, ( - 0 . 4 5 2 V ) . T h i s finding 
i n d i c a t e s that the c o m p l e x e s c o n t a i n i n g the p y r i d i n e r i n g s p r o v i d e a 
m o r e f avo rab le e n v i r o n m e n t for coppe r ( I I ) r e l a t i v e to copper ( I ) w h e n 
c o m p a r e d to t h e i r b e n z e n e r i n g ana logues . B e c a u s e the p y r i d i n e n i t 
rogens d o not a p p e a r to b e b o u n d to the copper ( I ) ions ( i n s o l u t i o n or i n 
the s o l i d state), the effect o f these p y r i d i n e r i n g s m u s t b e l a r g e l y o n the 
o x i d i z e d copper ( I I ) si tes. H e n c e , the p y r i d i n e s a p p a r e n t l y b i n d to the 
c o p p e r ions o n o x i d a t i o n , C o m p o u n d 2 0 , a n d d i ssoc ia te f r o m copper ( I ) 
on r e d u c t i o n , C o m p o u n d 7 , ( S c h e m e I I I ) . I n the s i m i l a r c u p r i c c o m 
p l e x , 4 , the i m i d a z o l e n i t rogens w e r e s h o w n to b e c o o r d i n a t e d i n the 
s o l i d state x-ray s t ruc tu re (37) . M o s t l i k e l y , s i d e a r m p y r i d i n e n i t rogens 
w o u l d a l so c o o r d i n a t e to coppe r ( I I ) . T h e d e p e n d e n c e o f the c y c l i c 
v o l t a m m o g r a m o n scan rate (as a r e su l t o f the process i n S c h e m e I I I ) 
was not i n v e s t i g a t e d . C o m p o u n d s 5 - 1 9 a lso i n d i c a t e that the m e t h y l -
p y r i d i n e s i d e a r m p r o v i d e s a be t t e r e n v i r o n m e n t for coppe r ( I I ) t h a n 
does the e t h y l p y r i d i n e s i d e a r m . T h i s c o n d i t i o n m a y b e a r e su l t o f the 
g e o m e t r y o f the s i d e a r m s a n d t h e i r r e l a t i v e a b i l i t y to b i n d to the c o p -
per ( I I ) centers . 

T h e i n t r o d u c t i o n o f m e t h y l subs t i tuen t s o n the p y r a z o l a t e b r i d g e s 
causes a n inc rease i n the r e d u c t i o n p o t e n t i a l (Ε{) as f o l l o w s : C o m 
p o u n d 6, ( - 0 . 3 7 4 V ) > C o m p o u n d 5, ( - 0 . 4 5 2 V ) a n d C o m p o u n d 10, 
(+0 .005 V ) > C o m p o u n d 9, ( - 0 . 0 8 1 V ) . A n i n d u c t i v e effect o f the 
m e t h y l g r o u p s w o u l d s t a b i l i z e coppe r ( I I ) r e l a t i v e to copper ( I ) , b u t the 
reverse t r e n d is a c t u a l l y o b s e r v e d . T h e s te r ic b u l k o f the m e t h y l g r o u p s 

Scheme III. 
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150 BIOLOGICAL REDOX COMPONENTS 

m a y b e r e s p o n s i b l e for the r e l a t i v e d e s t a b i l i z a t i o n o f coppe r ( I I ) . T h e s e 
m e t h y l g roups m a y i n h i b i t the b i n d i n g o f b o t h p y r i d i n e ( f rom the 
s idea rms) a n d d i m e t h y l f o r m a m i d e (solvent) to the o x i d i z e d coppe r ( I I ) 
ions b y p a r t i a l l y b l o c k i n g the fou r th , s q u a r e - p l a n a r b i n d i n g site 
a r o u n d e a c h coppe r ( I I ) . F u r t h e r m o r e , s h i e l d i n g the c o p p e r centers 
f r o m the s o l v e n t m o l e c u l e s w i t h h y d r o p h o b i c g roups ( such as these 
m e t h y l s ) m a y not a l l o w the p o l a r D M F m o l e c u l e s to e f f i c i en t ly so lva te 
the c h a r g e d coppe r ( I I ) s p e c i e s . R e l a t i v e s t a b i l i z a t i o n o f copper ( I ) a lso 
resu l t s f r om m o r e b u l k y s idea rms , as r e f l ec t ed i n the f o l l o w i n g series 
(Ef

2): C o m p o u n d 15 , (+0 .053 V ) > C o m p o u n d 14, (+0 .001 V ) > C o m 
p o u n d 13, ( - 0 . 0 7 6 V ) . 

F i n a l l y , a n e l e c t r o n i c effect o n E{ is o b s e r v e d i n the series o f 
c o m p o u n d s that h a v e p h e n y l r ings b o n d e d d i r e c t l y to the i m i n e n i t r o 
gens : C o m p o u n d 19, (+0 .008 V ) > C o m p o u n d 17, ( - 0 . 0 3 2 V ) > C o m 
p o u n d 18, ( - 0 . 0 4 8 V ) . H e r e , the e l e c t r o n - w i t h d r a w i n g c a r b o n y l sub
s t i t uen t resu l t s i n r e l a t i v e copper ( I ) s t a b i l i z a t i o n , w h i l e the e l e c t r o n -
d o n a t i n g d i m e t h y l a m i n e s u b s t i t u e n t resu l t s i n r e l a t i v e C u ( I I ) s t a b i l i z a 
t i o n . S i m i l a r effects o f r e m o t e subs t i tuen t s w e r e r e p o r t e d r e c e n t l y for a 
series o f m o n o n u c l e a r coppe r ( I I ) c o m p l e x e s (24) . 

T h e o x i d a t i o n / r e d u c t i o n o f these c o m p o u n d s i n t w o o n e - e l e c t r o n 
s teps was the e x p e c t e d b e h a v i o r for t w o i n t e r a c t i n g m e t a l centers (31, 
32) . T h i s s e q u e n t i a l b e h a v i o r was o b s e r v e d for the series o f b i n u c l e a r 
c o m p l e x e s , 2 1 , r e c e n t l y i n v e s t i g a t e d (52) . S t e p w i s e ox ida t ion / r e 
d u c t i o n was a l so f o u n d for m a n y r u t h e n i u m ( I I ) d i m e r s , i n w h i c h 
c lo se r p r o x i m i t y a n d greater in te rac t ions b e t w e e n the r u t h e n i u m c e n 
ters corre la tes w i t h a greater separa t ion o f the t w o r e d o x processes ( and 
l a rge r c o m p r o p o r t i o n a t i o n constants) ( 5 3 - 5 6 ) . [ A r e v e r s i b l e t w o -
e l e c t r o n r e d u c t i o n was o b s e r v e d for w e l l - s e p a r a t e d c u p r i c ions (27) , 

21 
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6. GAGNÉ ET AL. Binuclear Copper(I) Complexes 151 

a n d a c u r i o u s e x c e p t i o n to the s t e p w i s e e l e c t r o c h e m i s t r y e x h i b i t e d b y 
s t r o n g l y i n t e r a c t i n g me ta l s is r e p o r t e d for a series o f b i n u c l e a r 
t r i ke tona to coppe r ( I I ) c o m p l e x e s (25).] 

Binuclear Systems Derived from 
Ν, Ν,Ν',Ν '-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) 

T h e appa ren t p re fe rence o f c u p r o u s ions for l o w e r c o o r d i n a t i o n 
n u m b e r s ( i .e . , t w o , th ree , a n d four) (35,47-49,57) s u g g e s t e d the pos s i 
b i l i t y o f the hexaden ta te l i g a n d , T P E N , p e r f o r m i n g as a b r i d g i n g l i g a n d 
b e t w e e n t w o copper ( I ) ions . I n d e e d , a b i n u c l e a r c u p r o u s c o m p l e x , 22, 
e m p l o y i n g the T P E N l i g a n d was s y n t h e s i z e d as s h o w n i n S c h e m e I V 
(50). T h e s t ruc tu re o f C o m p o u n d 22, w a s s o m e w h a t s u r p r i s i n g a n d is 
s h o w n i n F i g u r e 5 a l o n g w i t h p e r t i n e n t b o n d l e n g t h s a n d ang le s . 
R a t h e r t h a n the e x p e c t e d t r i c o o r d i n a t i o n or t e t r a c o o r d i n a t i o n ( i n 
c l u d i n g B F 4 as a l i g a n d ) , e a c h c o p p e r appea r s to b i n d o n l y t w o n i t r o 
gen l i g a n d s at c l o s e d is tances ( ~ 1 . 9 Â ) , w i t h a t h i r d , w e a k C u - N i n 
t e rac t ion (2.30 Â ) . F u r t h e r m o r e , the t w o s t rong ly b o u n d n i t r o g e n 
l i g a n d s , o n a g i v e n c o p p e r , o r i g ina t e f r o m p y r i d i n e r i n g s on o p p o s i t e 
e n d s o f the e t h y l e n e d i a m i n e b r i d g e . A p p a r e n t l y , the m o l e c u l e adopts 
th i s c o n f o r m a t i o n to m a x i m i z e the c o p p e r - c o p p e r i n t e r a c t i o n (2.78 A ) . 
T h e s t ruc tures p r e s e n t e d h e r e i n for C o m p o u n d s 7 ( F i g u r e 2) a n d 22 
( F i g u r e 5) i n d i c a t e a p re fe rence o f copper ( I ) for a s o m e w h a t l i n e a r 
a r r a n g e m e n t o f t w o n i t r o g e n l i g a n d s . [ C o o r d i n a t i o n o f th i s t y p e w a s 
o b s e r v e d i n o ther b i n u c l e a r a n d m o n o n u c l e a r copper ( I ) c o m p l e x e s 
( 5 8 - 6 0 ) . ] H o w e v e r , i n b o t h o f the p resen t cases the t h i r d l i g a n d ( i .e . , 
p h e n o l a t e o x y g e n or te r t ia ry n i t rogen ) is ra ther " h a r d " a n d h e n c e u n 
f avo rab le for copper ( I ) . T h e r e f o r e , the o b s e r v e d c o o r d i n a t i o n o f these 
c o m p o u n d s m a y l a r g e l y ref lect p re fe rence for r e l a t i v e l y " sof t " l i g a n d s . 
B o t h sys tems (7 a n d 22) a p p a r e n t l y foster a d i r e c t c o p p e r - c o p p e r i n 
t e rac t ion . [ T h e r e is a t h e o r e t i c a l bas is for a n a t t rac t ion b e t w e e n cop -
per(I ) ions (49)]. 

C o m p o u n d 22, u n d e r g o e s a n ex t ens ive l i g a n d r e a r r a n g e m e n t i n 
the p resence o f c a r b o n m o n o x i d e to f o r m the d i c a r b o n y l , 23 ( S c h e m e 
I V ) (50). T h e c r y s t a l s t ruc ture o f th is c o m p l e x r e v e a l e d a pseudo te t -
r a h e d r a l g e o m e t r y as s h o w n i n F i g u r e 6 . E a c h c o p p e r is b o u n d to th ree 
n i t r o g e n l i g a n d s , w i t h t w o short C u - N dis tances o f ca . 2 .04 A ( b e t w e e n 
c o p p e r a n d the p y r i d i n e n i t rogens ) a n d one l o n g C u - N d i s t ance o f ca . 
2 .17 A ( b e t w e e n c o p p e r a n d the te r t ia ry a m i n e n i t rogen ) . A l t h o u g h the 
shorter C u - N b o n d l eng ths are w i t h i n the range e x p e c t e d for C u ( I ) - N 
b o n d s (29, 30, 47-49, 61-63), the C u ( I ) - N ( ter t iary a m i n e ) d i s t ance is 
l o n g , p o s s i b l y i n d i c a t i n g a l o w e r aff ini ty b e t w e e n the c u p r o u s i o n a n d 
the " h a r d " t e r t i a ry a m i n e l i g a n d . T h e C u - C b o n d l eng th s average 1.80 
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152 BIOLOGICAL REDOX COMPONENTS 

1) Cu(CH 3 CN) 4 BF 4 , 
CH3CN 

2) C H 3 O H 

Cu 2 (TPEN ) (C0 ) 2 (BF 4 ) 2 ( 2 3 ) C u ^ C T P E N K B F ^ ( 2 2 ) 

Scheme IV. 

A , a n d the C - O b o n d l eng ths average 1.11 A w i t h a C u - C - O a n g l e o f 
1 7 6 ° . T h e s e v a l u e s are i n a g r e e m e n t w i t h o ther p r e v i o u s l y r e p o r t e d 
t e t r a c o o r d i n a t e d a n d p e n t a c o o r d i n a t e d copper ( I ) c a r b o n y l s (30 , 
61-63). 

Carbon Monoxide and Dioxygen Reactivity 

I n the T P E N s y s t e m ( i .e . , 22 a n d 23) the c o o r d i n a t i o n e n v i r o n 
m e n t a b o u t c o p p e r d e p e n d s o n the p r e sence or absence o f a p o t e n t i a l 
f o u r t h l i g a n d ( C O ) . I n contras t , the series o f C o m p l e x e s 5-19 s h o w e d 
no t e n d e n c y to b i n d C O or p y r i d i n e as a fou r th l i g a n d . T h e reason for 
th is d i f fe rence is not c l e a r b e c a u s e m o l e c u l a r m o d e l s i n d i c a t e that 
C o m p l e x e s 5-19 c o u l d fo rm a p s e u d o t e t r a h e d r a l g e o m e t r y w i t h the 
a d d i t i o n o f a fou r th l i g a n d . T h u s , a s p e c i a l s t a b i l i z a t i o n a p p a r e n t l y 
o c c u r s for c u p r o u s ions i n C o m p l e x e s 5-19 s u c h that s ign i f i can t e n e r g y 
w o u l d b e los t o n the b i n d i n g o f a f ou r th l i g a n d (60). 

T o fur ther c o m p l i c a t e the issue o f c a r b o n m o n o x i d e b i n d i n g to 
coppe r ( I ) , a n u m b e r o f squa re -p l ana r , t e t r a c o o r d i n a t e d c u p r o u s c o m 
p l exes ( i n c l u d i n g 1, η = 1) b i n d C O as a fifth l i g a n d (29-32, 40, 41). 
O b v i o u s l y , the g e o m e t r y a n d t y p e o f l i g a n d s a r o u n d copper ( I ) affect its 
C O b i n d i n g a b i l i t y . T h e na tu re o f these effects, h o w e v e r , r e m a i n s 
o b s c u r e . [ H e m o c y a n i n w i l l b i n d o n l y one m o l e c u l e o f c a r b o n 
m o n o x i d e p e r b i n u c l e a r copper ( I ) si te (64).] 
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6. GAGNÉ ET AL. Binuclear Copper(I) Complexes 153 

A l l copper ( I ) c o m p o u n d s r e p o r t e d h e r e i n react i r r e v e r s i b l y w i t h 
o x y g e n i n s o l u t i o n . C o m p o u n d s 5 - 1 9 f o r m g reen or b r o w n p r o d u c t s 
f r o m o range d i m e t h y l f o r m a m i d e so lu t ions a n d C o m p o u n d s 21 a n d 2 2 
f o r m b l u e p r o d u c t s f r om co lo r l e s s a c e t o n i t r i l e so lu t ions . T h e s e a u t o x i -
d a t i o n p r o d u c t s w e r e not c h a r a c t e r i z e d . 

Conclusions 

S t a b l e b i n u c l e a r coppe r ( I ) c o m p l e x e s w e r e p r e p a r e d u s i n g 
p o l y d e n t a t e l i g a n d s . T h e s t ruc tures r e p o r t e d i n th i s chap te r , as w e l l as 

Figure 5. ORTEP diagrams of Cu2(TPENf+, including selected bond 
lengths and angles ( 50). The dication lies on a twofold rotation axis, 
perpendicular to the page in the upper drawing and parallel to the 

page in the lower one. 
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154 BIOLOGICAL REDOX COMPONENTS 

Figure 6. ORTEP drawing of Cu2(TPENXCO)2

2\ including selected 
bond lengths (50). This molecule, unlike Cu2(TPENf+, does not have 

exact twofold symmetry. 

the s t ructures f o u n d for o ther c u p r o u s sys tems , demons t ra t e that a 
w i d e 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 c a n b e a s s u m e d b y c o p -
per(I) ions . T h e n u m b e r a n d g e o m e t r y o f l i g a n d s p r e f e r r e d b y c o p -
per(I) are e x t r e m e l y sens i t ive to m i n o r l i g a n d a l tera t ions . T h e s e effects 
are not w e l l - d e f i n e d , a n d , as a resu l t , one m u s t exe rc i se c a u t i o n i n the 
p r e d i c t i o n o f s t ructures for c u p r o u s c o m p o u n d s . 

W i t h the e x c e p t i o n o f C o m p o u n d s 2 - 4 , 2 1 , a n d 2 2 , w h i c h e x h i b 
i t e d i r r e v e r s i b l e e l e c t r o c h e m i s t r y , a l l b i n u c l e a r c o p p e r c o m p l e x e s ex
h i b i t t w o o n e - e l e c t r o n r e d o x processes at w e l l - d e f i n e d po t en t i a l s . B y 
s y s t e m a t i c va r ia t ions i n the b r i d g i n g (X) a n d s i d e a r m (R) g roups (see 
S c h e m e I I a n d T a b l e I) , a w i d e r ange o f r e d u c t i o n po ten t i a l s was 
r e a l i z e d . T h e h ighes t r e d u c t i o n po t en t i a l s w e r e o b s e r v e d for C o m p l e x 
16 i n w h i c h the copper ( I ) centers are s o m e w h a t b u r i e d w i t h i n the 
h y d r o p h o b i c subs t i tuen t s . W i t h r e d u c t i o n p o t e n t i a l s o f E{ = 0 .239 V 
a n d Ε 2 = 0 .080 V , the l i g a n d e n v i r o n m e n t i n 16 represen ts a subs t an 
t i a l i m p r o v e m e n t o v e r the o r i g i n a l squa re -p l ana r , t e t r a c o o r d i n a t e d 
l i g a n d e n v i r o n m e n t p r o v i d e d b y the s t a r t ing m o d e l , 1. T h e s e h i g h 
r e d u c t i o n po t en t i a l s are c o m p a r a b l e to those o f the p r o t e i n b i n u c l e a r 
sites (13-16); h e n c e , i t is not u n r e a s o n a b l e to b e l i e v e that these p r o 
te ins u t i l i z e o n l y n i t r o g e n and /o r o x y g e n l i g a n d s a r o u n d e a c h c o p p e r . 
I n d e e d , d i c o o r d i n a t i o n and /o r t r i c o o r d i n a t i o n c a n b e c o n s i d e r e d for the 
r e d u c e d fo rm o f the b i n u c l e a r sites. 
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6. GAGNÉ ET AL. Binuclear Copper(I) Complexes 155 

The oxidation/reduction of these compounds in well-separated, 
one-electron steps contrasts with the available electrochemical infor
mation on the binuclear protein sites. Although no electrochemical 
data are available on hemocyanin, for both laccase and tyrosinase a 
single potential was associated with the overall two-electron reduction 
of the binuclear copper site (13-16, 65). Correlations between the 
electrochemical behavior of the new compounds, 5-19, and of the 
proteins are difficult because of solvation effects, the different tech
niques employed, possible nonequilibria in the proteins, and other 
reasons (65, 66). Nonetheless, the electrochemical behavior reported 
for the new compounds suggests that the two-electron reduction of 
laccase and of tyrosinase is not a simple reduction of two equivalent 
copper ions that strongly interact through bridging ligands. 
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The Heterogeneous Electron Transfer 
Properties of Cytochrome c 

EDMOND F. BOWDEN and FRED M. HAWKRIDGE1 

Virginia Commonwealth University, Department of Chemistry, Richmond, VA 
23284 

HENRY N. BLOUNT 1 

The University of Delaware, Brown Chemical Laboratory, Newark, DE 19711 

The heterogeneous electron transfer kinetic parameters 
of horse heart cytochrome c were evaluated at pH 7.0. 
This work was directed at determining the formal heter
ogeneous electron transfer rate constant, k°'s,h, and the 
electrochemical transfer coefficient, α, at three different 
electrode surfaces: gold electrodes electrochemically 
modified with methyl viologen, fluoride-doped tin oxide 
optically transparent electrodes (OTEs), and tin-doped 
indium oxide OTEs. Kinetic parameters of cytochrome c 
were evaluated using samples in the totally oxidized and 
in the totally reduced forms. Kinetic effects arising from 
anion binding to cytochrome c were investigated for 
phosphate and chloride in the presence of the nonbind
ing buffer tris(hydroxymethyl)aminomethane-cacodylic 
acid. The kinetic parameters were determined using 
single potential step chronoabsorptometry at all three 
electrodes and using rotating disk electrode voltam
metry at the methyl viologen-modified gold disk elec
trode. 

he t h e r m o d y n a m i c s a n d h o m o g e n e o u s e l e c t r o n transfer k i n e t i c s o f 
c y t o c h r o m e c h a v e b e e n s t u d i e d w i d e l y . E x t e n s i v e r e v i e w s p o i n t 

to the i m p o r t a n t ques t ions that r e m a i n u n a n s w e r e d r e g a r d i n g the 
m e c h a n i s m b y w h i c h e l ec t rons are t r ans fe r red b y c y t o c h r o m e c i n 
m a m m a l i a n o x i d a t i v e p h o s p h o r y l a t i o n (1-8). T h e p a t h w a y b y w h i c h 

1 To whom correspondence should be addressed. 

0065-2393/82/0201-0159$06.00/0 
© 1982 Amer ican C h e m i c a l Society 
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160 BIOLOGICAL REDOX COMPONENTS 

c y t o c h r o m e c accep t s e l ec t rons f r o m the m e m b r a n e - b o u n d c y t o 
c h r o m e c r educ ta se a n d t h e n donates e l ec t rons to c y t o c h r o m e c o x i 
dase , w h i c h is a l so m e m b r a n e b o u n d , r e m a i n s a p o i n t o f c o n t r o v e r s y . 
T h e i m p e t u s for s t u d y i n g the ene rge t i c s a n d k i n e t i c s o f c y t o c h r o m e c 
e l e c t r o n transfer reac t ions d e r i v e s p r i m a r i l y f rom the n e e d to u n d e r 
s t and its e l e c t r o n transfer m e c h a n i s m ( s ) . 

S e v e r a l m e c h a n i s m s h a v e b e e n p r o p o s e d for c y t o c h r o m e c (J - 6 ) , 
a l l b a s e d o n i n d i r e c t e v i d e n c e . A n e l e c t r o n h o p p i n g m e c h a n i s m i n 
v o l v i n g t ransfer o f a n e l e c t r o n t h r o u g h v a r i o u s a r o m a t i c r e s idues i n the 
p r o t e i n f a b r i c w a s p r o p o s e d (8). T h i s m e c h a n i s m was s u b s e q u e n t l y 
a b a n d o n e d b e c a u s e o f its f a i l u r e to a c c o u n t for s t r uc tu r a l a n d e n e r g e t i c 
factors (9). T h e i n v o l v e m e n t o f a π - c a t i o n r a d i c a l i n t e r m e d i a t e w a s a l so 
p r o p o s e d (JO) b u t was not e x p e r i m e n t a l l y v e r i f i e d . E l e c t r o n t u n n e l i n g 
was p r o p o s e d for b a c t e r i a l c y t o c h r o m e s (11-13) a n d this m e c h a n i s m 
a l so m a y b e o p e r a t i v e i n m a m m a l i a n c y t o c h r o m e c. P o s s i b l y the m o s t 
w i d e l y a c c e p t e d m e c h a n i s m i n v o l v e s e l e c t r o n transfer at the e x p o s e d 
h e m e e d g e o f c y t o c h r o m e c. T h i s m e c h a n i s m w a s first p r o p o s e d for 
c y t o c h r o m e c (14) a n d la te r for Rhodospirillum ruhrum c 2 , a pho to -
s y n t h e t i c c y t o c h r o m e (15). T h i s ou te r sphe re m e c h a n i s m w a s w i d e l y 
t e s t ed t h r o u g h use o f e x o g e n o u s a n d e n d o g e n o u s r e d o x reactants a n d 
t h r o u g h s tud ies o f the effect o f s o l u t i o n p H , i o n i c s t reng th , a n d i o n 
b i n d i n g o n the h o m o g e n e o u s e l e c t r o n transfer k i n e t i c s o f c y t o c h r o m e 
c (J -5). S u p p o r t for the h e m e e d g e e l e c t r o n transfer m e c h a n i s m was 
p r o v i d e d b y these h o m o g e n e o u s e l e c t r o n transfer k i n e t i c s tud ies . 
H o w e v e r , the m e c h a n i s m b y w h i c h c y t o c h r o m e c transfers e l ec t rons 
p h y s i o l o g i c a l l y r e m a i n s to b e e s t a b l i s h e d . 

T h e d e t e r m i n a t i o n o f the e l e c t r o n transfer k i n e t i c s o f d i r e c t 
h e t e r o g e n e o u s reac t ions b e t w e e n c y t o c h r o m e c a n d s e v e r a l e l e c t r o d e 
surfaces was the o b j e c t i v e o f this s t udy . T h e reason for p u r s u i n g th i s 
t y p e o f m e a s u r e m e n t is that c y t o c h r o m e c p h y s i o l o g i c a l l y transfers 
e l ec t rons at m e m b r a n e in te r faces . H e n c e , the p h y s i o l o g i c a l e l e c t r o n 
t ransfer reac t ions o f c y t o c h r o m e c m a y p r o c e e d v i a a m e c h a n i s m that 
con ta ins e l e m e n t s o f a s i m p l e he t e rogeneous e l e c t r o n t ransfer m o d e l . 
T h i s w o r k u t i l i z e d n e w l y d e v e l o p e d a n d p r e v i o u s l y r e p o r t e d e l e c 
t r o d e surfaces a n d m e t h o d s . 

Direct Electrochemical Studies of Cytochrome c 

C y t o c h r o m e c has b e e n s t u d i e d e x t e n s i v e l y b y d i r e c t v o l t a m m e t -
r i c m e t h o d s at m e r c u r y e l e c t r o d e s (16-24). S t r o n g a d s o r p t i o n o f c y t o 
c h r o m e c o n the m e r c u r y surface d u r i n g r e d u c t i o n has b e e n w i d e l y 
r e p o r t e d . T h e a d s o r b e d l a y e r has b e e n v a r i o u s l y d e s c r i b e d as f o r m i n g 
a flattened l a y e r w i t h pores w h e r e r e d u c t i o n o f d i f f u s i n g c y t o c h r o m e c 
o c c u r s (23) , a l a y e r at w h i c h a se l f - exchange r e a c t i o n occu r s b e t w e e n 
the r e d u c e d a d s o r b e d m o l e c u l e s a n d those d i f f u s i n g to the e l e c t r o d e 
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7. BOWDEN E T A L . Electron Transfer Properties of Cytochrome c 161 

(20) , a n d a n a d s o r b e d l a y e r o f d e n a t u r e d c y t o c h r o m e c (24) . C y t o 
c h r o m e c a l so has b e e n s t u d i e d d i r e c t l y at g o l d m i n i g r i d e l e c t r o d e s 
(25) , i n d i u m o x i d e t h i n - f i l m o p t i c a l l y t r ansparen t e l e c t r o d e s ( O T E s ) 
(26) , a n d at g o l d e l e c t rodes on w h i c h 4 , 4 ' - b i p y r i d i n e w a s a d s o r b e d 
(27-31). 

F o r m a l h e t e r o g e n e o u s e l e c t r o n transfer k i n e t i c pa rame te r s for the 
r e d u c t i o n o f c y t o c h r o m e c h a v e b e e n r e p o r t e d ( 2 4 , 2 9 ) . B a s e d o n l i n e a r 
s w e e p v o l t a m m e t r y , the f o r m a l h e t e r o g e n e o u s e l e c t r o n transfer rate 
cons tan t (ks',h) a n d the e l e c t r o c h e m i c a l t ransfer coef f ic ien t (a) for the 
r e d u c t i o n o f c y t o c h r o m e c at m e r c u r y w e r e e s t i m a t e d to b e 1 0 " 1 0 to 
1 0 ~ n cm/s a n d c a . 0 .5 , r e s p e c t i v e l y (24) . A t the 4 , 4 ' - b i p y r i d i n e / g o l d 
e l e c t r o d e sur face , ac i m p e d a n c e m e t h o d s w e r e u s e d to d e t e r m i n e that 
kt!h = 1-6 x 1 0 ~ 2 cm/s , w i t h n o v a l u e g i v e n for the e l e c t r o c h e m i c a l 
t ransfer coef f ic ien t (29) . 

Single Potential Step Chronoabsorptometry 

T h e m e t h o d o f s i n g l e p o t e n t i a l s tep c h r o n o a b s o r p t o m e t r y ( S P S / 
C A ) p e r m i t s the d e t e r m i n a t i o n o f h e t e r o g e n e o u s e l e c t r o n t ransfer 
k i n e t i c pa rame te r s for o p t i c a l l y a b s o r b i n g spec i e s at O T E s (32). T h e 
p r i n c i p a l advantages o f this m e t h o d c o m p a r e d to o ther e l e c t r o c h e m i 
c a l m e t h o d s are its i n s e n s i t i v i t y to cha rge c o n s u m i n g processes o ther 
t h a n the r eac t i on o f in te res t a n d the m o l e c u l a r s p e c i f i c i t y p r o v i d e d b y 
the o p t i c a l p r o b e . A d e t a i l e d d e s c r i p t i o n o f the a p p l i c a t i o n o f th i s 
m e t h o d , w h i c h neg l ec t s the effect o f the b a c k r e a c t i o n ( i r r e v e r s i b l e 
processes) , as w e l l as the m o r e r ecen t a p p l i c a t i o n o f a m e t h o d that 
accoun t s for the b a c k r eac t i on ( q u a s i - r e v e r s i b l e processes) was p r e 
sen ted (33). 

T h e n e e d for the S P S / C A m e t h o d d i r e c t l y f o l l o w e d the repor t s o f 
the e l e c t r o a c t i v i t y o f g o l d m i n i g r i d e l e c t r o d e s , w h i c h w e r e e l e c -
t r o c h e m i c a l l y m o d i f i e d w i t h m e t h y l v i o l o g e n , t o w a r d the d i r e c t r e d u c 
t i on a n d o x i d a t i o n o f f e r r e d o x i n (34) a n d m y o g l o b i n (35). T h e a p p l i c a 
t i o n o f the S P S / C A m e t h o d to the d e t e r m i n a t i o n o f the h e t e r o g e n e o u s 
e l e c t r o n transfer k i n e t i c pa rame te r s was r e p o r t e d for the r e d u c t i o n o f 
m y o g l o b i n (36) a n d f e r r e d o x i n (37) at th i s e l e c t r o d e sur face . R e c e n t 
w o r k e x t e n d e d the a p p l i c a t i o n o f S P S / C A to c y t o c h r o m e c, w h i c h was 
s t u d i e d at the m o d i f i e d g o l d m i n i g r i d surface a n d at fluoride-doped t i n 
o x i d e a n d t i n - d o p e d i n d i u m o x i d e O T E s (38). T h e effects o f p H a n d 
i o n i c s t r eng th o n the h e t e r o g e n e o u s r e d u c t i v e e l e c t r o n transfer p a r a m 
eters for m y o g l o b i n w e r e a l so d e s c r i b e d (38). 

I n the p resen t w o r k , S P S / C A w a s u s e d to e v a l u a t e the effects o f i o n 
b i n d i n g to c y t o c h r o m e c o n he t e rogeneous e l e c t r o n transfer k i n e t i c 
pa rame te r s at fluoride-doped t i n o x i d e O T E s . I n a d d i t i o n , i n i t i a l re
sul ts f r o m o x i d a t i v e S P S / C A m e a s u r e m e n t s for c y t o c h r o m e c w e r e 
o b t a i n e d at the m o d i f i e d g o l d m i n i g r i d surface a n d at the fluoride-
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162 BIOLOGICAL REDOX COMPONENTS 

d o p e d t i n o x i d e O T E surface . T h e s e la t ter e x p e r i m e n t s w e r e per 
f o r m e d to d i r e c t l y m e a s u r e the rate constants for the b a c k r e a c t i o n 
(ox ida t ion) to d e t e r m i n e the a g r e e m e n t o f the h e t e r o g e n e o u s e l e c t r o n 
transfer reac t ions o f c y t o c h r o m e c w i t h the s i m p l e e l e c t r o n transfer 
t heo ry u s e d i n k i n e t i c ana lyses . 

Experimental 
Apparatus. The electrochemical and optical instrumentation was de

scribed previously (36, 38). T h e spectroelectrochemical cel ls were based on a 
previously reported design and had an optical pathlength of ca. 1 m m (39). 
Rotating disk voltammetry was performed w i t h a P ine Instrument Company 
M o d e l A S R - 2 rotator. 

The gold m i n i g r i d electrodes were 200 lines per inch, 67% transmittant 
and 0.1 m i l nominal thickness from B u c k b e e - M e a r s C o . The gold rotating 
disk electrode, 7.5-mm diameter, was M o d e l D D 2 0 from Pine Instrument C o . 
Tin-doped i nd ium oxide and fluoride-doped t in oxide O T E s were ca. 20 
ohms/square from P P G Industries. 

Chemicals . M e t h y l viologen (Κ & Κ Laboratories) was recrystal l ized 
three times from methanol. The phosphate buffer was prepared from Ti t r i so l , 
p H 7.0 (E . Merck Co.) or from reagent grade salts. Cacody l ic ac id and tris(hy-
droxymethyl)aminomethane, reagent grade, were obtained from Sigma 
C h e m i c a l C o . The cacodyl ic ac id was recrystal l ized twice from ethanol. A l l 
other chemicals were reagent grade and solutions were prepared in glass 
d i s t i l l ed water. 

Procedures. G o l d electrodes were modif ied wi th methyl viologen as 
previously described (36). The semiconductor O T E s were cleaned by succes
s ively subjecting them to 5 m in of ultrasonic agitation in Alconox, ethanol, and 
d is t i l l ed water (twice) after a previously described procedure (40). 

S P S / C A measurements were performed at 550 or 416 n m and Ac values of 
21,100 (41) and 57,000 M ^ c m " 1 (42), respectively, were used i n a l l calcula
tions. The diffusion coefficient used in a l l calculations was 1.1 x 10" 6 cm 2/s 
(28). This value was experimentally verified (±0 .05 ) from the slope of plots of 
absorbance vs. t 1 / 2 for 22 diffusion-controlled S P S / C A transients at a fluoride-
doped t in oxide O T E . The formal potential for cytochrome c, w h i c h was used 
to determine overpotential step values, was 0.260 V vs. N H E (2). A l l experi
ments were performed at 25 ± 2°C. 

Reduction and Oxidation of Cytochrome c at Various Electrodes 

T a b l e I s u m m a r i z e s the e l e c t r o n transfer k i n e t i c b e h a v i o r seen for 
horse hear t c y t o c h r o m e c at the th ree e l e c t r o d e surfaces r e p o r t e d here . 
T h e s e resu l t s w e r e a l l o b t a i n e d w i t h so lu t ions c o n t a i n i n g 0.07 M 
p h o s p h a t e a n d 0 .10 M N a C l , p H 7.0, u s i n g S P S / C A . R a t e pa ramete r s 
o b t a i n e d f rom p r e v i o u s r e d u c t i v e p o t e n t i a l s t ep e x p e r i m e n t s w i t h fer
r i c y t o c h r o m e c ( E n t r i e s 1, 4 , 6) (38) are s h o w n i n F i g u r e 1. E n t r y 3 
da ta for c y t o c h r o m e c r e d u c t i o n at t i n o x i d e r e s u l t e d f r o m a r e c e n t 
e x p e r i m e n t that d u p l i c a t e d the c o n d i t i o n s for E n t r y 4 . T h e cons i s t ency 
b e t w e e n these t w o sets o f da ta o b t a i n e d 6 m o n t h s apar t is q u i t e g o o d . 
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164 BIOLOGICAL REDOX COMPONENTS 

0.2 0.3 0.4 0.5 0.6 

-η,ν 

Figure 1. Log k f , h vs. overpotential for the reduction of cytochrome c. 
Letter designation/electrode material/entry correspondence in Table I: 

a, tin-doped indium oxide, Entry 6; b, fluoride-doped tin oxide, 
Entry 5; c, methyl viologen-modified minigrid, Entry 1. 

A s n o t e d p r e v i o u s l y (38), the sameness o f the r e d u c t i v e k i n e t i c 
resul t s , w h e n c o m p a r e d to those o b t a i n e d at the 4 , 4 ' - b i p y r i d i n e / g o l d 
e l e c t r o d e s (29) a n d at m e r c u r y (24), a rgues for the ex i s t ence o f a s i m i l a r 
p r o t e i n / s o l u t i o n in te r face at these th ree e l e c t r o d e surfaces . T h e pres 
ence o f a n a d s o r b e d p r o t e i n l a y e r at these e l e c t r o d e surfaces is a l i k e l y 
p o s s i b i l i t y b u t is not e s t a b l i s h e d . 

O x i d a t i v e S P S / C A e x p e r i m e n t s w e r e p e r f o r m e d i n a m a n n e r i d e n 
t i c a l to the r e d u c t i v e e x p e r i m e n t s e x c e p t that p o s i t i v e o v e r p o t e n t i a l 
s teps w e r e a p p l i e d to the e l ec t rodes e x p o s e d to b u l k f e r r o c y t o c h r o m e 
c. A n a l y s i s o f a b s o r b a n c e - t i m e data y i e l d s , for e a c h o v e r p o t e n t i a l , a 
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7. BOWDEN E T A L . Electron Transfer Properties of Cytochrome c 165 

kbth ( a s s u m i n g that ZC/,Λ c o r r e s p o n d s to r e d u c t i o n ) . A l i n e a r p l o t o f l o g 
kb,h v s . o v e r p o t e n t i a l (η) affords kt'h f r o m the i n t e r c e p t a n d 
(1 - a) f r om the s l o p e . A c c o r d i n g to B u t l e r - V o l m e r f o r m a l i s m (43), a 
s i m p l e h e t e r o g e n e o u s e l e c t r o n transfer r e a c t i o n ( w i t h o n l y one p h y s i 
c a l p a t h w a y for b o t h o x i d a t i o n a n d r e d u c t i o n ) s h o u l d y i e l d the s a m e 
v a l u e o f k°s[h, i n d e p e n d e n t o f w h e t h e r the m e a s u r e d r e a c t i o n is a r e d u c 
t i on or a n o x i d a t i o n . F u r t h e r m o r e , the v a l u e s o f the t ransfer coef f ic ien t 
o b t a i n e d f rom the separate r e d u c t i v e a n d o x i d a t i v e e x p e r i m e n t s s h o u l d 
agree . I n the e x p e r i m e n t s o f T a b l e I , these c r i t e r i a are not m e t for 
the f l u o r i d e - d o p e d t i n o x i d e O T E ( E n t r i e s 3 a n d 4 c o m p a r e d to 5) 
or the m e t h y l v i o l o g e n - m o d i f i e d g o l d m i n i g r i d e l e c t r o d e ( c o m p a r e 
E n t r i e s 1 a n d 2). F o r the fo rmer e l e c t r o d e , the t ransfer coeff ic ients 
differ b y c a . 0 .65 , a n d the k°s[h v a l u e s di f fer b y n e a r l y a n o rde r o f m a g 
n i t u d e i n the o x i d a t i o n a n d r e d u c t i o n e x p e r i m e n t s . S i m i l a r d i spa r i t i e s 
a lso ex i s t for the lat ter e l e c t r o d e , b u t to a lesser deg ree . Reasons for th is 
d i s c r e p a n c y m a y i n v o l v e i o n b i n d i n g to c y t o c h r o m e c, a p a t h w a y d e 
p e n d e n c e o n the r eac t i on d i r e c t i o n , a n d s e m i c o n d u c t o r surface effects. 
W o r k is i n progress to d e t e r m i n e the reason(s) for these d i s c r e p a n c i e s . 

T h e h e t e r o g e n e o u s e l e c t r o n transfer k i n e t i c pa ramete r s for the 
r e d u c t i o n o f c y t o c h r o m e c w e r e a l so i n v e s t i g a t e d at a m e t h y l 
v i o l o g e n - m o d i f i e d r o t a t i n g g o l d d i s k e l e c t r o d e ( R D E ) to c o m p a r e the 
resu l t s o f th is s t eady state t e c h n i q u e w i t h the resu l t s o b t a i n e d b y the 
S P S / C A t rans ien t t e c h n i q u e . T h e g o l d R D E w a s first p o l i s h e d succes 
s i v e l y w i t h 1-, 0.3- , a n d 0.1- /xm a l u m i n a s lu r r i e s f o l l o w e d b y a n u l 
t r ason ic d i s t i l l e d w a t e r r in se . T h e g o l d R D E was t hen m o d i f i e d f o l l o w 
i n g the p r o c e d u r e d e s c r i b e d for g o l d m i n i g r i d s (36). S t a n d a r d R D E 
k i n e t i c ana lys i s (43) o f da ta o b t a i n e d for a d e o x y g e n a t e d s o l u t i o n o f 
166 μΜ c y t o c h r o m e c, 0 .07 M p h o s p h a t e buffer , a n d 0.10 M N a C l , p H 
7.0, y i e l d e d v a l u e s for l o g k°s[h o f - 5 . 2 4 ( ± 0 . 2 2 ) a n d a o f 0.21 ( ± 0 . 0 3 ) . 
T h e s e p r e l i m i n a r y resul ts demons t r a t e that R D E v o l t a m m e t r y at the 
m e t h y l v i o l o g e n - m o d i f i e d g o l d d i s k e l e c t r o d e c a n b e u t i l i z e d to m e a 
sure the he t e rogeneous e l e c t r o n transfer k i n e t i c s o f c y t o c h r o m e c. T h i s 
r e su l t is i n a g r e e m e n t w i t h the resu l t s o f the S P S / C A t rans ien t t e c h 
n i q u e (38) . 

Anion Effects on the Heterogeneous Electron Transfer Kinetics of 
Cytochrome c 

S p e c i f i c c a t i on a n d a n i o n b i n d i n g to one or b o t h r e d o x forms o f 
c y t o c h r o m e c is a w e l l - e s t a b l i s h e d p h e n o m e n o n (44, 4 5 ) . C h a n g e s i n 
h o m o g e n e o u s e l e c t r o n t ransfer rates b e t w e e n c y t o c h r o m e c a n d s o l u 
b l e r e d o x par tners a l so h a v e b e e n o b s e r v e d a n d a t t r i b u t e d to i o n b i n d 
i n g (2 , 4 6 , 4 7 ) . T h i s sec t ion d e s c r i b e s e v i d e n c e w h i c h s h o w s that 
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166 BIOLOGICAL REDOX COMPONENTS 

spec i f i c a n i o n effects, p r e s u m a b l y r e s u l t i n g f r o m b i n d i n g to cy to 
c h r o m e c, c a n i n f l u e n c e h e t e r o g e n e o u s e l e c t r o n transfer rates i n a 
m e a s u r a b l e a n d r e p r o d u c i b l e f a sh ion . 

F o r these e x p e r i m e n t s , c y t o c h r o m e c w a s d i s s o l v e d i n p H 7.0 
t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e (0.09 M ) / c a c o d y l i c a c i d (0.10 M) 
buffer (Buffer A ) o f c a l c u l a t e d i o n i c s t r eng th e q u a l to 0.08 M . T h i s 
buffer s y s t e m is c o n s i d e r e d to b e n o n b i n d i n g w i t h r e spec t to c y t o 
c h r o m e c (46, 48). E v a l u a t i o n o f r e d u c t i v e e l e c t r o n transfer k i n e t i c 
pa ramete r s w a s t h e n p e r f o r m e d at fluoride-doped t i n o x i d e 
O T E s b o t h i n the p re sence a n d absence o f a d d e d salts . F i r s t the resu l t s 
w i t h buffer a l o n e w i l l b e p r e s e n t e d i n s o m e d e t a i l f o l l o w e d b y resul ts 
o b t a i n e d i n the p re sence o f c h l o r i d e a n d p h o s p h a t e . 

F i g u r e 2 s h o w s t y p i c a l a b s o r b a n c e - t i m e t rans ients for the r e d u c 
t i o n o f c y t o c h r o m e c i n Buf fe r A for a n u m b e r o f o v e r p o t e n t i a l s teps . 

_ l I I l _ 

0 6 12 18 

T i m e (s) 

Figure 2. Typical SPS/CA absorbance-time transients for the reduc
tion of cytochrome c. Solution contained 97.6 μΜ cytochrome c, and 
Buffer A, pH 7.0 (ionic strength = 0.08 M) at a fluoride-doped tin oxide 
OTE from Table III, Entry 1. Trace I overpotential in mV/transient 
number in experimental sequence: a, —78, #10; b, —128, #6; c, —178, 
#20; d, -228, #14; e, -278, #18; f, -328, #4; g, -428, #1; h, -628, 

#5; and i, -728, #8. 
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7. BOWDEN E T A L . Electron Transfer Properties of Cytochrome c 167 

T h e r e p r o d u c i b i l i t y was v e r y g o o d a n d no m e a s u r a b l e loss i n response 
was seen d u r i n g the r a n d o m a c q u i s i t i o n o f m o r e t h a n t h i r t y S P S / C A 
t rans ien ts . T a b l e I I s h o w s the kfih v a l u e s c a l c u l a t e d for t rans ients a 
t h r o u g h g o f F i g u r e 2 . E x c e l l e n t fit to the S P S / C A theory for i r r e v e r s i b l e 
e l e c t r o n t ransfer is i n d i c a t e d b y the s m a l l s t a n d a r d d e v i a t i o n s . T h i s 
asser t ion is fur ther c o r r o b o r a t e d i n F i g u r e 3 , w h i c h presents the k i n e t i c 
w o r k i n g c u r v e a l o n g w i t h da ta f r o m t rans ients b , c , d , f, a n d g. O n l y 
these da ta are s h o w n for c l a r i t y . F o r e a c h t rans ient , e x p e r i m e n t a l nor
m a l i z e d abso rbance is p l o t t e d for f ive observa t ions (t = 6, 9, 1 2 , 1 5 , a n d 
18 s) v s . l o g [(kfthtll2)/Dm] u s i n g the average Rvalues f r o m T a b l e I I . 
I f e x p e r i m e n t fits theory , a l l five p o i n t s for e a c h t rans ien t s h o u l d f a l l o n 
the w o r k i n g c u r v e a n d th i s is i n d e e d the case. V a l u e s o b t a i n e d for t = 3 
s w e r e no t i n c l u d e d i n a n y o f the k0^ a n d a d e t e r m i n a t i o n s , b e c a u s e 
t h e i r fit to the w o r k i n g c u r v e w a s not g o o d i n some cases. T h i s d e v i a 
t i on is p r o b a b l y a r e su l t o f the grea ter r e l a t i v e er ror i n h e r e n t i n 
m e a s u r i n g the a b s o r b a n c e - t i m e response at short t imes . . 

F o r the r e d u c t i o n o f c y t o c h r o m e c at fluoride-doped t i n ox
i d e O T E s i n p H 7.0 Buf fe r A , a v e r a g i n g the resul t s i n E n t r i e s 1 a n d 2 
o f T a b l e I I I y i e l d s logk°s\ = - 4 . 7 5 a n d a = 0 .32. E n t r i e s 3 a n d 4 o f the 
same t a b l e i n d i c a t e that the effect o f 10 m M p h o s p h a t e ( [ H 2 P O 4 ] / 

[ H P O l - ] — 0.7) i n th i s s ame s y s t e m is to dec rease l o g k°8'th b y ca. 4 0.4 
a n d a b y ca . 0 .07 . I n the e l e c t r o c h e m i c a l sense, c y t o c h r o m e c r e d u c 
t i o n at t i n o x i d e is m o r e i r r e v e r s i b l e i n the p re sence o f p h o s p h a t e . 
E x p e r i m e n t a l l y , th i s fact is e v i d e n c e d b y a s ign i f i can t r e d u c t i o n i n 
the m a g n i t u d e s o f the a b s o r b a n c e - t i m e t rans ients s h o w n i n F i g u r e 
2 u p o n a d d i t i o n o f p h o s p h a t e . T h a t th is o b s e r v e d d i f fe rence is s i g n i f i 
can t is s h o w n b y the er ror l i m i t s a n d the e x p e r i m e n t a l r e p r o d u c i b i l i t y 
i n d i c a t e d i n E n t r i e s 1-4 o f T a b l e I I I . O n e e x p e r i m e n t p e r f o r m e d w i t h 
10 m M N a C l a d d e d to the Buf fe r A s h o w e d a s l i g h t d e c r e a s e i n r eve r 
s i b i l i t y as e v i d e n c e d b y a s m a l l e r t ransfer coef f ic ien t {see E n t r y 5). 
H o w e v e r , c o m p a r e d w i t h the p h o s p h a t e effect, th is r e s u l t is not s t r ik 
i n g a n d r e p e t i t i v e e x p e r i m e n t s w i l l b e necessa ry to e s t a b l i s h the v a l i d 
i t y o f th i s d i f fe rence . T h e k i n e t i c resu l t s p r e s e n t e d i n T a b l e I I I are 
g r a p h e d i n F i g u r e 4 . 

T h e resu l t s j u s t p r e s e n t e d i n d i c a t e that spec i f i c i o n b i n d i n g c a n 
s i g n i f i c a n t l y i n f l u e n c e he t e rogeneous e l e c t r o n transfer rates o f c y t o 
c h r o m e c. U s i n g v a l u e s for i o n b i n d i n g constants p r e v i o u s l y r e p o r t e d 
(44) , a 1 0 - m M c o n c e n t r a t i o n o f p h o s p h a t e or c h l o r i d e is suff ic ient to 
b i n d e s sen t i a l l y a l l o f the c y t o c h r o m e c m o l e c u l e s at 100 μΜ c o n 
cen t r a t i on . E v i d e n t l y , t w o an ions b i n d to e a c h c y t o c h r o m e c (49). T h e 
resul t s p r e s e n t e d i n T a b l e I I I a n d F i g u r e 4 s u p p o r t the v i e w that 
p h o s p h a t e a n d c h l o r i d e b i n d at d i f ferent sites o n c y t o c h r o m e c (50) a n d 
sugges t the i n v o l v e m e n t o f th is m o l e c u l a r feature i n the r e d u c t i o n o f 
th is m e t a l l o p r o t e i n at t i n o x i d e O T E s . 
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168 BIOLOGICAL REDOX COMPONENTS 

Table II. Heterogeneous Electron Transfer Rate Constants 
for the Reduction of Cytochrome c at a Fluoride-Doped 

Tin Oxide O T E 

η , mV k f ) h , cm/s" 

- 78 3 . 1 0 ( ± 0 . 2 0 ) x 1 ( T 5 

- 1 2 8 7 . 4 9 ( ± 0 . 0 7 ) x Ι Ο " 5 

- 1 7 8 1 . 5 1 ( ± 0 . 0 2 ) x 1 ( T 4 

- 2 2 8 2 . 6 8 ( ± 0 . 0 3 ) x 1 ( T 4 

- 2 7 8 4 . 5 3 ( ± 0 . 0 7 ) x Ι Ο " 4 

- 3 2 8 6 . 2 1 ( ± 0 . 0 2 ) x Ι Ο - 4 

- 4 2 8 1 . 2 8 ( ± 0 . 0 5 ) x Ι Ο - 3 

α Rate constants are mean values of five observations taken at equal increments 
over the 6- to 18-s time domain. Parentheses contain one standard deviation. 

Note: Solution conditions are given in Figure 2. 

Figure 3. Normalized absorbance vs. log [ (k f , h t 1 / 2 ) /D 1 / 2 ] working curve 
with typical data for the reduction of cytochrome c at a fluoride-
doped tin oxide OTE. Data shown correspond to appropriate transients 
in Figure 2 and were calculated using the k f h values from Table II. Key: 
Ο, η = -128 mV; Α, η = -178 mV; • , η = -228 mV; Φ, η = -328 mV; 

and Α, Ύ] = -428 mV. 
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7. BOWDEN E T A L . Electron Transfer Properties of Cytochrome c 169 

Table III. Anion Effects on the Heterogeneous Electron 
Transfer Kinetic Parameters for Cytochrome c 

Electrolyte 

Buf fe r A 
Buf fe r A 
Buf f e r A + 10 m M p h o s p h a t e 
Buf fe r A + 10 m M p h o s p h a t e 
Buf f e r A + 10 m M N a C l 

Note: SPS/CA at Sn0 2 OTEs, 96 to 98 μΜ cytochrome c, all solutions at pH 7.0, 
and all experiments are reductive. 

α Parentheses contain one standard deviation. 

Entry log k°/h, cm/s a 

1 -4.79(±0.05) a 0.30(±0.01) 
2 -4.71(±0.01) 0.34(±0.01) 
3 -5.13(±0.05) 0.24(±0.01) 
4 -5.14(±0.02) 0.26(±0.01) 
5 -4.78(±0.03) 0.28(±0.01) 

I 1 I I I I 
0 0.1 0.2 0.3 0.4 0.5 

-η,ν. 

Figure 4. Anion effect on the SPS/CA reduction kinetics of cytochrome 
c at fluoride-doped tin oxide OTEs. Key: A, Buffer A, pH 7.0 (Entry 1 of 
Table III); • , Buffer A + 10 mM NaCl (Entry 5 of Table III); O, Buffer 
A + 10 mM phosphate (Entry 3 of Table III); andV, 0.07 M phosphate, 

0.10 M NaCl, pH 7.0 (Entry 3 of Table I). 
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170 BIOLOGICAL REDOX COMPONENTS 

The results and conclusions just presented are the first reported 
evidence for specific ion effects on heterogeneous electron transfer 
kinetics for a biological redox molecule. Although the effect is thought 
to arise from binding to cytochrome c molecules, the anions may pos
sibly be exerting an important effect on the oxide semiconductor sur
face. Additional experiments, including variation of anion concentra
tion, will be required to assess these potential causes. A final point that 
requires clarification concerns the phosphate effect. At p H 7.0, both 
H 2 P O j and H P O l " are present at significant concentrations and it is not 
clear whether there is a difference in their ion binding behavior. Addi
tional experiments performed over a pH range of ca. 6-8 should 
resolve this question. 
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8 
Binding as a Prerequisite for Rapid 
Electron Transfer Reactions of 
Metalloproteins 

M. J. EDDOWES and H. A. O. HILL 

Inorganic Chemistry Laboratory, South Parks Road, Oxford, OX1 3QR, 
England 

The electrochemistry of cytochrome c at a surface
-modified gold electrode is described. Cyclic voltammetry 
and ac impedance studies show that the protein under
goes a rapid quasi-reversible electron transfer reaction, 
with k°s = 1.5 x 10-4 m/s. Rotating disk electrode studies 
show that the protein binds to the electrode prior to elec
tron transfer. The electrochemistry of cytochrome c, 
cytochrome c3, and ferredoxin at the mercury electrode, 
on which these proteins adsorb, is also discussed. A gen
eral mechanism, involving binding of the protein to the 
electrode prior to electron transfer, and hence, analo
gous to that observed in the physiological redox reac
tions of cytochrome c, is proposed to account for the 
observed electron transfer reactions of metalloproteins 
at electrodes. Such binding is, most likely, a prerequisite 
for rapid electron transfer in the reactions of metallopro
teins. 

' I *he e l e c t r o n t ransfer reac t ions o f c y t o c h r o m e c, a l o w - m o l e c u l a r 
·*• w e i g h t , s o l u b l e , h e m e p r o t e i n c o m p o n e n t o f the m i t o c h o n d r i a l res

p i r a t o r y c h a i n , w e r e the sub jec t o f in t ense b i o c h e m i c a l a n d 
p h y s i c o c h e m i c a l s tud ies to d e t e r m i n e h o w the p r o t e i n a c h i e v e s the 
o b s e r v e d ease o f e l e c t r o n transfer a n d s t i l l m a i n t a i n s the d e g r e e o f 
s p e c i f i c i t y a n d c o n t r o l necessa ry for its eff ic ient f unc t i on . K i n e t i c s t u d 
ies ( 2 - 5 ) i n d i c a t e d that c y t o c h r o m e c forms a c o m p l e x w i t h its p h y s i o 
l o g i c a l r e d o x pa r tne r s p r i o r to e l e c t r o n transfer, a n d v a r i o u s e q u i 
l i b r i u m s tud ies (6-10) c o n f i r m e d the ex i s t ence o f s u c h p r o t e i n -
p r o t e i n c o m p l e x e s . T h e l y s i n e r e s idues o f c y t o c h r o m e c w e r e s h o w n 
(11-14) b y c h e m i c a l m o d i f i c a t i o n a n d o ther s tud ies to b e i m p o r t a n t 
to i ts p h y s i o l o g i c a l r e d o x reac t ions , cons is ten t w i t h (15) t h e i r d i s t r i -

0065-2393/82/0201-0173$07.25/0 
© 1982 Amer ican C h e m i c a l Society 
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174 BIOLOGICAL REDOX COMPONENTS 

b u t i o n o n the surface o f the p r o t e i n . D e t a i l e d a n d s p e c i f i c c h e m i c a l 
m o d i f i c a t i o n s tud ie s (16-25) h a v e s i nce d e f i n e d the b i n d i n g d o m a i n 
o n c y t o c h r o m e c ( w h i c h in te rac ts w i t h i ts p h y s i o l o g i c a l r e d o x 
par tners , c y t o c h r o m e c r educ ta se , c y t o c h r o m e c p e r o x i d a s e , a n d 
c y t o c h r o m e c ox idase ) to b e a r o u n d the e x p o s e d h e m e e d g e o f 
c y t o c h r o m e c a n d h a v e c o n f i r m e d the i m p o r t a n c e o f p a r t i c u l a r l y s i n e 
r e s idues i n th i s i n t e r a c t i o n . 

T h e e l e c t r o n transfer reac t ions b e t w e e n s m a l l m o l e c u l e r e d o x re
agents a n d c y t o c h r o m e c a l so w e r e i n v e s t i g a t e d , a n d b i n d i n g b e t w e e n 
the reactants w a s o b s e r v e d . F o r e x a m p l e , the r e d o x r eac t i on b e t w e e n 
c y t o c h r o m e c a n d the f e r r o - f e r r i c y a n i d e c o u p l e w a s s t u d i e d ( 2 6 - 2 9 ) 
u s i n g a v a r i e t y o f t e c h n i q u e s , a n d a p p a r e n t l y the r e a c t i o n p r o c e e d s v i a 
a t i g h t l y b o u n d p r e c u r s o r c o m p l e x , the fo rma t ion o f w h i c h p r e c e d e s 
the e l e c t r o n transfer e v e n t i t se l f . A s i m i l a r r e a c t i o n s e q u e n c e a lso was 
i n d i c a t e d b y k i n e t i c s tud ies o f the r e d o x reac t ions b e t w e e n s m a l l m o l 
e c u l e r edox c o u p l e s a n d other m e t a l l o p r o t e i n s , s u c h as the b l u e -
c o p p e r p ro t e in s (30-33) a n d the f e r r edox ins (34-36). 

C o n v e n t i o n a l e l e c t r o c h e m i c a l m e t h o d s , w h i c h m i g h t b e c o n s i d 
e r e d the m o s t d i r e c t m e t h o d for the s t u d y o f r e d o x spec i e s , e n j o y e d 
l i m i t e d success i n t h e i r a p p l i c a t i o n to the s t u d y o f c y t o c h r o m e c a n d 
r e d o x p ro t e in s i n g e n e r a l . D e s p i t e the f a c i l i t y o f e l e c t r o n t ransfer b e 
t w e e n p h y s i o l o g i c a l r edox-pa r tne r p ro t e ins , r a p i d , d i r e c t e l e c t r o n 
transfer b e t w e e n e l e c t r o d e s a n d m e t a l l o p r o t e i n s i n s o l u t i o n has b e e n 
r e p o r t e d i n f r e q u e n t l y . W h e r e r a p i d e l e c t r o n transfer is o b s e r v e d , a d 
sorp t ion o f the p r o t e i n at the e l e c t r o d e surface g e n e r a l l y o c c u r s . F o r 
e x a m p l e , at the m e r c u r y e l e c t r o d e , w e l l - d e f i n e d p o l a r o g r a p h i c w a v e s 
w e r e o b s e r v e d for the r e d u c t i o n o f c y t o c h r o m e c (37-41), c y t o c h r o m e 
c 3 (42, 43), a n d f e r r e d o x i n (44); i n e a c h case a d s o r p t i o n effects w e r e 
c l e a r l y i n d i c a t e d . I n a d d i t i o n , w e s h o w e d (45-49) that at a surface-
m o d i f i e d g o l d e l e c t r o d e , w h e r e w e l l - d e f i n e d v o l t a m m e t r i c w a v e s are 
o b s e r v e d for the r e d u c t i o n a n d o x i d a t i o n o f c y t o c h r o m e c, r a p i d a n d 
r e v e r s i b l e b i n d i n g o f the p r o t e i n to the e l e c t r o d e o c c u r s . T h i s b i n d i n g , 
w h i c h is a n essen t ia l fea ture o f the e l e c t r o d e process , m a y b e ana lo 
gous to that b e t w e e n c y t o c h r o m e c a n d its p h y s i o l o g i c a l r e d o x par tners 
i n that i t appea r s to d e p e n d (47) o n the l y s i n e r e s idues o f the cy to 
c h r o m e c. 

A s u i t a b l e b i n d i n g i n f r a c t i o n w o u l d a p p a r e n t l y b e o f major i m 
po r t ance i n d e t e r m i n i n g the k i n e t i c s o f the e l e c t r o n transfer reac t ions 
o f r e d o x p r o t e i n s . W e he re r e v i e w the c u r r e n t e x p e r i m e n t a l da ta c o n 
c e r n i n g the e l e c t r o n t ransfer reac t ions o f m e t a l l o p r o t e i n s at e l e c t r o d e s . 
I n p a r t i c u l a r w e c o n s i d e r the i n v o l v e m e n t o f a d s o r p t i o n p h e n o m e n a i n 
s u c h reac t ions a n d t h e i r r e l a t i o n to c o m p l e x fo rma t ion i n o ther r e d o x 
reac t ions o f m e t a l l o p r o t e i n s . T h e r o l e o f b i n d i n g i n the rate e n h a n c e 
m e n t , c o n t r o l , a n d s p e c i f i c i t y o f p h y s i o l o g i c a l r e d o x processes is a lso 
d i s c u s s e d . 
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8. EDDOWES AND H I L L Reactions of Metalloproteins 175 

Electrochemistry of Cytochrome c at a Modified Gold Electrode 

C y c l i c V o l t a m m e t r y S t u d i e s . A s r e p o r t e d (46), the d c a n d ac c y c 
l i c v o l t a m m o g r a m s o f horse hear t c y t o c h r o m e c at a g o l d e l e c t r o d e i n 
the p re sence o f 4 , 4 ' - b i p y r i d y l ( F i g u r e 1) s h o w that 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 process occu r s , w i t h a h a l f - w a v e p o t e n t i a l , £1/2 = + 0 . 2 5 V 
vs . ( N H E ) . T h i s e l e c t r o d e process is a t t r i b u t a b l e to the r e d u c t i o n a n d 
o x i d a t i o n o f the h e m e i r o n p r o s t h e t i c g r o u p o f c y t o c h r o m e c. C o n 
t r o l l e d p o t e n t i a l r e d u c t i o n a n d o x i d a t i o n , 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 , c o n f i r m that the e l e c t r o d e process i n v o l v e s the h e m e i r o n . 
T h e e l e c t r o d e r e a c t i o n also was s t u d i e d (47 , 48) u s i n g ac i m p e d a n c e 
m e t h o d s , w h i c h s h o w that the r e a c t i o n is r a p i d w i t h a s t a n d a r d 
e l e c t r o c h e m i c a l rate constant , kg = 1.5 x 10~ 4 m/s . 

C 

- 0 . 2 V - E - > W.2V 

Figure 1. Cyclic voltammetry (dc) of horse heart ferricytochrome c 
(5 mglmL) in 0.1 M NaCl04, 0.02 M phosphate buffer at pH 7, in 
the presence of ΙΟ^2 M 4,4'-bipyr idyl in the potential range +0.20 to 
-0.20 V vs. SCE, at sweep rates a, 20 mVIs; b, 50 mV/s; and c, 100 mV/s. 
The scan rate independent separation of forward and reverse peaks of 
60 mV indicates that, under these conditions, the reaction is essentially 
diffusion controlled. (Reproduced from Ref. 46. Copyright 1979, Amer

ican Chemical Society.) 
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176 BIOLOGICAL REDOX COMPONENTS 

T h e r eac t i on is not o b s e r v e d i n the absence o f 4 , 4 , - b i p y r i d y l , b u t 
4 , 4 ' - b i p y r i d y l a l o n e is not e l e c t r o a c t i v e i n the p o t e n t i a l r e g i o n w h e r e 
the v o l t a m m e t r i c w a v e s are o b s e r v e d a n d therefore c a n n o t b e a c t i n g 
as a c o n v e n t i o n a l m e d i a t o r i n th i s case . F u r t h e r m o r e , the o b s e r v e d 
v o l t a m m e t r y i n d i c a t e s that the e l e c t r o d e process i n v o l v e s d i r e c t e l e c 
t ron t ransfer b e t w e e n the e l e c t r o d e a n d the p r o t e i n . 4 , 4 ' - B i p y r i d y l 
appea r s to act (46, 4 8 , 50) b y a d s o r b i n g o n the g o l d e l e c t r o d e sur face , 
t h e r e b y m o d i f y i n g i t , a n d thus p r o v i d i n g a s u i t a b l e in te r face at w h i c h 
the e l e c t r o d e r e a c t i o n o f c y t o c h r o m e c m a y t ake p l a c e . 

T h e e l e c t r o d e r e a c t i o n o f c y t o c h r o m e c at the m o d i f i e d g o l d e l e c 
t r o d e s h o w s (47) s o m e s t r i k i n g s i m i l a r i t i e s to i ts r e a c t i o n w i t h i ts 
p h y s i o l o g i c a l r e d o x par tne rs i n that b o t h are i n h i b i t e d (11-14) b y 
c h e m i c a l m o d i f i c a t i o n o f the c y t o c h r o m e c l y s i n e r e s idues a n d b y the 
c o m p e t i t i v e i n h i b i t o r , p o l y - L - l y s i n e ( F i g u r e 2) . T h e s e resu l t s sugges t 
the p o s s i b i l i t y o f a n i n t e r a c t i o n b e t w e e n c y t o c h r o m e c a n d the m o d i 
fied e l e c t r o d e surface a n a l o g o u s to that b e t w e e n c y t o c h r o m e c a n d 
its p h y s i o l o g i c a l par tners a n d , as s u c h , i n d i c a t e that c y t o c h r o m e c 
b i n d s to the e l e c t r o d e p r i o r to e l e c t r o n transfer . 

R o t a t i n g D i s k E l e c t r o d e S t u d i e s . B y a n a l o g y w i t h i ts p h y s i o l o g 
i c a l r e d o x reac t ions , a s i m i l a r m u l t i - s t e p m e c h a n i s m is o u t l i n e d i n 
S c h e m e I for the e l e c t r o d e r e a c t i o n o f c y t o c h r o m e c i n w h i c h i t b i n d s 
to the e l e c t r o d e surface before the e l e c t r o n transfer e v e n t i t s e l f o c c u r s . 
T h i s m e c h a n i s m was i n v e s t i g a t e d (49) u s i n g the r o t a t i n g d i s k t e c h 
n i q u e . 

A » A o 
kD 

t ranspor t i n s o l u t i o n 

A o A a d s 
Unties 

adso rp t ion a n d deso rp t ion o f reac tan t 

Α Γ ^ β . 
Λ ads τ—— #ads + # ΓιΜ-e 

e l e c t r o n transfer 

Bads * Bo 
*ads 

d e s o r p t i o n a n d adso rp t i on o f p r o d u c t 

kg ^ 
BQ Κ Boo 

kD 

t ranspor t i n s o l u t i o n 

Scheme I 

S c h e m e I represen t s the r eac t i on A^B + e w h e r e A is ferro
c y t o c h r o m e c, Β is f e r r i c y t o c h r o m e c , a n d TLlmo\ m ~ 2 is the n u m b e r o f 
a d s o r p t i o n sites p e r u n i t a rea o n the m o d i f i e d e l e c t r o d e . T h e v a r i o u s 
rate constants d e s c r i b e the rates o f the f o l l o w i n g processes : the rate 
cons tant kolva s - 1 is the mass t ranspor t rate cons tan t for a ro t a t i ng d i s k 
e l e c t r o d e , d e s c r i b i n g the t ranspor t o f m a t e r i a l f r om the b u l k o f the 
s o l u t i o n to the e l e c t r o d e , a n d is g i v e n b y the L e v i c h e q u a t i o n (51 ) 
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8. EDDOWES AND H I L L Reactions of Metalloproteins 111 

kD = 1.55 Dmv-mW112 = BW1'2 (1) 

w h e r e W is the ro ta t ion s p e e d i n H e r t z . T h e rate cons tant fcads d e s c r i b e s 
the rates o f a d s o r p t i o n o f b o t h the r e d u c e d a n d o x i d i z e d forms o f 
c y t o c h r o m e c a n d has the u s u a l d i m e n s i o n s o f the e l e c t r o c h e m i c a l rate 
constant . T h e rate constants fceand /c_ e are the p o t e n t i a l - d e p e n d e n t rate 
constants for the f o r w a r d a n d b a c k w a r d e l e c t r o n transfer reac t ions b e -

E ( V v s . S C E ) 

Figure 2. Cyclic voltammograms (dc) of horse heart ferricytochrome c 
(5 mglmL) in 0.1 M NaCl04, 0.02 M phosphate buffer at pH 7 in the 
presence of 1,2-bis(4-pyridyl)ethylene in the potential range +0.2 V to 
-0.2 V vs. SCE with poly-h-lysine at a, 0; b, 1; and c, 1.5 mglmL. The dc 
potential scan rate was 100 mVls. The increasing irreversibility with 
increasing poly-h-lysine concentration illustrates its inhibitory effect 
due to blockage of adsorption sites on the electrode surface. (Repro

duced from Ref. 47. Copyright 1979, American Chemical Society.) 
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178 BIOLOGICAL REDOX COMPONENTS 

t w e e n a d s o r b e d spec ie s a n d the e l e c t r o d e i n u n i t s o f r e c i p r o c a l sec
onds , a n d are g i v e n b y 

ke = k°eexV [ ^ r ( E - E ° ) ] (2a) 

for the a n o d i c process a n d 

fc_e = k°eexp [ - ( E - E ° ) ] (2b) 

for t he c a t h o d i c process , w h e r e k°e is the s t a n d a r d first-order e l e c t r o n 
transfer rate cons tant b e t w e e n a d s o r b e d s p ec i e s a n d the e l e c t r o d e at 
the s t anda rd e l e c t r o d e p o t e n t i a l o f the s y s t e m , E ° . T h e coeff ic ients a 
a n d β are the n o r m a l a n o d i c a n d c a t h o d i c cha rge transfer coef f ic ien ts . 
T h e rate cons tan t kues d e s c r i b e s the rates o f deso rp t ion o f the r e d u c e d 
a n d o x i d i z e d forms o f c y t o c h r o m e c a n d is a lso i n un i t s o f r e c i p r o c a l 
s econds . 

E q u a t i o n s that d e s c r i b e the d e p e n d e n c e o f cu r r en t o n p o t e n t i a l 
a n d ro ta t ion s p e e d for the p r o p o s e d r eac t ion s c h e m e at the ro t a t i ng 
d i s k e l e c t r o d e are d e r i v e d b y c o n s i d e r a t i o n o f the f o l l o w i n g equa t ions 
for the flux, j i n m o i s p e r square m e t e r p e r s e c o n d , o f A to Β : 

j = kD(dao — a0) ( t ransport o f reactant) \ 
= &ads(l ~ θa - 0b)a0 - TLkuesQa (net adso rp t i on o f reactant) I 
= rLke6a - YLk-e6b ( e l ec t ron transfer) > (3) 
= rLkdeseb - fcadsU - θα ~ Bb)b0 (net d e s o r p t i o n o f p r o d u c t ) I 
= kD(b0 — boo) ( t ransport o f p r o d u c t ) J 

w h e r e θα a n d Bb are the f rac t ion o f sites o c c u p i e d b y A a n d B, r e spec 
t i v e l y . E l i m i n a t i o n o f θα, Bby a n d bQhy e q u a t i n g these flux equa t ions 
g ives the g e n e r a l r e su l t : 

j~lkatekuesYL{kea«> - k-eboo) = kD~lkadskdesYL(ke + k-e) 
ads#» + k aà$boo)(ke + k-e + &des) 

W h e n the e l e c t r o d e is su f f i c i en t ly p o s i t i v e , ke w i l l b e so l a rge a n d k-e 

so c o r r e s p o n d i n g l y s m a l l that t e rms c o n t a i n i n g ke w i l l d o m i n a t e a n d 
the l i m i t i n g cu r r en t , iLy w i l l b e o b s e r v e d . T h e l i m i t i n g c u r r e n t is 
d e s c r i b e d , for o x i d a t i o n , b y E q u a t i o n 5, the a p p r o p r i a t e fo rm o f the 
K o u t e c k y - L e v i c h e q u a t i o n (52) for S c h e m e I: 

i t - = ( F A a „ ) - ί τ τ + i T - + f f - + n H (5) 
L *D Κ ads 1 ZAdes 1 XAdes J 

T h i s exp res s ion , toge the r w i t h E q u a t i o n 1, p r e d i c t s that p lo t s o f h~l 

aga ins t W ~ 1 / 2 s h o u l d b e l i n e a r w i t h a g rad ien t , r e p r e s e n t i n g the trans
por t t e r m , p r o p o r t i o n a l to the r e c i p r o c a l reactant concen t r a t i on , α » " 1 . 
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8. EDDOWES AND H I L L Reactions of Metalloproteins 179 

T h e i n t e r c e p t , / , c o r r e s p o n d i n g to the rate o f the surface s tep i n the 
e l e c t r o d e r e a c t i o n , is g i v e n , for o x i d a t i o n , b y 

ί = ( F A ) " 1 L - J — + ττγ— + 1 ( 6 ) 

I n th is exp re s s ion the te rms i n the squa re b r a c k e t r ep re sen t the rate-
l i m i t i n g processes at the e l e c t r o d e sur face . T h e first a n d s e c o n d 
t e rms d e s c r i b e the adso rp t ion a n d d e s o r p t i o n o f reac tan t a n d p r o d u c t 
r e s p e c t i v e l y , a n d the t h i r d t e r m d e s c r i b e s the c o m p e t i t i o n o f the 
reactant , A , a n d the p r o d u c t , B , for a d s o r p t i o n sites, that is , p r o d u c t 
i n h i b i t i o n . E q u a t i o n 6 p r e d i c t s that, i n the absence o f p r o d u c t i n b u l k 
s o l u t i o n (fooo = 0) , ί s h o u l d v a r y l i n e a r l y w i t h the r e c i p r o c a l o f the 
concen t r a t i on o f the reac tant ( α » " 1 ) a n d that the c o r r e s p o n d i n g p lo t s 
s h o u l d h a v e a s l o p e p r o p o r t i o n a l to fcads_1 a n d a n i n t e r c e p t p r o p o r 
t i o n a l to fcdes"1- F u r t h e r m o r e , i t p r e d i c t s that the r e a c t i o n s h o u l d b e 
i n h i b i t e d b y a d d i t i o n o f the p r o d u c t to the b u l k s o l u t i o n , s u c h that , 
for a cons tan t v a l u e o f reac tan t concen t r a t i on , aœ, I v a r i e s l i n e a r l y 
w i t h p r o d u c t c o n c e n t r a t i o n , bœ. 

A n e q u a t i o n d e s c r i b i n g the c u r r e n t - v o l t a g e c u r v e m a y b e o b 
t a i n e d f rom the g e n e r a l exp re s s ion , E q u a t i o n 4; for o x i d a t i o n i n the 
case w h e r e p r o d u c t is absent f rom the b u l k s o l u t i o n (boo = 0) i t is 
g i v e n b y 

fe)exp[-«$<E-E-)](l-i) m 

w h e r e Η is the o b s e r v e d l i m i t i n g c u r r e n t a n d i Lev (=kDax) is the 
t h e o r e t i c a l d i f i u s i o n - l i m i t e d c u r r e n t p r e d i c t e d b y the L e v i c h e q u a t i o n . 
T h e appa ren t s t a n d a r d e l e c t r o c h e m i c a l rate constant , k°8, m a y a l so b e 
d e r i v e d f rom E q u a t i o n 4 a n d is g i v e n b y 

jLo _ kadskdesTike /o\ 
8 [^des^L + fcads(#oo + fc.)](2*S + k 

des/ 
T h i s express ion s h o w s that fc£ is not o n l y a f unc t i on o f the i n d i v i d u a l 
rate constants fcads, kaes, a n d k°e b u t is a l so d e p e n d e n t u p o n concen t r a 
t i o n , s u c h that the a p p a r e n t rate cons tant w i l l d ec rea se as the c o n c e n 
t ra t ion increases . 

C u r r e n t - v o l t a g e c u r v e s for the r e d u c t i o n o f f e r r i c y t o c h r o m e c a n d 
the o x i d a t i o n o f f e r r o c y t o c h r o m e c o b t a i n e d at a r o t a t i n g g o l d d i s k 
e l e c t r o d e w i t h 4 , 4 ' - b i p y r i d y l i n s o l u t i o n ( F i g u r e 3) are c l o s e to the 
r e v e r s i b l e l i m i t , s h o w i n g that, at th is concen t r a t i on , the o v e r a l l cha rge 
transfer process at the surface is fast. V a l u e s for the h a l f - w a v e p o t e n t i a l 
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180 BIOLOGICAL REDOX COMPONENTS 

λ - Δ - Δ - Δ - Δ - Ι 
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2.0 
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1.0 
Δ 
/ 

0.0 μ—Δ—Δ - Δ - Δ - Δ - Δ - Δ ' 

1.0 

- ο — ο — ο — ο — Ο — Ο — 

/ 

-2.0Η / 

- 3 . 0 h 

- 0 . 4 - 0 . 2 0.0 

£ ( V ) 

0.2 0.4 

Figure 3. Typical current-ν oit age curves for the oxidation (A) and 
reduction (O) of cytochrome c at a rotating gold disk electrode modi
fied with 4,4'-hipyridyl. Rotation speed, W = 25 Hz. (Reproduced from 

Ref 49. Copyright 1981, American Chemical Society.) 

are i n g o o d a g r e e m e n t w i t h p r e v i o u s l y o b t a i n e d (45, 46) v a l u e s . T h e 
ro ta t ion s p e e d d e p e n d e n c e o f the l i m i t i n g cu r ren t , %L, for b o t h the 
o x i d a t i o n a n d r e d u c t i o n react ions o f c y t o c h r o m e c, does not o b e y the 
L e v i c h e q u a t i o n (51 ) i n w h i c h iL va r i e s l i n e a r l y w i t h W 1 / 2 , s h o w i n g that 
the l i m i t i n g c u r r e n t is not d e t e r m i n e d b y t ranspor t a l o n e a n d therefore , 
that there m u s t b e s o m e o ther p o t e n t i a l - i n d e p e n d e n t r a t e - l i m i t i n g s tep 
i n the o v e r a l l process . K o u t e c k y - L e v i c h p lo t s for the r e d u c t i o n o f 
f e r r i c y t o c h r o m e c ( F i g u r e 4) a n d o x i d a t i o n o f f e r r o c y t o c h r o m e c are 
l i n e a r a n d the s lopes o f these p lo t s p r o v i d e a v a l u e for the d i f fus ion 
coef f ic ien t , D = 1.1 x 1 0 - 1 0 m 2 / s , i n g o o d a g r e e m e n t w i t h p r e v i o u s l y 
d e t e r m i n e d v a l u e s (53, 54). T h e rate o f the surface s tep , r e p r e s e n t e d 
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8. EDDOWES AND H I L L Reactions of Metalloproteins 181 

b y the r e c i p r o c a l o f the i n t e r c e p t , J , o f the K o u t e e k y - L e v i c h p lo t s , 
s h o w s a d e p e n d e n c e on reac tan t c o n c e n t r a t i o n ( F i g u r e 5) as p r e d i c t e d 
for S c h e m e I b y E q u a t i o n 6 a n d a l so s h o w s the p r e d i c t e d i n h i b i t i o n b y 
a d d e d p r o d u c t ( F i g u r e s 6 a n d 7). T h e o b s e r v e d k i n e t i c s are cons i s ten t 
w i t h the p r o p o s e d r eac t i on m e c h a n i s m , a n d f rom the s lopes a n d in te r 
cep t s o f these p lo t s , v a l u e s for kaas a n d k 

des are o b t a i n e d . 
F u r t h e r s tud ies (49) u s i n g the ac r o t a t i n g r i n g - d i s k t e c h n i q u e (55) 

c o n f i r m the i n v o l v e m e n t o f the adso rp t i on s tep i n the e l e c t r o d e reac-

( W / H z ) " 1 / 2 

Figure 4. Typical Kouteeky-Levich plots, according to Equation 5, of 
the limiting current, i L , for the reduction of ferricytochrome against 
the square root of rotation speed, W 1 / 2 . Key (ferricytochrome c 
concentration): A, 26; • , 48; and O , 101 μΜ. The slope of these 
plots represent the reciprocal transport rate and the intercept repre

sents the reciprocal overall rate of the surface step. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

08



182 BIOLOGICAL REDOX COMPONENTS 

(aoo/mmol d m 3 ) 1 

20 40 

O . l O h 

Ι / μ Α " 1 
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20 

(boo/m m o l d m " 3 ) " 
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Figure 5. Variation of the intercept, I, o f the Koutecky-Levich plots 
with reactant concentration according to Equation 6 for oxidation 
(top) and reduction (bottom) of cytochrome c. From the slopes and 
intercepts of these plots values for kadsand kdes were obtained. (Repro

duced from Ref. 49. Copyright 1981, American Chemical Society.) 

t i o n a n d p r o v i d e a v a l u e for the adso rp t ion e q u i l i b r i u m constant , 
Κ = 2 x 1 0 4 M - 1 , w h i c h is i n g o o d a g r e e m e n t w i t h that d e t e r m i n e d f r o m 
the ro t a t i ng d i s k k i n e t i c s (K = k^/k^s), a n d g ives a v a l u e for the l i m i t 
i n g surface c o v e r a g e , T L , cons is ten t w i t h m o n o l a y e r fo rma t ion . D e 
t a i l e d ana lys i s (49) o f the c u r r e n t - v o l t a g e c u r v e ( F i g u r e 3), a c c o r d i n g 
to E q u a t i o n 7, p r o v i d e s a v a l u e for the first-order e l e c t r o n transfer rate 
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8. EDDOWES AND H I L L Reactions of Metalloproteins 183 

constant , k%, cons i s ten t w i t h the v a l u e for the s t anda rd e l e c t r o c h e m i c a l 
rate constant , k^, d e t e r m i n e d (47 , 48) f r om ac i m p e d a n c e e x p e r i m e n t s . 
T h e v a l u e s o f the va r ious rate constants are as f o l l o w s : fcads = 3 x 1 0 - 4 

m/s, fcdes = 50 s " \ k°e = 50 s" 1, a n d T L = 1.2 x 1 0 " 6 m o l / m 2 . 
T h e s e s tud ies c l e a r l y demons t r a t e the i n v o l v e m e n t o f a r a p i d re

v e r s i b l e b i n d i n g s tep i n the e l e c t r o d e r eac t ion o f c y t o c h r o m e c, as 
o u t l i n e d i n S c h e m e I . T h e i m p o r t a n c e o f th is b i n d i n g s tep i n a c h i e v 
i n g r a p i d e l e c t r o n transfer is d i s c u s s e d later . 

0.0[ ι ι U 
0.0 0.2 0.4 0.6 

( W / H z ) " 1 / 2 

Figure 6. Typical Koutecky-Levich plots for the oxidation of ferro
cytochrome c (86 μΜ), in the presence of different concentrations of 
ferricytochrome c: O, 0; • , 105; and A, 225 μΜ. The increase in the 
intercept (representing the reciprocal rate of the surface step) with 
increasing product concentration illustrates its inhibitory effect as 
predicted by Equation 6. (Reproduced from Ref. 49. Copyright 1981, 

American Chemical Society.) 
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184 BIOLOGICAL REDOX COMPONENTS 
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Figure 7. Variation of the intercept, I, of the Koutecky-Levich plots 
with product concentration at constant reactant concentration for the 

oxidation of ferrocytochrome c (86 μΜ) (as shown in Figure 6) (49). 

The Electrochemistry of Cytochrome c at the Mercury Electrode 

A l t h o u g h the e l e c t r o n transfer r e a c t i o n o f c y t o c h r o m e c at the 
m e r c u r y e l e c t r o d e has b e e n s t u d i e d for m a n y years , the first d e t a i l e d 
p o l a r o g r a p h i c s t u d y (37) d e m o n s t r a t e d that w e l l - d e f i n e d p o l a r o -
g r a p h i c w a v e s w e r e a t t r i b u t a b l e to the r e d u c t i o n o f the h e m e i r o n 
p r o s t h e t i c g r o u p . A t l o w p r o t e i n concen t ra t ions the b e h a v i o r is essen
t i a l l y r e v e r s i b l e , b u t b e c o m e s i n c r e a s i n g l y i r r e v e r s i b l e w i t h i nc r ea s 
i n g p r o t e i n c o n c e n t r a t i o n ( T a b l e I). T h i s appa ren t s e l f - i n h i b i t i o n o f the 
e l e c t r o d e process was a t t r i b u t e d to p r o t e i n a d s o r p t i o n at the e l e c t r o d e 
surface . T h e l i m i t i n g c u r r e n t s h o w s a l i n e a r d e p e n d e n c e o n p r o t e i n 
c o n c e n t r a t i o n ( T a b l e I) , i n d i c a t i n g d i f fus ion c o n t r o l , b u t the appa ren t 
d i f fus ion coef f ic ien t , d e t e r m i n e d f rom th i s d e p e n d e n c e , is s i g n i f i c a n t l y 
l o w e r t h a n that m e a s u r e d b y h y d r o d y n a m i c m e t h o d s . 

B e t s o et a l . (37) p r o p o s e d t w o m e c h a n i s m s to e x p l a i n the r e t a r d e d 
mass- t ranspor t ra te . F i r s t , that c y t o c h r o m e c, i n o r d e r to r e a c h the 
e l e c t r o d e a n d b e r e d u c e d , m u s t diffuse t h r o u g h a n a d s o r b e d p r o t e i n 
l aye r , p r e s u m a b l y at a s l o w e r rate t h a n i n free s o l u t i o n . T h e o b s e r v e d 
l i m i t i n g c u r r e n t t hen w i l l ref lect the o v e r a l l d i f fu s iona l t ranspor t rate 
t h r o u g h b o t h m e d i a a n d not s i m p l y that t h r o u g h a q u e o u s s o l u t i o n . 
S e c o n d , they s u g g e s t e d that, i f the r e a c t i o n p r o c e e d s v i a e l e c t r o n ex-
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8. EDDOWES AND H I L L Reactions of Metalloproteins 185 

c h a n g e b e t w e e n the e l e c t r o d e a n d a d s o r b e d p r o t e i n , w i t h s u b s e q u e n t 
e l e c t r o n e x c h a n g e b e t w e e n a d s o r b e d p r o t e i n a n d f r ee ly d i f f u s i n g 
c y t o c h r o m e c, a n d i f the e l e c t r o n transfer o c c u r s v i a the e x p o s e d h e m e 
e d g e o n l y , t h e n ro t a t iona l d i f fus ion o f the a d s o r b e d spec i e s , c a r r y i n g 
c h a r g e f r o m the e l e c t r o d e to c y t o c h r o m e c i n s o l u t i o n , m a y b e the s l o w 
s tep i n the mass t ranspor t p rocess . T h e y a l so p r o p o s e d that a r e t a r d e d 
rate o f e l e c t r o n transfer t h r o u g h a n a d s o r b e d p r o t e i n l a y e r to f r ee ly 
d i f f u s i n g c y t o c h r o m e c m a y a c c o u n t for the i r r e v e r s i b i l i t y i n the o b 
s e r v e d p o l a r o g r a m s a n d that the i n c r e a s i n g i r r e v e r s i b i l i t y w i t h i nc reas 
i n g p r o t e i n c o n c e n t r a t i o n is cons is ten t w i t h a c o n c o m i t a n t i nc rease i n 
p r o t e i n cove rage o f the e l e c t r o d e . T h e s t u d y c l e a r l y demons t ra tes that, 
d e s p i t e a d s o r p t i o n p h e n o m e n a , the e l e c t r o d e process resu l t s i n the 
c o n v e r s i o n o f f r ee ly d i f f u s i n g f e r r i c y t o c h r o m e c to f r ee ly d i f f u s i n g fer
r o c y t o c h r o m e c a n d , therefore , the e l e c t r o n transfer m e c h a n i s m m u s t 
i n v o l v e e i the r e l e c t r o n transfer t h r o u g h the a d s o r b e d p r o t e i n l a y e r or 
e x c h a n g e b e t w e e n a d s o r b e d p r o d u c t a n d free s o l u t i o n reac tan t 
s p e c i e s . 

T h e s e o r i g i n a l e x p e r i m e n t a l findings w e r e c o n f i r m e d (38) a n d 
fur ther s tud ies (39, 40) e m p l o y e d d i f f e r e n t i a l c a p a c i t a n c e a n d 
r a d i o c h e m i c a l m e a s u r e m e n t s to i nves t i ga t e the adso rp t i on b e h a v i o r o f 
the p r o t e i n . T h e fo rm o f the adso rp t i on i s o t h e r m i n d i c a t e s a s i m p l e 
e q u i l i b r i u m b e t w e e n a d s o r b e d a n d s o l u t i o n spec i e s w i t h a b i n d i n g 
cons tant , Κ ~ 4 x 1 0 5 M - 1 . W e d e r i v e th is v a l u e f r o m the r e p o r t e d da ta 

T a b l e I . C o n c e n t r a t i o n D e p e n d e n c e o f P o l a r o g r a p h i c B e h a v i o r 
o f C y t o c h r o m e c i n T r i s - C a c o d y l a t e , p H 6.05 

Protein 
Concentration, ( M ) E i a (V) ia/conc ( A / f f l M ) 

17.7 +0 .005 0.85 
20 .3 + 0 . 0 0 5 0 .69 
26 .2 - 0 . 0 0 5 1.07 
35 .5 - 0 . 0 0 5 1.24 
40.1 - 0 . 0 0 9 1.07 
41 .0 - 0 . 0 0 5 1.11 
63 .7 - 0 . 0 6 5 0.99 
67 .0 - 0 . 0 3 0 1.02 
83.7 - 0 . 0 7 0 1.22 

104.7 - 0 . 0 9 5 1.10 
129.4 - 0 . 1 0 0 1.19 
130.9 - 0 . 1 3 0 1.10 
163.6 - 0 . 1 5 5 1.19 
2 0 4 . 5 - 0 . 1 6 0 0.97 

Source: Reproduced from Ref. 37. Copyright 1972, American Chemical Society. 
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186 BIOLOGICAL REDOX COMPONENTS 

(38-40), a s s u m i n g , for s i m p l i c i t y , a L a n g m u i r adso rp t ion i s o t h e r m . 
H o w e v e r , S c h e l l e r prefers (41) a m e c h a n i s m s i m i l a r to one o r i g i n a l l y 
p r o p o s e d , i n w h i c h an i r r e v e r s i b l y a d s o r b e d l a y e r o f p r o t e i n retards 
the rate o f e l e c t r o n transfer b e t w e e n the e l e c t r o d e a n d the f r ee ly d i f 
f u s i n g p r o t e i n . N e v e r t h e l e s s , e x c h a n g e b e t w e e n a d s o r b e d a n d s o l u t i o n 
spec ie s was o b s e r v e d (39) a n d the p o s s i b i l i t y o f a d u a l m e c h a n i s m , 
i n v o l v i n g b o t h e l e c t r o n transfer t h r o u g h the a d s o r b e d l a y e r to p r o t e i n 
i n s o l u t i o n a n d e x c h a n g e b e t w e e n r e d u c e d a d s o r b e d a n d o x i d i z e d 
s o l u t i o n spec ies , was c o n s i d e r e d . 

A n y m e c h a n i s m p r o p o s e d for the r e d u c t i o n o f c y t o c h r o m e c at the 
m e r c u r y e l e c t r o d e m u s t a t t empt to a c c o u n t for the f o l l o w i n g e x p e r i 
m e n t a l obse rva t ions : 

1. T h e o b s e r v e d p o l a r o g r a m s are e s sen t i a l l y r e v e r s i b l e at 
l o w c y t o c h r o m e concen t ra t ions . 

2 . T h e o b s e r v e d p o l a r o g r a m s b e c o m e i n c r e a s i n g l y i r r eve r 
s i b l e as the p r o t e i n concen t r a t i on is i n c r e a s e d . 

3. T h e d i f fus ion coeff ic ient d e t e r m i n e d f rom the l i m i t i n g 
c u r r e n t is a n o m a l o u s l y l o w . 

4. T h e p r o t e i n adsorbs at the e l e c t r o d e surface . 

T h e m e c h a n i s m s o r i g i n a l l y p r o p o s e d b y B e t s o et a l . a n d fur ther d e v e l 
o p e d b y S c h e l l e r et a l . m i g h t q u a l i t a t i v e l y a c c o u n t for e a c h o f these 
e x p e r i m e n t a l observa t ions i n d e p e n d e n t l y , b u t a s i n g l e m e c h a n i s m 
canno t r e a d i l y a c c o u n t for e a c h obse rva t ion s i m u l t a n e o u s l y . F o r ex
a m p l e , 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 the l o w mass t ranspor t 
rate m u s t d o so t h r o u g h o u t the concen t r a t i on range i n v e s t i g a t e d , a n d 
this p r e s u m e s that the e l e c t r o d e surface is f u l l y c o v e r e d b y a n ad 
s o r b e d l a y e r o f p r o t e i n o v e r th is e n t i r e concen t r a t i on range . C o n 
v e r s e l y , the m e c h a n i s m p r o p o s e d to e x p l a i n the t r ans i t ion f r o m rever 
s i b l e to i r r e v e r s i b l e b e h a v i o r as the p r o t e i n concen t r a t i on increases 
p r e supposes that the surface cove rage is concen t r a t i on -dependen t . 
T h i s m e c h a n i s m r e q u i r e s that at l o w p r o t e i n concent ra t ions the surface 
cove rage is l o w , so that e l e c t r o n transfer is not i m p e d e d b y a n ad 
s o r b e d l a y e r o f p r o t e i n . C o n s e q u e n t l y , r a p i d e l e c t r o n transfer m a y 
o c c u r at a p r e d o m i n a n t l y u n b l o c k e d surface , r e s u l t i n g i n the o b s e r v e d , 
e s sen t i a l l y r e v e r s i b l e , b e h a v i o r . O n the o ther h a n d , at h i g h concen t ra 
t ions the surface cove rage m u s t b e h i g h so that e l e c t r o n transfer occu r s 
p r e d o m i n a n t l y t h r o u g h the a d s o r b e d l a y e r at a r e t a r d e d rate, r e s u l t i n g 
i n i r r e v e r s i b i l i t y i n the o b s e r v e d p o l a r o g r a m s . F u r t h e r m o r e , a n y 
m e c h a n i s m that assumes i r r e v e r s i b l e adso rp t ion appears to b e i n c o n 
sistent w i t h the na tu re o f the adso rp t ion i s o t h e r m . T h e r e f o r e , the 
m e c h a n i s m s so far p r o p o s e d to e x p l a i n the e l e c t r o c h e m i c a l b e h a v i o r o f 
c y t o c h r o m e c at the m e r c u r y e l e c t r o d e a p p a r e n t l y canno t a d e q u a t e l y 
a c c o u n t for a l l o f the e x p e r i m e n t a l observa t ions . 
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8. EDDOWES AND H I L L Reactions of Metalloproteins 187 

T h e p o l a r o g r a p h i c b e h a v i o r o f c y t o c h r o m e c e x h i b i t s the same 
g e n e r a l features that w e d e s c r i b e d for the b e h a v i o r o f c y t o c h r o m e c at 
the m o d i f i e d g o l d e l e c t r o d e . T h a t is , i n b o t h cases adso rp t ion o f the 
p r o t e i n at the e l e c t r o d e surface occu r s a n d s e l f - i n h i b i t i o n effects are 
o b s e r v e d . I n a d d i t i o n , the p r e v a l e n c e o f r e a c t i o n m e c h a n i s m s i n v o l v 
i n g the fo rmat ion o f t i g h t l y b o u n d c o m p l e x e s i n the h o m o g e n e o u s 
s o l u t i o n r e d o x react ions o f c y t o c h r o m e c sugges t that s u c h a m e c h a 
n i s m m a y a l so b e a p p l i c a b l e to the r e a c t i o n at the m e r c u r y e l e c t r o d e . 
W e therefore c o n s i d e r e d the p o s s i b i l i t y that the e l e c t r o n transfer reac
t i o n o f c y t o c h r o m e c at the m e r c u r y e l e c t r o d e f o l l o w s the r e a c t i o n 
m e c h a n i s m , o u t l i n e d i n S c h e m e I, that w e s h o w e d to b e o p e r a t i v e at 
the m o d i f i e d g o l d e l e c t r o d e . 

T h e d i f fus iona l t ranspor t p r o b l e m for the d r o p p i n g m e r c u r y e l e c 
t r o d e is , q u a l i t a t i v e l y , the s ame as that for the ro t a t i ng d i s k e l e c t r o d e . 
A s i n the case o f the r o t a t i n g d i s k , the t ranspor t flux, j , to the d r o p p i n g 
m e r c u r y e l e c t r o d e m a y b e w r i t t e n (56) as f o l l o w s : 

w h e r e m' is the m e r c u r y flow rate i n kg/s , ρ is the d e n s i t y o f m e r c u r y , 
a n d t is the l i f e t i m e o f the d r o p . T h e t heo ry d e v e l o p e d for S c h e m e I 
m a y b e a p p l i e d to the resul t s o b t a i n e d at the d r o p p i n g m e r c u r y e l e c 
t rode . H o w e v e r , u n l i k e the r o t a t i n g d i s k e l e c t r o d e , the d r o p p i n g m e r 
c u r y e l e c t r o d e does not t r u l y represen t a s t eady state a n d , i n a p p l y i n g 
the equa t ions d e v e l o p e d for S c h e m e I , w e n e g l e c t the p o s s i b i l i t y o f 
a n y t i m e d e p e n d e n c e o f the p r o t e i n adso rp t ion at the d r o p p i n g mer 
c u r y e l e c t r o d e d u r i n g the l i f e o f the d r o p . I n a d d i t i o n , the s i m p l e 
theory takes no a c c o u n t o f the p o s s i b i l i t y o f a n y p o t e n t i a l d e p e n d e n c e 
o f p r o t e i n adso rp t ion that m a y l e a d to d e v i a t i o n s f rom the p r e d i c t e d 
q u a n t i t a t i v e b e h a v i o r . N e v e r t h e l e s s , i n the absence o f a m o r e c o m 
p l e t e , a n d n e c e s s a r i l y m o r e c o m p l e x , t heo ry for the d r o p p i n g m e r c u r y 
e l e c t r o d e i tself , the theory for the ro t a t i ng d i s k e l e c t r o d e forms a u s e f u l 
basis for the q u a l i t a t i v e d e s c r i p t i o n o f the c u r r e n t - v o l t a g e c u r v e s o b 
s e r v e d at the d r o p p i n g m e r c u r y e l e c t r o d e . 

A s exp re s sed b y E q u a t i o n 5, the l i m i t i n g c u r r e n t for a n e l e c t r o d e 
process that f o l l o w s the m e c h a n i s m i n S c h e m e I is c o n t r o l l e d b y the 
a d s o r p t i o n k i n e t i c s as w e l l as the d i f fu s iona l t ranspor t rate, a n d h e n c e , 
w i l l b e l o w e r t h a n that p r e d i c t e d o n the basis o f p u r e d i f fus ion c o n t r o l . 
F o r cases w h e r e th is r e ac t i on s c h e m e is o p e r a t i v e , a d i f fus ion coeff i
c i e n t c a l c u l a t e d f r o m the l i m i t i n g cu r ren t , a s s u m i n g i t to b e s i m p l y 

j = kD (coo - Co) 

w h e r e 

(9) 
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188 BIOLOGICAL REDOX COMPONENTS 

di f fus ion l i m i t e d , w i l l b e l o w e r t h a n the t rue v a l u e . S c h e m e I c a n 
a c c o u n t for the l o w v a l u e s o f the l i m i t i n g c u r r e n t (see T a b l e I) , o r i g i 
n a l l y d e t e r m i n e d (37), a n d the a n o m a l o u s l y l o w d i f fus ion coef f ic ien t , 
D = 0.5 x 10~ 1 0 m 2 / s , d e t e r m i n e d f rom t h e m . 

A s d e s c r i b e d b y E q u a t i o n 8, the rate constant , k°8, for a n e l e c t r o n 
transfer r e a c t i o n that f o l l o w s the r eac t ion m e c h a n i s m i n S c h e m e I is a 
f unc t i on o f the th ree rate constants that d e s c r i b e the o v e r a l l rate o f 
e l e c t r o n transfer , fcads, fcdes, a n d k°e, a n d a l so the c o n c e n t r a t i o n o f the 
reactant ; E q u a t i o n 8 s h o w s that the appa ren t k°s v a l u e w i l l d ec rea se 
w i t h i n c r e a s i n g c o n c e n t r a t i o n . T h e fo rm o f the c u r r e n t - v o l t a g e c u r v e , 
a n d i n p a r t i c u l a r , i ts d e p e n d e n c e o n c o n c e n t r a t i o n , m a y b e f o u n d b y 
c o n s i d e r i n g E q u a t i o n 7. T h e first t e r m o n the r i g h t s i d e represents the 
N e r n s t i a n response e x p e c t e d for a r e v e r s i b l e s y s t e m , a n d the s e c o n d 
t e r m represents d e v i a t i o n s f r o m th is response d u e to the k i n e t i c s o f the 
e l e c t r o d e p rocess . S u b s t i t u t i n g i — iu% i n t o E q u a t i o n 7 y i e l d s a n ex
p res s ion for the h a l f - w a v e p o t e n t i a l , w h i c h , for the r e d u c t i o n , is g i v e n 
b y 

e x p [ ^ | ( E 1 / 2 - E ° ) ] 

+ k ( 1 - è M ^ t E » - E ' ) ] - 1 ( 1 0 ) 

T h i s exp res s ion s h o w s that , b e c a u s e , a c c o r d i n g to E q u a t i o n 5, iL/iLev 
gets p r o g r e s s i v e l y s m a l l e r as the concen t r a t i on is i n c r e a s e d , e x p [nFI 
RT(Em - E°)] w i l l p r o g r e s s i v e l y dec rease f r o m its r e v e r s i b l e l i m i t o f 1: 
that is , the m e a s u r e d EV2 for r e d u c t i o n w i l l e x h i b i t a n i n c r e a s i n g nega 
t i v e shif t f rom Ε ° as the p r o t e i n concen t r a t i on is i n c r e a s e d , as is i n d e e d 
o b s e r v e d (37) (see T a b l e I). 

T h e r e a c t i o n m e c h a n i s m o u t l i n e d i n S c h e m e I accoun t s , q u a l i t a 
t i v e l y , for the major features o f the o b s e r v e d p o l a r o g r a m s . I n a d d i t i o n , 
the o b s e r v e d a d s o r p t i o n i s o t h e r m is that e x p e c t e d for s u c h a r e a c t i o n 
s c h e m e . T h e r e f o r e , the e l e c t r o n transfer r eac t i on o f c y t o c h r o m e c at 
the m e r c u r y e l e c t r o d e f o l l o w s a r eac t i on s e q u e n c e i n w h i c h the e l e c 
t ron transfer e v e n t is p r e c e d e d b y adso rp t ion o f the p r o t e i n at the 
e l e c t r o d e sur face . T h e p r o t e i n p r o b a b l y b i n d s d i r e c t l y to the m e r c u r y 
surface . O n the o the r h a n d , the p r o p o s a l that a n i r r e v e r s i b l y a d s o r b e d 
l a y e r o f p r o t e i n is f o r m e d at the e l e c t r o d e canno t b e d i s c o u n t e d . I n i t i a l 
f o rma t ion o f a n i r r e v e r s i b l y a d s o r b e d l a y e r to fo rm a surface to w h i c h 
the n a t i v e p r o t e i n c a n b i n d i n the m a n n e r p r o p o s e d c o u l d a l so a c c o u n t 
for the o b s e r v e d p o l a r o g r a m s . H o w e v e r , b e c a u s e the o b s e r v e d 
p o l a r o g r a p h y c a n b e e x p l a i n e d i n te rms o f S c h e m e I w i t h o u t i n v o l v e 
m e n t o f a n i r r e v e r s i b l y a d s o r b e d l a y e r o f p r o t e i n , s u c h a p r o p o s a l , 
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8. EDDOWES AND H I L L Reactions of Metalloproteins 189 

w h i c h o r i g i n a l l y sough t to e x p l a i n the e x p e r i m e n t a l c u r r e n t - v o l t a g e 
r e l a t i o n s h i p s , is e s sen t i a l l y r e d u n d a n t . I n a d d i t i o n , s u c h b e h a v i o r is 
incons i s t en t w i t h the o b s e r v e d a d s o r p t i o n i s o t h e r m , a n d i t is u n l i k e l y 
that r a p i d e l e c t r o n transfer w o u l d b e e x h i b i t e d t h r o u g h e v e n a 
m o n o l a y e r o f p r o t e i n , the o rde r o f 3 0 A t h i c k . W h a t e v e r the na tu re o f 
the e l e c t r o d e sur face , w e c o n c l u d e that the r eac t i on m e c h a n i s m is that 
g i v e n i n S c h e m e I a n d the a d s o r p t i o n s tep is c r u c i a l i n the o v e r a l l 
r eac t i on m e c h a n i s m . 

I n a d d i t i o n to the p o l a r o g r a p h i c s tud ies , the r e v e r s i b l e e l e c t r o d e 
r e a c t i o n o f c y t o c h r o m e c at a t i n - d o p e d i n d i u m o x i d e e l e c t r o d e w a s 
r e p o r t e d (57). T h e o b s e r v e d c y c l i c v o l t a m m e t r y i n d i c a t e s a s i m p l e , 
d i f f u s i o n - c o n t r o l l e d r e v e r s i b l e process , b u t the appa ren t d i f fus ion cu r 
ren t d e t e r m i n e d f r o m the p e a k c u r r e n t is a n o m a l o u s l y l o w , as i n the 
p o l a r o g r a p h i c s tud ie s . T h e s e resu l t s s h o w that the process is not 
p u r e l y d i f fus ion c o n t r o l l e d a n d that a n a d d i t i o n a l r a t e - l i m i t i n g process , 
o ther t h a n e l e c t r o n transfer, is p resen t i n the o v e r a l l r e a c t i o n m e c h a 
n i s m . T h e r e f o r e , th is p o t e n t i a l i n d e p e n d e n t r a t e - l i m i t i n g s tep m a y b e 
a r a p i d a d s o r p t i o n - d e s o r p t i o n s tep a n d , as i n the case o f the e l e c t r o n 
transfer r e ac t i on o f c y t o c h r o m e c at the o ther e l ec t rodes j u s t d e s c r i b e d , 
the r e a c t i o n at the i n d i u m o x i d e e l e c t r o d e f o l l o w s the r e a c t i o n m e c h a 
n i s m o u t l i n e d i n S c h e m e I . P o s s i b l y a n i n t e r a c t i o n b e t w e e n the a c i d i c 
o x i d e surface a n d the b a s i c l y s i n e r e s idues o f the p r o t e i n is r e s p o n s i b l e 
for the p r o p o s e d b i n d i n g . 

Other Electrochemical Studies of Metalloproteins 

I n a d d i t i o n to the s tud ies o f m i t o c h o n d r i a l c y t o c h r o m e c , the m u l -
t i h e m e c - type c y t o c h r o m e f r o m the Desulfovibrio s u l f a t e - r e d u c i n g 
b a c t e r i a , c y t o c h r o m e C 3 , a l so w a s the sub jec t (42, 43, 58) o f e l e c 
t r o c h e m i c a l i n v e s t i g a t i o n . P r e l i m i n a r y s tud ies (58) s h o w e d that c y t o 
c h r o m e c 3 g ive s w e l l - d e f i n e d d c a n d ac c y c l i c v o l t a m m o g r a m s at the 
m o d i f i e d g o l d e l e c t r o d e ; a n d h e n c e , that i t takes pa r t i n a r a p i d a n d 
a p p a r e n t l y d i f f u s i o n - c o n t r o l l e d e l e c t r o n transfer r e a c t i o n at th i s e l e c 
t r o d e . 

C y t o c h r o m e c 3 a l so w a s s t u d i e d (42, 43) at the m e r c u r y e l e c t r o d e 
w h e r e a g a i n w e l l - d e f i n e d v o l t a m m e t r i c w a v e s are o b s e r v e d i n c y c l i c 
v o l t a m m e t r y , n o r m a l p u l s e , a n d d i f f e r en t i a l p u l s e p o l a r o g r a p h y . I n 
th is case adso rp t ion o f the p r o t e i n at the m e r c u r y surface was c l e a r l y 
i n d i c a t e d b y the obse rva t i on that m e r c u r y d rops f o r m e d i n a s o l u t i o n o f 
c y t o c h r o m e c 3 d o not r e a d i l y c o a l e s c e , a n d la ter b y d i f f e ren t i a l c a p a c i 
t ance m e a s u r e m e n t s . N o c o n c l u s i o n s w e r e d r a w n c o n c e r n i n g the 
m e c h a n i s m o f these reac t ions f rom the c u r r e n t - v o l t a g e data , o ther 
t h a n that a n y k i n e t i c s teps i n v o l v e d m u s t b e r e l a t i v e l y r a p i d c o m p a r e d 
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190 BIOLOGICAL REDOX COMPONENTS 

w i t h the d i f fus ion rate. H o w e v e r , b e c a u s e r a p i d e l e c t r o n transfer is 
o b s e r v e d i n c o n j u n c t i o n w i t h c o n s i d e r a b l e adso rp t i on o f the p r o t e i n on 
the m e r c u r y e l e c t r o d e , the m e c h a n i s m m a y i n v o l v e r a p i d adso rp t i on 
a n d d e s o r p t i o n steps l i k e those o b s e r v e d w i t h c y t o c h r o m e c at the 
m o d i f i e d g o l d e l e c t r o d e . 

F e r r e d o x i n s w e r e s t u d i e d (44, 59-65) at the m e r c u r y e l e c t r o d e . 
A l t h o u g h the e l e c t r o c h e m i s t r y appears (59) to b e c o m p l i c a t e d b y de 
c o m p o s i t i o n at the e l e c t r o d e surface , a m o r e r e c e n t s t u d y (44) i n d i 
cates that r e d u c t i o n o f the i r o n - s u l f u r p r o s t h e t i c g r o u p m a y b e 
a c h i e v e d i n a l k a l i n e s o l u t i o n w i t h p H > 8. A g a i n , ad so rp t i on o f the 
p r o t e i n at the e l e c t r o d e is e v i d e n t , s u p p o r t i n g o u r sugges t ion that 
b i n d i n g b e t w e e n the p r o t e i n a n d the e l e c t r o d e is a c r u c i a l factor i n the 
e l e c t r o n transfer reac t ions o f m e t a l l o p r o t e i n s . 

Discussion 

T h e r o l e o f the adso rp t ion s tep i n d e t e r m i n i n g the k i n e t i c s o f the 
o v e r a l l e l e c t r o n transfer r eac t ion o f c y t o c h r o m e c at a n e l e c t r o d e m a y 
n o w b e c o n s i d e r e d . U s i n g t ransi t ion-s ta te theory , the f ree-energy p ro 
file for the e l e c t r o n t ransfer r eac t ion o f c y t o c h r o m e c at the m o d i f i e d 
e l e c t r o d e at i ts s t anda rd e l e c t r o d e p o t e n t i a l w a s c o n s t r u c t e d (49). 
T h e free ene rg ies o f a c t i v a t i o n o f the th ree s teps i n the r e a c t i o n 
m a y b e c a l c u l a t e d u s i n g the t ransi t ion-s ta te theory exp re s s ion , 
k = e x p - A G V R T . F o r the adso rp t ion s tep the f r e q u e n c y factor, 
Ζ = 1 0 2 m/s is u s e d , w h i c h is the c o l l i s i o n f r e q u e n c y u s e d i n the M a r 
cus t r ea tmen t (66), b u t for the first-order e l e c t r o n transfer a n d desorp
t i o n s teps the u s u a l first o rde r f r e q u e n c y factor, kTlh is u s e d . T h e 
f o l l o w i n g v a l u e s for the free energ ies o f a c t i v a t i o n are o b t a i n e d : ad 
so rp t ion , A G * = 31 fcj/mol; a n d deso rp t ion a n d e l e c t r o n transfer, 
AGt = 6 3 fcj/mol. T h e f ree-energy p r o f i l e is s h o w n i n F i g u r e 8. 

T h e m o s t i m p o r t a n t feature o f th is f ree-energy p ro f i l e is that the 
b i n d i n g e n e r g y is l a rge , a n d as s u c h is r e s p o n s i b l e for c o n s i d e r a b l e 
rate e n h a n c e m e n t o f the o v e r a l l rate o f the e l e c t r o d e r e a c t i o n . T h e 
o v e r a l l rate is d e t e r m i n e d , not o n l y b y the p r o b a b i l i t y o f e l e c t r o n trans
fer b e t w e e n the e l e c t r o d e a n d spec ie s at the surface , b u t a l so b y the 
p r o b a b i l i t y o f finding the spec i e s at the surface . T h e b i n d i n g e n e r g y 
c a n therefore i n f l uence the o v e r a l l rate b y d e t e r m i n i n g the d i s t r i b u t i o n 
o f spec i e s at the surface . F o r e x a m p l e , i f the b i n d i n g e n e r g y o f the 
p r o t e i n to the surface w a s ze ro , the e q u i l i b r i u m cons tant for b i n d i n g 
w o u l d b e g i v e n b y the ra t io o f the f r e q u e n c y factors for adso rp t ion a n d 
de so rp t i on , Ko = fcads/&des = 2 x 1 0 " 1 1 m , w h e r e A G a d s = A G d e s . U s i n g 
th is v a l u e for the b i n d i n g cons tant a n d the m e a s u r e d first-order e l e c 
t ron transfer rate cons tant for spec i e s at the surface o f the m o d i f i e d 
e l e c t r o d e , the s t a n d a r d e l e c t r o c h e m i c a l rate constant , ks = KoK = 1 0 " 9 
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Figure 8. The free-energy profile for the reduction and oxidation of 
cytochrome c at a gold electrode, modified with 4,4'-hipyridyl, held 
at a potential, Ε = E°. (Reproduced from Ref. 49. Copyright 1981, 

American Chemical Society.) 

m/s was c a l c u l a t e d for the case w h e r e there is z e r o - b i n d i n g ene rgy . 
T h i s v a l u e c o m p a r e s w i t h the m e a s u r e d rate at the m o d i f i e d e l e c t r o d e , 
w h e r e the b i n d i n g ene rgy is l a rge , ks = 1.5 m/s . 

T h e b i n d i n g o f the p r o t e i n to the surface is c l e a r l y o f great i m p o r 
tance i n the e n h a n c e m e n t o f the o v e r a l l rate o f the e l e c t r o d e r eac t i on at 
the m o d i f i e d e l e c t r o d e a n d m a y e x p l a i n w h y the r eac t ion is v e r y s l o w 
(67) at the u n m o d i f i e d e l e c t r o d e , w h e r e f avorab le b i n d i n g i n t e r a c t i o n 
m a y not b e p o s s i b l e . F u r t h e r m o r e , the r e q u i r e m e n t for s u c h a b i n d i n g 
i n t e r a c t i o n m a y be gene ra l a n d so m a y a c c o u n t for the fact that r a p i d -
e l e c t r o n e x c h a n g e b e t w e e n e l ec t rodes a n d p ro te ins is not o b s e r v e d , 
e x c e p t w h e r e adso rp t ion p h e n o m e n a a l so are e n c o u n t e r e d . 

Ra t e e n h a n c e m e n t , a c c o r d i n g to this m o d e l , is a s i m p l e conse
q u e n c e o f the b i n d i n g e n e r g y that h o l d s the reactants toge ther a n d 
s t a b i l i z e s the i n t e r m e d i a t e p r e c u r s o r c o m p l e x , t h e r e b y o v e r c o m i n g 
the l a rge a c t i v a t i o n e n e r g y for e l e c t r o n transfer i t s e l f a n d i n c r e a s i n g 
the o v e r a l l rate a b o v e that e x p e c t e d for a s i m p l e c o l l i s i o n a l p rocess . 
C a t a l y s i s o f th is na tu re is a f a m i l i a r c o n c e p t i n e n z y m e ca ta lys i s ( 6 8 -
70) a n d e l ec t roca t a lys i s (71). O n the o the r h a n d , c l a s s i c a l e l e c t r o n 
transfer theory , a c c o r d i n g to the M a r c u s f o r m u l a t i o n (66) , i n t r o d u c e s a 
w o r k t e r m , r e p r e s e n t i n g the w o r k necessa ry to b r i n g the reactants to-
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192 BIOLOGICAL REDOX COMPONENTS 

gether , to a c c o u n t for di f ferences i n the i n t e r a c t i o n b e t w e e n pa i r s o f 
reactants a n d th is w o r k t e r m m a y b e e q u a t e d w i t h the b i n d i n g e n e r g y 
i n o u r m o d e l . T h e e l ec t ro s t a t i c c o n t r i b u t i o n s to th is w o r k t e r m are 
p a r t i c u l a r l y i m p o r t a n t factors i n the M a r c u s t heo ry ana lys i s o f e l e c t r o n 
t ransfer reac t ions b e t w e e n m e t a l l o p r o t e i n s a n d s m a l l m o l e c u l e r e d o x 
reagents (72, 73) . 

H o w e v e r , s t rong b i n d i n g a l o n e m a y not n e c e s s a r i l y l e a d to rate 
e n h a n c e m e n t , a n d the a d s o r p t i o n a n d d e s o r p t i o n rates m u s t b e fast for 
r a p i d e x c h a n g e b e t w e e n a d s o r b e d p r o d u c t a n d s o l u t i o n reac tant 
s p e c i e s . T h e adso rp t i on a n d d e s o r p t i o n rate constants d e t e r m i n e d f r o m 
the ro t a t i ng d i s k k i n e t i c s s h o w e d that these rates are i n d e e d r a p i d at 
the m o d i f i e d g o l d e l e c t r o d e . 

H a v i n g d i s c u s s e d the e l e c t r o n transfer r e ac t i on o f c y t o c h r o m e c at 
a n e l e c t r o d e , i t w i l l b e i n s t r u c t i v e to c o n s i d e r its p h y s i o l o g i c a l r e d o x 
reac t ions a n d the p o s s i b l e r e q u i r e m e n t s for i ts ef f ic ient f unc t i on i n the 
m i t o c h o n d r i a l r e sp i r a to ry c h a i n . T h r e e p o s s i b l e r e q u i r e m e n t s m a y b e 
i d e n t i f i e d : (1) that c y t o c h r o m e c reacts r a p i d l y w i t h i ts p h y s i o l o g i c a l 
r e d o x par tners , (2) that i t s h o u l d not reac t w i t h r e d o x spe c i e s o ther 
t h a n i ts p h y s i o l o g i c a l r e d o x par tners , a n d (3) that the rate o f e l e c t r o n 
t ransfer b e c o n t r o l l e d to m e e t the r e q u i r e d r e sp i r a to ry rate. A s b r i e f l y 
d i s c u s s e d , b i n d i n g b e t w e e n c y t o c h r o m e c a n d its p h y s i o l o g i c a l r e d o x 
par tners is o f c r u c i a l i m p o r t a n c e i n these e l e c t r o n transfer reac t ions 
a n d a s t rong c o r r e l a t i o n is f o u n d (25, 74) b e t w e e n the m e a s u r e d p h y s 
i o l o g i c a l a c t i v i t y o f a v a r i e t y o f c y t o c h r o m e s c a n d the s t r eng th o f 
b i n d i n g i n t h e i r c o m p l e x e s w i t h the ox ida se . T h e b i n d i n g e n e r g y ap
p a r e n t l y is a n i m p o r t a n t factor i n the c o n t r o l o f the o v e r a l l e l e c t r o n 
t ransfer rate. F u r t h e r m o r e , the s t r eng th o f b i n d i n g is d e p e n d e n t o n the 
c o n c e n t r a t i o n o f an ions i n s o l u t i o n (74). I n p a r t i c u l a r A D P , A T P , a n d 
p h o s p h a t e affect the o x i d a s e r eac t i on a n d r e sp i r a to ry c o n t r o l m a y b e 
a c h i e v e d i n th i s f a sh ion (74). T h e r e f o r e , the r e q u i r e d r a p i d i t y , spec i f i c 
i t y , a n d c o n t r o l i n the p h y s i o l o g i c a l r e d o x reac t ions o f c y t o c h r o m e c 
c a n b e a c h i e v e d b y s u i t a b l e b i n d i n g in te rac t ions . 

T h e l y s i n e r e s idues o f c y t o c h r o m e c are i m p o r t a n t i n d e t e r m i n i n g 
its r e a c t i v i t y w i t h i ts p h y s i o l o g i c a l r e d o x par tners . C h e m i c a l m o d i f i c a 
t ions that r e p l a c e the p o s i t i v e cha rge o f the l y s i n e € -amino g r o u p w i t h 
a n e u t r a l or n e g a t i v e l y c h a r g e d g r o u p i n h i b i t the p h y s i o l o g i c a l r e d o x 
reac t ions o f c y t o c h r o m e c ( I I , 13 , 14). T h e i n v o l v e m e n t o f the p o s i 
t i v e l y c h a r g e d l y s i n e r e s idues is fur ther i l l u s t r a t e d ( I I , 12 , 14) b y the 
c o m p e t i t i v e i n h i b i t i o n s h o w n b y b a s i c p ro t e in s a n d the s y n t h e t i c 
p o l y p e p t i d e , p o l y - L - l y s i n e . T h e x-ray s t ruc tu re (75) a l so suppor t s (15) 
the sugges t ion that the l y s i n e res idues , w h i c h are h i g h l y c o n s e r v e d 
a n d f o r m a r i n g a r o u n d the e x p o s e d h e m e e d g e , are a n i m p o r t a n t 
fea ture o f the p r o t e i n . C o m p a r a t i v e k i n e t i c s tud ies (74, 76, 77) o f the 
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8. EDDOWES A N D H I L L Reactions of Metalloproteins 193 

o x i d a s e a c t i v i t y o f a w i d e v a r i e t y o f c - type c y t o c h r o m e s w i t h v a r y i n g 
a m i n o a c i d s equences fur ther i n d i c a t e the i m p o r t a n c e o f the l y s i n e 
r e s idues i n d e t e r m i n i n g the r e a c t i v i t y o f the p r o t e i n . F o l l o w i n g the 
o b s e r v a t i o n (16) that m o d i f i c a t i o n o f l y s i n e 13 a l o n e d r a m a t i c a l l y d e 
creases the a c t i v i t y o f c y t o c h r o m e c, m a n y d e t a i l e d a n d spec i f i c c h e m 
i c a l m o d i f i c a t i o n s tud ies w e r e m a d e {17-25) to de f ine the surface d o 
m a i n o f c y t o c h r o m e c i n v o l v e d i n i ts p h y s i o l o g i c a l b i n d i n g . T h e s e 
s tud ies c o n f i r m e d the i n v o l v e m e n t o f those l y s i n e r e s i d u e s i n the v i 
c i n i t y o f the e x p o s e d h e m e e d g e . C y t o c h r o m e c a p p a r e n t l y b i n d s i n a n 
o r i e n t a t i o n that no t o n l y b r i n g s the h e m e g r o u p as a w h o l e c l o s e to i ts 
p h y s i o l o g i c a l r e d o x par tne r , b u t a lso b r i n g s the e x p o s e d h e m e e d g e 
adjacent to i t . T h i s p r e f e r r e d o r i e n t a t i o n (78) m i g h t f ac i l i t a t e the e l e c 
t r o n t ransfer r e a c t i o n b y m i n i m i z i n g the d i s t ance b e t w e e n r e d o x c e n 
ters i n the p r o t e i n c o m p l e x a n d a l l o w i n g e l e c t r o n t ransfer v i a the ex
p o s e d h e m e e d g e ra ther t h a n t h r o u g h the p o l y p e p t i d e f ab r i c o f the 
p r o t e i n . 

I n v i e w o f the na tu re o f the p h y s i o l o g i c a l r e d o x reac t ions o f c y t o 
c h r o m e c j u s t o u t l i n e d , the e l e c t r o n t ransfer reac t ions o f c y t o c h r o m e c 
w i l l p r o b a b l y b e s l o w , e x c e p t w h e r e a f avorab le b i n d i n g i n t e r a c t i o n 
p r o v i d e s c o n s i d e r a b l e rate e n h a n c e m e n t , w i t h the p o s s i b l e fur ther re
q u i r e m e n t that th is b i n d i n g b e i n a p r e f e r r e d o r i en t a t ion . F u r t h e r m o r e , 
th is b i n d i n g i n t e r a c t i o n m a y b e a p h y s i o l o g i c a l necess i ty , b e c a u s e i t 
p r o v i d e s r a p i d i t y i n the r e q u i r e d r e a c t i o n p a t h w a y a n d a l l o w s for 
s p e c i f i c i t y a n d p o s s i b l y c o n t r o l . T h i s c o n c l u s i o n c l e a r l y has ser ious 
i m p l i c a t i o n s for the s t u d y o f the e l e c t r o c h e m i s t r y o f m e t a l l o p r o t e i n s at 
e l e c t r o d e s b e c a u s e i t i m p l i e s that r a p i d e l e c t r o n transfer b e t w e e n 
m e t a l l o p r o t e i n s a n d e l e c t r o d e s m i g h t b e a c h i e v e d o n l y i n cases w h e r e 
a d s o r p t i o n , a n a l o g o u s to b i n d i n g i n the p h y s i o l o g i c a l case , o c c u r s . 
T h i s sugges t i on is s u p p o r t e d b y the e x p e r i m e n t a l s tud ies o f c y t o 
c h r o m e c a n d o the r p r o t e i n s at a v a r i e t y o f e l e c t r o d e s , as d i s c u s s e d . 

A s d e m o n s t r a t e d (47-49) at the m o d i f i e d e l e c t r o d e , the e l e c t r o n 
t ransfer r e a c t i o n o f c y t o c h r o m e c s h o w s s o m e s t r i k i n g a n a l o g i e s w i t h 
its p h y s i o l o g i c a l r e d o x reac t ions . N o t o n l y does the e l e c t r o d e r e a c t i o n 
i n c l u d e a n a n a l o g o u s b i n d i n g s tep , b u t th is b i n d i n g a p p a r e n t l y i n 
v o l v e s the c y t o c h r o m e c l y s i n e r e s idues . T h a t is, b o t h c h e m i c a l m o d 
i f i ca t ion o f the l y s i n e r e s idues a n d the c o m p e t i t i v e i n h i b i t o r , p o l y - L -
l y s i n e , i n h i b i t the e l e c t r o d e r e a c t i o n (47, 48). P r e v i o u s w o r k (47-49) 
s u g g e s t e d that the b i n d i n g i n t e r a c t i o n o b s e r v e d i n the e l e c t r o d e reac
t i on is s i m i l a r to that i n the p h y s i o l o g i c a l case a n d i n v o l v e s the l y s i n e 
r e s idues i n the v i c i n i t y o f the e x p o s e d h e m e e d g e . T h e c - amino g r o u p s 
o f these l y s i n e r e s idues m a y h y d r o g e n b o n d to the e x p o s e d p y r i d y l 
n i t r o g e n o f the a d s o r b e d 4 , 4 ' - b i p y r i d y l l a y e r a n d b i n d the c y t o c h r o m e 
w i t h the e x p o s e d h e m e e d g e adjacent to the e l e c t r o d e surface , t h e r e b y 
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194 BIOLOGICAL REDOX COMPONENTS 

f a c i l i t a t i n g the e lec t ron- t rans fe r r eac t i on . A l t h o u g h the t ransi t ion-state 
t heo ry ana lys i s o f the rate e n h a n c e m e n t d u e to b i n d i n g ju s t d i s c u s s e d 
does not take i n t o a c c o u n t the p o s s i b i l i t y o f s u c h a p r e f e r r e d o r i en ta 
t i on o f the p r o t e i n at the sur face , if , as i n d i c a t e d (47, 48), c y t o c h r o m e c 
does b i n d i n a p r e f e r r e d o r i en t a t i on at the m o d i f i e d g o l d e l e c t r o d e , 
t h e n th is m a y b e a fur ther i m p o r t a n t fea ture o f this e l e c t r o d e surface . 
T h e r e f o r e , not o n l y is r a p i d a n d r e v e r s i b l e b i n d i n g at the e l e c t r o d e 
essen t i a l , b u t th is b i n d i n g m u s t b e i n the cor rec t o r i en t a t ion . 

A l t h o u g h the na tu re o f the adso rp t ion o f c y t o c h r o m e c, cy to 
c h r o m e c 3 , a n d f e r r e d o x i n at m e r c u r y is less w e l l - d e f i n e d , the e x p e r i 
m e n t a l observa t ions that r a p i d e l e c t r o n transfer occu r s i n these cases, 
a l o n g w i t h adso rp t i on o f the p r o t e i n at the surface , fur ther s u p p o r t o u r 
p r o p o s a l that a f avo rab le b i n d i n g i n t e r ac t i on b e t w e e n the p r o t e i n a n d 
the e l e c t r o d e is a p r e r e q u i s i t e for r a p i d e l e c t r o n transfer. 

Conclusions 

S t u d i e s o f the e l e c t r o n transfer reac t ions o f c y t o c h r o m e c at a m o d 
i f i e d g o l d e l e c t r o d e a n d at the d r o p p i n g m e r c u r y e l e c t r o d e i n d i c a t e 
that b i n d i n g o f the p r o t e i n to the e l e c t r o d e surface is a p r e r e q u i s i t e for 
the a c h i e v e m e n t o f r a p i d , d i r e c t e l e c t r o n transfer b e t w e e n e l ec t rodes 
a n d c y t o c h r o m e c i n s o l u t i o n . T h i s b i n d i n g is essen t ia l to o v e r c o m e the 
la rge a c t i v a t i o n ene rgy for e l e c t r o n transfer. H o w e v e r , b i n d i n g a l o n e 
does not n e c e s s a r i l y l e a d to r a p i d e l e c t r o n transfer. I n a d d i t i o n , i t m a y 
b e essen t ia l that the adso rp t ion a n d deso rp t ion rates b e fast i n o rde r 
that r a p i d e x c h a n g e b e t w e e n a d s o r b e d a n d so lu t i on spe c i e s c a n o c c u r , 
a n d that c y t o c h r o m e c b i n d i n a p r e f e r r e d o r i en t a t i on that b r i n g s the 
h e m e g r o u p c lo se to the e l e c t r o d e sur face , to e n a b l e r a p i d e l e c t r o n 
transfer b e t w e e n the b o u n d p r o t e i n a n d the e l e c t r o d e . 

W i t h the d e v e l o p m e n t o f o ther s u i t a b l e e l e c t r o d e surfaces that 
e n a b l e a p r o t e i n to b i n d r a p i d l y a n d r e v e r s i b l y to the e l e c t r o d e , i t 
s h o u l d p r o v e p o s s i b l e to a c h i e v e r a p i d e l e c t r o n transfer b e t w e e n e l e c 
t rodes a n d other r e d o x p ro t e in s w h i c h , h i the r to , w a s not p o s s i b l e at 
c o n v e n t i o n a l e l e c t r o d e surfaces. T h e d e v e l o p m e n t o f s u c h e l e c t r ode s 
s h o u l d e n a b l e the use o f e l e c t r o c h e m i c a l m e t h o d s for the s t u d y o f 
r edox p ro te ins a n d s h o u l d a l so e n a b l e the use (79-81 ) o f e n z y m e s as 
e l ec t roca ta lys t s . 

Acknowledgments 

T h e authors t h a n k W . J . A l b e r y , A . E . G . Cass , a n d A . R . H i l l m a n 
for u s e f u l d i s c u s s i o n . S u p p o r t f rom the S c i e n c e a n d E n g i n e e r i n g R e 
sea rch C o u n c i l , the N a t i o n a l R e s e a r c h D e v e l o p m e n t C o r p o r a t i o n , a n d 
J o h n s o n M a t t h e y L t d . is g ra t e fu l ly a c k n o w l e d g e d . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

08



8. EDDOWES AND HILL Reactions of Metalloproteins 195 

Literature Cited 

1. Nicholls, P. Biochim. Biophys. Acta 1974, 346, 261-310. 
2. Smith, L.; Conrad, H. Arch. Biochem. Biophys. 1956, 63, 403-413. 
3. Minnaert, K. Biochim. Biophys. Acta 1961, 50, 23-34. 
4. Yonetani, T.; Ray, G. S. J. Biol. Chem. 1966, 241, 700-706. 
5. Nicholls, P.; Mochan, E. Biochem. J. 1971, 121, 55-67. 
6. Orii, Y.; Sekuzu, I.; Okunuki, K. J. Biochem. (Tokyo) 1962, 51, 204-215. 
7. Nicholls, P.; Mochan, E. Biochem. J. 1971, 121, 69-82. 
8. Gupta, R. K.; Yonetani, T. Biochim. Biophys. Acta 1973, 502-508. 
9. Kaminsky, L. S.; Chiang, Y.-L.; Yu, C. Α.; King, T. E. Biochem. Biophys. 

Res. Commun. 1974, 59, 688-692. 
10. Chiang, Y.-L.; Kaminsky, L. S.; King, T. E. J. Biol. Chem. 1976, 251, 

29-36. 
11. Takemori, S.; Wada, K.; Ando, K.; Hosokawa, M.; Sekuzu, Z.; Okunuki, K. 

J. Biochem. (Tokyo) 1962, 52, 28-37. 
12. Davies, H. C.; Smith, L.; Wasserman, A. R. Biochim. Biophys. Acta 1964, 

85, 238-246. 
13. Fanger, M. W.; Harbury, H. A. Biochemistry 1965, 4, 2541-2545. 
14. Mochan, E. Biochim. Biophys. Acta 1970, 216, 80-95. 
15. Salemme, F. R.; Kraut, J.; Kamen, M. D. J. Biol. Chem. 1973, 248, 7701-

7716. 
16. Wada, K.; Okunuki, K. J. Biochem. (Tokyo) 1969, 66, 249-262. 
17. Staudenmayer, N.; Ng, S.; Smith, M. B.; Millet, F. Biochemistry 1977, 16, 

600-604. 
18. Smith, H. T.; Staudenmayer, N.; Millet, F. Biochemistry 1977, 16, 4971-

4974. 
19. Ahmed, A. J.; Smith, H. T.; Smith, M. B.; Millet, F. S. Biochemistry 1978, 

17, 2479-2483. 
20. Pettigrew, G. FEBS Lett. 1978, 86, 14-16. 
21. Rieder, R.; Bosshard, H. R. FEBS Lett. 1978, 92, 223-226. 
22. Ferguson-Miller, S.; Brautigan, D. L.; Margoliash, E. J. Biol. Chem. 1978, 

253, 149-159. 
23. Rieder, R.; Bosshard, H. R. J. Biol. Chem. 1978, 253, 6045-6053. 
24. Kang, C. H.; Brautigan, D. L.; Osheroff, N.; Margoliash, E. J. Biol. Chem. 

1978, 253, 6502-6510. 
25. Osheroff, N.; Brautigan, D. L.; Margoliash, E . J. Biol. Chem. 1980, 255, 

8245-8251. 
26. Stellwagen, E.; Shulman, R. G. J. Mol. Biol. 1973, 80, 559-573. 
27. Stellwagen, E.; Cass, R. D. J. Biol. Chem. 1975, 250, 2095-2098. 
28. Miller, W. G.; Cusanovich, M. A. Biophys. Struct. Mech. 1975, 1, 97-111. 
29. McCray, J. Α.; Kihara, T. Biochim. Biophys. Acta 1979, 548, 417-426. 
30. Goldberg, M.; Pecht, I. Biochemistry 1976, 15, 4197-4208. 
31. Segal, M. G.; Sykes, A. G. J. Am. Chem. Soc. 1978, 100, 4585-4592. 
32. Lappin, A. G.; Segal, M. G.; Weatherburn, D. C.; Sykes, A. G. J. Am. 

Chem. Soc. 1979, 101, 2297-2301. 
33. Lappin, A. G.; Segal, M. G.; Weatherburn, D. C.; Henderson, R. Α.; Sykes, 

A. G. J. Am. Chem. Soc. 1979, 101, 2302-2306. 
34. Armstrong, F. Α.; Sykes, A. G. J. Am. Chem. Soc. 1978, 101, 7710-7715. 
35. Armstrong, F. Α.; Henderson, R. Α.; Sykes, A. G. J. Am. Chem. Soc. 1979, 

101, 6912-6917. 
36. Armstrong, F. Α.; Henderson, R. Α.; Sykes, A. G. J. Am. Chem. Soc. 1980, 

102, 6545-6551. 
37. Betso, S. R.; Klapper, M. H.; Anderson, L. B. J. Am. Chem. Soc. 1972, 94, 

8197-8204. 
38. Scheller, F.; Janchen, M.; Lampe, J.; Prumke, H.-J.; Blanck, J.; Palecek, E. 

Biochim. Biophys. Acta 1976, 412, 157-167. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

08



196 BIOLOGICAL REDOX COMPONENTS 

39. Scheller, F.; Prumke, H.-J.; Schmidt, H. E. J. Electroanal. Chem. 1976, 70, 
219-227. 

40. Scheller, F.; Prumke, H.-J.; Schmidt, H. E.; Mohr, P. Bioelectrochem. 
Bioenerg. 1976, 3, 328-337. 

41. Scheller, F.; Prumke, H.-J. Stud. Biophys. 1976, 60, 137-142. 
42. Niki, K.; Yagi, T.; Inokuchi, H.; Kimura, K. J. Electrochem. Soc. 1977, 124, 

1889-1891. 
43. Niki, K.; Yagi, T.; Inokuchi, H.; Kimura, K. J. Am. Chem. Soc. 1979, 101, 

3335-3340. 
44. Kakutani, T.; Toriyama, K.; Ikeda, T.; Senda, M. Bull. Chem. Soc. Jpn. 

1980, 53, 947-950. 
45. Eddowes, M. J.; Hill, H. A. O. J. Chem. Soc., Chem. Commun. 1977, 

721-722. 
46. Eddowes, M. J.; Hill, H. A. O. J. Am. Chem. Soc. 1979, 101, 4461-4464. 
47. Eddowes, M. J.; Hill, H. A. O.; Uosaki, K. J. Am. Chem. Soc., 1979, 101, 

7113-7114. 
48. Eddowes, M. J.; Hill, H. A. O.; Uosaki, K. Bioelectrochem. Bioenerg. 

1980, 7, 527-537. 
49. Albery, W. J.; Eddowes, M. J.; Hill, H. A. O.; Hillman, A. R. J. Am. Chem. 

Soc., 1981, 103, 3904. 
50. Hill, H. A. O.; Uosaki, K. J. Electroanal. Chem. 1981, 122, 321. 
51. Levich, V. G. "Physicochemical Hydrodynamics"; Prentice Hall: Engel

wood Cliffs, NJ, 1962. 
52. Koutecky, J.; Levich, V. G. Zh. Fiz. Khim. 1958, 32, 1565-1575. 
53. Theorell, H. Biochem. Z. 1936, 285, 207-218. 
54. Ehrenberg, A. Acta Chem. Scand. 1957, 11, 1257-1270. 
55. Albery, W. J.; Hillman, A. R. J. Chem. Soc., Faraday Trans. 1, 1979, 75, 

1623-1634. 
56. Albery, W. J. "Electrode Kinetics"; Clarendon: Oxford, England, 1975. 
57. Yeh, P.; Kuwana, T. Chem. Lett. 1977, 1145-1148. 
58. Eddowes, M. J.; Elzanowska, H.; Hill, H. A. O. Biochem. Soc. Trans. 1979, 

9, 735-737. 
59. Ikeda, T.; Toriyama, K.; Senda, M. Bull. Chem. Soc. Jpn. 1979, 52, 1937-

1943. 
60. Wietzmann, P. D. J.; Kennedy, I. R.; Caldwell, R. A. FEBS Lett. 1971, 17, 

241-244. 
61. Dalton, H.; Zubieta, J. Biochim. Biophys. Acta 1973, 322, 133-140. 
62. Chien, Y. W. J. Pharm. Sci., 1976, 65, 1471-1476. 
63. Kiselev, Β. Α.; Kazakova, Α. Α.; Evstigneev, V. B.; Gins, V. K.; Mukhin, 

Ε. N. Biofizika 1976, 21, 35-39. 
64. Hill, C. L.; Renaud, J.; Holm, R. H.; Mortenson, L. E. J. Am. Chem. Soc. 

1977, 99, 2549-2557. 
65. Bianco, P.; Haladjian, J. Biochem. Biophys. Res. Commun. 1977, 78, 

323-327. 
66. Marcus, R. A. J. Phys. Chem. 1963, 67, 853-857. 
67. Heineman, W. R.; Norris, B. J.; Goelz, J. P. Anal. Chem. 1975, 47, 79-84. 
68. Jencks, W. P. "Catalysis in Chemistry and Enzymology"; McGraw-Hill: 

New York, 1969. 
69. Jencks, W. P. Mol. Biol. Biochem. Biophys. 1980, 32, 3-25. 
70. Albery, W. J.; Knowles, J. R. Biochemistry 1976, 15, 5631-5640. 
71. Appleby, A. J. Mod. Aspects Electrochem. 1974, 9, 369-478. 
72. Sutin, N. In "Bioinorganic Chemistry—II," Raymond, K. N., Ed.; ACS 

ADVANCES IN CHEMISTRY SERIES, No. 162, ACS: Washington, 
D.C., 1977, 156-172. 

73. Wherland, S.; Gray, H. B. In "Biological Aspects of Inorganic Chemistry"; 
Addison, A. W.; Cullen, W. R.; Dolphin, D.; James, B. R. Eds.; Wiley: 
New York, 1977; pp. 289-368. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

08



8. EDDOWES AND HILL Reactions of Metalloproteins 197 

74. Ferguson-Miller, S.; Brautigan, D. L.; Margoliash, E. J. Biol. Chem. 1976, 
251, 1104-1115. 

75. Mandel, N.; Mandel, G.; Trus, B. L.; Rosenberg, J.; Carlson, G.; Dicker
son, R. E. J. Biol. Chem. 1977, 252, 4619-4636. 

76. Kamen, M. D.; Errede, B. Biochemistry 1978, 17, 1015-1027. 
77. Dethmers, J. K.; Ferguson-Miller, S.; Margoliash, E. J. Biol. Chem. 1979, 

255, 11973-11981. 
78. Salemme, F. R. Annu. Rev. Biochem. 1977, 46, 299-329. 
79. Higgins, I. J.; Hammond, R. C.; Plotkin, E.; Hill, H. A. O.; Uosaki, K.; 

Eddowes, M. J.; Cass, A. E. G. In "Hydrocarbons in Biotechnology"; 
Harrison, D. E. F.; Higgins, I. J.; Watkinson, R. Eds.; Inst. Petro.: Lon
don, 1980; pp. 181-193. 

80. Scheller, F.; Renneberg, R.; Schwarze, W.; Strnad, G.; Pommerening, K.; 
Prumke, H.-J.; Mohr, P. Acta Biol. Med. Ger. 1979, 38, 503-509. 

81. Tarasevich, M. R. Bioelectrochem. Bioenerg. 1979, 6, 587-597. 
RECEIVED for review June 2, 1981. ACCEPTED October 7, 1981. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

08



9 

Electrochemical Studies of 
Cytochrome c3 of Desulfovibrio 
vulgaris 

KATSUMI NIKI—Yokohama National University, Department of 
Electrochemistry, Hodogaya-ku, Yokohama 240, Japan 

T A T S U H I K O YAGI—Shizuoka University, Department of Chemistry, 
Shizuoka 422, Japan 

HIROO INOKUCHI—Institute for Molecular Science, Okazaki 444, Japan 

The isolation, purification, biological function, and 
structure (including tertiary structure) of cytochrome c3 

from Desulfovibrio vulgaris are briefly discussed. The 
electrochemical reaction rate of the adsorbed cyto
chrome c3 film on a mercury electrode is very rapid and it 
becomes electrochemically inactive once the film is re
duced. However, the inactive film does not hinder the 
electrode reaction of cytochrome c3 from the bulk of the 
solution. Potentiometric, polarographic, and cyclic vol
tammetric results reveal that the electrode reaction is 
reversible and diffusion controlled. The formal potential 
of the ferricytochrome/ferrocytochrome couple is -0.528 
V (-0.287 V vs. NHE). The electrode reaction rate con
stant is 0.7 cm/s. From the simulation of the deferential 
pulse polarographic data, the best fit values of the indi
vidual standard potentials were obtained as -0.467, 
-0.519, -0.539, and -0.580 V. Cytochrome c3, adsorbed 
on a mercury electrode, catalyzes the reduction of dioxy
gen to water, and the highest catalytic activity is at
tained when one-half of the electrode surface is covered 
by cytochrome c3. 

/ C y t o c h r o m e c 3 is a n e l e c t r o n c a r r i e r p r o t e i n p resen t i n the s t r i c t l y 
a n a e r o b i c d i s s i m i l a t o r y s u l f a t e - r e d u c i n g bac t e r i a , Desulfovibrio. 

Dif f e r en t k i n d s o f c y t o c h r o m e C 3 w e r e d i s c o v e r e d f r o m di f ferent 

0065-2393/82/0201-0199$06.00/0 
© 1982 Amer ican C h e m i c a l Society 
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spec i e s o f s u l f a t e - r e d u c i n g b a c t e r i a i n genus Desulfovibrio (1,2), a n d 
n o w c y t o c h r o m e c 3 is a m a r k e r p r o t e i n i n t a x o n o m y o f the sulfa te-
r e d u c i n g b a c t e r i a d i s t i n g u i s h i n g Desulfovibrio f r o m Desulfoto-
maculum (3). C y t o c h r o m e c 3 is d e s c r i b e d as " l o w p o t e n t i a l l o w s p i n 
c y t o c h r o m e w i t h s o m e t h i o e t h e r b i n d i n g s i d e c h a i n o f h e m e as i n 
m i t o c h o n d r i a l c y t o c h r o m e c . . . It exists i n m u l t i h e m e f o r m as a 
m o n o m e r . . (4). C y t o c h r o m e c 3 i s o l a t e d f r o m Desulfovibrio 
vulgans M i y a z a k i is s i m i l a r to m a m m a l i a n c y t o c h r o m e c i n m o l e c u l a r 
w e i g h t a n d i n a b s o r p t i o n s p e c t r u m . H o w e v e r , i t con ta ins fou r h e m e s 
i n a s i n g l e p o l y p e p t i d e c h a i n a n d has a v e r y n e g a t i v e r e d o x p o t e n t i a l . 
T h i s c h a p t e r is c o n c e r n e d w i t h the b i o c h e m i c a l a n d p h y s i c o c h e m i c a l 
aspec ts o f c y t o c h r o m e c 3 o f Desulfovibrio vulgaris M i y a z a k i a n d its 
u n u s u a l e l e c t r o c h e m i c a l b e h a v i o r . 

Biochemical Aspects 

Isolation and Purification of Cytochrome c3. C y t o c h r o m e c 3 is a 
major c y t o c h r o m e c o m p o n e n t p re sen t i n the s o l u b l e f rac t ion o f the 
ce l l - f r ee ex t rac t o f Desulfovibrio (5, 6). It is a b a s i c p r o t e i n w i t h a n 
i s o e l e c t r i c p o i n t n e a r or o v e r 10 ( 1 , 2 , 7 - 1 0 ) , e x c e p t for that f r o m D . 
gigas w h o s e i s o e l e c t r i c p o i n t is 4 .5 (11). Passage o f the s o l u b l e f rac t ion 
o f D . vulgaris t h r o u g h a c o l u m n o f A m b e r l i t e C G - 5 0 ( N H 4

+ - f o r m ) a n d 
s u b s e q u e n t e l u t i o n b y 0.1 M N H 3 f r o m the c o l u m n separate c y t o 
c h r o m e c 3 a n d some b a s i c p ro t e in s f r o m m o s t o f the o ther p r o t e i n a -
c e o u s subs tances . P u r i f i c a t i o n b y ge l - f i l t r a t ion c h r o m a t o g r a p h y w i t h a 
S e p h a d e x G - 5 0 (fine) c o l u m n f o l l o w e d b y r e c h r o m a t o g r a p h y w i t h a n 
A m b e r l i t e C G - 5 0 ( N H 4

+ ) y i e l d s a p u r e c y t o c h r o m e c 3 p r e p a r a t i o n w i t h 
a p u r i t y i n d e x o f 3.0, w h i c h is d e f i n e d as the ra t io o f the abso rbance at 
552 m m ( a l p h a peak ) i n the fer ro- form to that at 2 8 0 m m i n the fe r r i -
fo rm (2 , 8). 

Spectral Properties. T h e a b s o r p t i o n s p e c t r a o f c y t o c h r o m e c 3 are 
s i m i l a r to c - type c y t o c h r o m e s . T h e s p e c t r u m o f the fe r r i - fo rm c a n b e 
r e c o r d e d f rom the v i s i b l e to the U V r e g i o n . H o w e v e r , that o f the ferro-
fo rm i n the U V r e g i o n c a n n o t b e r e a d i l y r e c o r d e d b e c a u s e o f the i n 
tense abso rp t i on o f N a 2 S 2 0 4 u s e d i n r o u t i n e m e t h o d s to r e d u c e c y t o 
c h r o m e s . T h e w h o l e s p e c t r u m o f the fer ro- form c a n b e t a k e n w h e n 
c y t o c h r o m e c 3 is r e d u c e d b y the c a t a l y t i c a c t i o n o f a t race o f p u r i f i e d 
h y d r o g e n a s e ( E C 1.12.2.1) u n d e r the h y d r o g e n a t m o s p h e r e (2) . T h e 
s p e c t r a l cha rac te r i s t i c s o f c y t o c h r o m e c 3 e x t r a c t e d f r o m D. vulgaris are 
s h o w n i n T a b l e I . 

O n e s p e c t r a l cha rac t e r i s t i c o f c y t o c h r o m e c 3 that w a s o v e r l o o k e d 
is the p o s i t i o n i n g o f i so sbes t i c p o i n t s o n b o t h s ides o f the γ - p e a k o f 
the fe r ro- form, that is , 4 1 2 a n d 4 3 2 n m (2, 12) ( T a b l e I ) . T h e d i s t ance 
b e t w e e n these t w o i sosbes t i c p o i n t s is o n l y 2 0 n m i n the case o f c y t o -
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9. NIKI E T A L . Cytochrome C3 o f Desu l fov ibr io vulgaris 201 

T a b l e I . S p e c t r a l D a t a for C y t o c h r o m e c 3 f r o m Desulfovibrio vulgaris 

P e a k pos i t i ons i n the fe r r i - fo rm (nm) : 530 , 4 1 0 ( γ ) , a n d 3 5 0 ( δ ) 
P e a k pos i t i ons i n the fer ro- form (nm) : 552(a) , 524(0), 4 1 9 ( γ ) , 3 2 3 ( δ ) , 

a n d 280 (p ro t e in ) 
I so sbes t i c p o i n t s (nm) : 5 6 0 , 5 4 2 , 5 3 2 , 5 0 8 , 4 3 2 , 4 1 2 , 3 4 3 , a n d 254 
M i l l i m o l a r a b s o r p t i v i t y at 552 n m i n the fe r ro- form: 110 m M " 1 · c m - 1 

A b s o r b a n c e ra t ios : 
• fe r ro-a / fe r r i -280 = 3.0 
• ferro-0/ferro-a = 0.52 
• fe r ro-y / fe r ro-a = 6.3 
• fe r r i -y / fe r ro -a = 4 .0 
• f e r r o - ô / f e r r o - a = 1.05 
• f e r r i - ô / f e r r o - a = 0 .77 

c h r o m e c 3 , w h e r e a s t y p i c a l l y i n those o f o ther c - type c y t o c h r o m e s hav 
i n g one h e m e , the c o r r e s p o n d i n g i so sbes t i c p o i n t s are 4 0 6 a n d 4 3 1 n m , 
w i t h the d i s t ance b e t w e e n t h e m b e i n g 2 5 n m (the γ - p e a k o f the 
e u c a r y o t i c c y t o c h r o m e c is b l u e - s h i f t e d b y 6 n m f r o m that o f Desul
fovibrio c y t o c h r o m e s , a n d so are the i so sbes t i c p o i n t s ) . W e o b s e r v e d 
r e p e a t e d l y that w h e n c y t o c h r o m e c 3 los t i ts b i o l o g i c a l f unc t ion as a n 
e l e c t r o n c a r r i e r for Desulfovibrio h y d r o g e n a s e b y a n y m e t h o d , the 
i sosbes t i c p o i n t s h i f t e d f rom 4 3 2 to 4 3 7 n m . T h e n a r r o w i n g o f the 
γ - p e a k o f c y t o c h r o m e c 3 m i g h t b e a r e f l ec t ion o f i ts i n t r a m o l e c u l a r 
h e m e - h e m e i n t e r a c t i o n i n its t e t r a h e m e s t ruc tu re . 

B i o c h e m i c a l F u n c t i o n . S i n c e its d i s c o v e r y i n s t r ic t anaerobes , 
c y t o c h r o m e c 3 has b e e n a s s u m e d to b e a n e l e c t r o n m e d i a t o r i n the 
b a c t e r i a l e l e c t r o n transfer s y s t e m . C y t o c h r o m e c 3 e n h a n c e d the rate o f 
h y d r o g e n u p t a k e b y the ce l l - f r ee ext rac t o f D . vulgaris H i l d e n b o r o u g h 
i n the p resence o f th iosu l f a t e or te t ra th iona te , b u t not i n the p re sence 
o f su l f i t e (1 ). T h e a d d i t i o n o f c y t o c h r o m e c 3 r e s u l t e d (7) i n a r e c o v e r y 
o f the f o r m i c h y d r o g e n a s e a c t i v i t y o f the ce l l - f r ee ex t rac t f r om w h i c h 
c y t o c h r o m e c 3 w a s r e m o v e d b y p a s s i n g t h r o u g h an A m b e r l i t e C G 50 
( N H 4

+ ) c o l u m n (13) . T h i s c y t o c h r o m e was i n v o l v e d i n the r e d u c t i o n o f 
h y d r o x y l a m i n e a n d e l e m e n t a r y su l fu r (13) , su l f i te (14), a n d a d e n o s i n e 
p h o s p h o s u l f a t e (15) i n a h y d r o g e n a t m o s p h e r e . T h e s e observa t ions 
w e r e i n a c c o r d w i t h the i d e a that the b a c t e r i a l h y d r o g e n a s e s y s t e m 
m i g h t b e d i r e c t l y l i n k e d to c y t o c h r o m e c 3 , w h i c h possesses the same 
e l e c t r o n c a r r i e r f unc t ion as f e r r e d o x i n i n the c l o s t r i d i a l h y d r o g e n a s e 
( E C 1.18.3.1) s y s t e m (16). D i r e c t p r o o f that Desulfovibrio h y d r o 
genase r e d u c e s c y t o c h r o m e c 3 w a s r e p o r t e d (17,18). H y d r o g e n is p r o 
d u c e d b y p a r t i a l l y p u r i f i e d Desulfovibrio h y d r o g e n a s e f rom a n e l e c 
t ron donor , N a 2 S 2 0 4 , o n l y i n the p re sence o f c y t o c h r o m e c 3 , a n d not i n 
the p r e sence o f f e r r e d o x i n . C y t o c h r o m e c 3 is a d i r e c t e l e c t r o n c a r r i e r 
for the h y d r o g e n a s e p r e p a r a t i o n f r o m b a c t e r i a i n genus Desulfovibrio, 
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202 BIOLOGICAL REDOX COMPONENTS 

that i s : the h y d r o g e n a s e s f rom D . vulgaris M i y a z a k i (17-21), D. vul
garis H i l d e n b o r o u g h , (22), a n d D . gigas (23). 

T h e p r o d u c t i o n o f h y d r o g e n f r o m formate ( fo rmic h y d r o g e n l y a s e 
reac t ion) is c a t a l y z e d b y the e n z y m e s y s t e m o f h y d r o g e n a s e a n d for
mate d e h y d r o g e n a s e [ fo rma te : f e r r i cy toch rome c-553 o x i d o r e d u c t a s e 
(24)] i n the p resence o f t w o e l e c t r o n ca r r i e r p ro t e in s , c y t o c h r o m e c 3 

a n d c y t o c h r o m e c -553 . T h e sulf i te r e d u c t i o n is c a t a l y z e d b y a n e n z y m e 
s y s t e m o f h y d r o g e n a s e a n d sulf i te r educ ta se i n the p resence o f t w o 
e l e c t r o n car r ie rs , c y t o c h r o m e c 3 a n d flavodoxin (25) . H y d r o g e n p ro 
d u c t i o n f rom p y r u v a t e b y the p h o s p h o r o c l a s t i c e n z y m e s y s t e m re
q u i r e s the coope ra t i on o f c y t o c h r o m e c 3 a n d f e r r e d o x i n for D. vulgaris 
(26), a n d c y t o c h r o m e c 3 a n d flavodoxin for D. gigas (27). T h e o x i d a t i o n 
o f lactate is c a t a l y z e d b y an e n z y m e , D- lactate d e h y d r o g e n a s e (D-
l a c t a t e : f e r r i c y t o c h r o m e c-553 ox ido reduc t a se ) (28), a n d the r e d u c t i o n 
o f a d e n y l y l s u l f a t e is r e p o r t e d to b e l i n k e d to c y t o c h r o m e c 3 (15). T h e s e 
resu l t s i n d i c a t e that c y t o c h r o m e c 3 p l a y s an i m p o r t a n t r o l e i n the e l e c 
t ron transfer s y s t e m . It is not p r o v e d w h e t h e r the N A D ( P ) + / N A D ( P ) H 
s y s t e m pa r t i c ipa t e s i n the e l e c t r o n transfer s y s t e m i n D . vulgaris. 

St ruc tu r e . T h e p r i m a r y s t ruc tures o f s eve ra l c y t o c h r o m e c 3 m o l 
e c u l e s p u r i f i e d f rom dif ferent spec i e s o f Desulfovibrio w e r e e l u c i 
da t ed . T h e s e i n c l u d e the c y t o c h r o m e s f rom D. vulgaris M i y a z a k i (29) , 
D. vulgaris H i l d e n b o r o u g h (30, 31), D. gigas (32), D. desulfuricans 
(33), D. desulfuricans N o r w a y (34), a n d D. salexigens (35). T h e s e 
s equences are g i v e n i n T a b l e I I . It is s h o w n that c y t o c h r o m e c 3 

M i y a z a k i con ta ins 107 a m i n o a c i d r e s idues a n d its m o l e c u l a r w e i g h t is 
13,995. T h e s e sequences d i s p l a y ra ther p o o r h o m o l o g y . A l t h o u g h there 
are e igh t c y s t e i n e r e s idues i n these sequences i n c o n f o r m i t y to the i r 
t e t r aheme s t ruc tures , the h e m e - a t t a c h i n g sites are not i d e n t i c a l . T h e 
c y t o c h r o m e s f rom b o t h D . vulgaris a n d D. gigas c o n t a i n t w o C y s - x - y -
C y s - H i s s equences a n d t w o C y s - a - b - c - d - C y s - H i s sequences , whe rea s 
the o ther c y t o c h r o m e s c o n t a i n th ree C y s - x - y - C y s - H i s s equences a n d 
o n l y one C y s - a - b - c - d - C y s - H i s s e q u e n c e . B e c a u s e these h e m e -
a t t a c h i n g sites m u s t h a v e di f ferent conformat ions , the c y t o c h r o m e s 
f r o m D. vulgaris a n d D. desulfuricans n a t u r a l l y d o not share a c o m 
m o n p r e c i p i t a t i o n a n t i g e n i c d e t e r m i n a n t as j u d g e d b y a n i m m u n o d i f 
fus ion test (36). 

C y t o c h r o m e c 3 f rom D . gigas is a n a c i d i c p r o t e i n w i t h p i = 4 .5 , 
w h e r e a s mos t o ther c y t o c h r o m e s c 3 are b a s i c p ro t e in s w i t h p i o v e r 10. 
T w o k i n d s o f p ro te ins h a v i n g c o m p l e t e l y d i f ferent i o n i c p rope r t i e s 
h a v e the i d e n t i c a l b i o l o g i c a l f unc t ion i n di f ferent b u t c l o s e l y r e l a t e d 
m i c r o o r g a n i s m s . T h e te r t i a ry s t ruc ture o f c y t o c h r o m e c 3 f r om b o t h D . 
desulfuricans N o r w a y (34) a n d D . vulgaris M i y a z a k i (37) w a s e l u c i 
d a t e d . T h e c r y s t a l s t ruc ture o f D . vulgaris M i y a z a k i b e l o n g s to the 
o r t h o r h o m b i c s y s t e m (space g r o u p Ρ 2 χ 2 ι 2 ι ) , w i t h the c e l l u n i t o f a = 
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204 BIOLOGICAL REDOX COMPONENTS 

52 .8 , b = 6 8 . 1 , a n d c = 34 .9 À. T h e shape o f the c y t o c h r o m e C 3 q m o l e 
c u l e is an e l l i p s o i d w i t h o v e r a l l d i m e n s i o n s o f 3 3 x 34 x 39 A . T h e 
i r o n - t o - i r o n d is tances r a n g e d f rom 11.3 to 18.1 A , a n d the ang les be 
t w e e n p o r p h y r i n r ings are s h o w n i n T a b l e I I I . E a c h h e m e is l i n k e d to 
t w o c y s t e i n e res idues t h r o u g h t h ioe the r b o n d s as for c y t o c h r o m e c. T h e 
fifth a n d s i x t h l i g a n d s o f e a c h i r o n a t o m are n i t r o g e n o f i m i d a z o l e i n 
the h i s t i d y l r e s i d u e . E a c h h e m e is e x p o s e d to a d i f ferent e n v i r o n m e n t 
a n d , c o n s e q u e n t l y , is e x p e c t e d to h a v e a di f ferent r e d o x p o t e n t i a l . 

Electrochemical Aspects 

A d s o r p t i o n o f C y t o c h r o m e c 3 o n M e r c u r y E l e c t r o d e . T h e adsorp
t ion b e h a v i o r o f c y t o c h r o m e c 3 at the e l e c t r o d e surface is i m p o r t a n t i n 
the e l u c i d a t i o n o f not o n l y e l e c t r o c h e m i c a l r e d o x reac t ions b u t a lso 
b i o l o g i c a l funct ions o f c y t o c h r o m e c 3 as a n e l e c t r o n ca r r i e r i n the res
p i r a t o r y c h a i n . 

T h e d i f f e r en t i a l c a p a c i t a n c e - t i m e c u r v e s o f the d r o p p i n g m e r c u r y 
e l e c t r o d e i n c y t o c h r o m e c 3 so lu t ions r e v e a l e d that the adso rp t ion o f the 
h e m e p r o t e i n o n the m e r c u r y e l e c t r o d e is i r r e v e r s i b l e a n d d i f fus ion 
c o n t r o l l e d . T h a t is , the a m o u n t o f the a d s o r b e d h e m e p r o t e i n c a n b e 
e v a l u a t e d b y u s i n g K o r y t a ' s e q u a t i o n (38) : 

w h e r e Cp is the c o n c e n t r a t i o n o f p r o t e i n ( m o l / c m 3 ) , Dp is the d i f fus ion 
coef f ic ien t o f p r o t e i n (cm 2 / s ) , a n d t is the t i m e e l a p s e d f r o m the b i r t h o f 
the m e r c u r y d r o p (s). T h e surface c o v e r a g e d e f i n e d as θ = I 7 r m a x was 
e v a l u a t e d f rom the c o n c e n t r a t i o n d e p e n d e n c e o f the d i f f e ren t i a l 
c a p a c i t a n c e at the d r o p p i n g m e r c u r y e l e c t r o d e , w h e r e Γ is the surface 
c o n c e n t r a t i o n o f c y t o c h r o m e c 3 a n d r m a x t he m a x i m u m surface c o n c e n 
t ra t ion (39) . T h e m a x i m u m surface c o n c e n t r a t i o n , r m a x , was c a l c u l a t e d 
f rom the concen t r a t i on at θ = 1 b y u s i n g K o r y t a ' s e q u a t i o n . T h e m a x i 
m u m c o n c e n t r a t i o n o b t a i n e d was 0 .92 x 1 0 ~ n m o l / c m 2 at - 0 . 9 0 V [a l l 
e l e c t r o d e p o t e n t i a l s i n th is chap t e r are r e f e r r ed to a sa tura ted c a l o m e l 
e l e c t r o d e ( S C E ) at 2 5 ° C ] , w h i c h agrees w i t h the r e s u l t o b t a i n e d b y the 
p o t e n t i a l s t ep c h r o n o c o u l o m e t r i c m e t h o d (40). A c c o r d i n g l y , the a rea 

T a b l e I I I . H e m e - H e m e D i s t a n c e s ( u p p e r right i n A n g s t r o m un i t s ) 
a n d H e m e - H e m e A n g l e s ( l o w e r lef t i n degrees ) (37) 

Γ = 0 .736 Cp(Dpt)112 

Heme 1 2 3 4 

1 
2 
3 
4 

16.3 18.1 12.8 
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9. NIKI E T A L . Cytochrome C 3 of Desu l fov ibr io vulgaris 205 

o c c u p i e d b y the a d s o r b e d c y t o c h r o m e c 3 m o l e c u l e is 1800 Â 2 , w h i c h is 
1.35 t i m e s greater t h a n the p r o j e c t e d a rea o f the c y t o c h r o m e c 3 m o l e 
c u l e i n the c r y s t a l . T h e extent o f the d e f o r m a t i o n (or u n f o l d i n g ) o f the 
c y t o c h r o m e c 3 m o l e c u l e at the m e r c u r y e l e c t r o d e is c o n s i d e r e d to b e 
s m a l l . O n the o ther h a n d , the s p r e a d i n g o f the c y t o c h r o m e c m o l e c u l e 
at the e l e c t r o d e surface is 1.8 t i m e s greater , that o f the r i b o n u c l e a s e 
m o l e c u l e is 2 . 2 - 2 . 9 t imes , a n d that o f the l y s o z y m e m o l e c u l e is 1 .3 -
2.0 t imes greater (41 ). 

Electrochemical Properties of Adsorbed Cytochrome c 3. A fresh 
m e r c u r y d r o p ( h a n g i n g m e r c u r y d r o p e l e c t r o d e , H M D E ) was e q u i l i 
b r a t e d for a b o u t 1 m i n i n c y t o c h r o m e c 3 s o l u t i o n (10~ 5 ~ 10~ 4 M ) . A f t e r 
the m e r c u r y d r o p was r i n s e d t h o r o u g h l y b y p h o s p h a t e buffer s o l u t i o n , 
the H M D E was t rans fe r red i n t o the deae r a t ed 0 .03 M p h o s p h a t e buffer 
s o l u t i o n w i t h o u t c y t o c h r o m e c 3 a n d t hen c y c l i c v o l t a m m o g r a m s o f the 
a d s o r b e d c y t o c h r o m e c 3 w e r e r e c o r d e d . T h e r e d u c t i o n p e a k o f fer
r i c y t o c h r o m e c 3 w a s o b s e r v e d o n l y o n the first s c a n at - 0 . 5 V as s h o w n 
i n F i g u r e 1 (40). N o r e o x i d a t i o n p e a k o f f e r r o c y t o c h r o m e c 3 w a s d e 
t e c t e d o n the r eve r se s can , a n d no p e a k w a s o b s e r v e d o n fur ther r e p e t i 
t i on o f the s c a n n i n g . T h e e l e c t r o c h e m i c a l l y i n a c t i v e a d s o r b e d l a y e r o f 
c y t o c h r o m e c 3 was s tab le a n d w a s not r e o x i d i z a b l e b y e x p o s u r e to the 
o x y g e n a t m o s p h e r e . T h e s ame e l e c t r o c h e m i c a l b e h a v i o r was r e p o r t e d 
as w a s for the c y c l i c v o l t a m m e t r y o f the a d s o r b e d m o n o l a y e r o f c y t o 
c h r o m e c o n the m e r c u r y e l e c t r o d e (42). 

T h e p o t e n t i a l s t ep c h r o n o c o u l o m e t r i c t e c h n i q u e (43) w a s e m 
p l o y e d to i nves t i ga t e the r e d u c t i o n o f the a d s o r b e d c y t o c h r o m e c 3 o n 
the m e r c u r y e l e c t r o d e (40). A f t e r the c o m p l e t e sa tura t ion o f the d r o p 
p i n g m e r c u r y e l e c t r o d e b y f e r r i c y t o c h r o m e c 3 , the e l e c t r o d e p o t e n t i a l 
w a s s t e p p e d f rom - 0 . 3 to - 0 . 7 V . T h e n u m b e r o f e l ec t rons i n v o l v e d i n 
the r e d u c t i o n o f the a d s o r b e d f e r r i c y t o c h r o m e c 3 was fou r a n d its reac
t ion w a s a l m o s t i n s t an t aneous . T h e r e d u c t i o n o f f e r r i c y t o c h r o m e c 3 i n 
the b u l k o f the s o l u t i o n was c o n f i r m e d to b e d i f fus ion c o n t r o l l e d . O n 
the o ther h a n d , the r e o x i d a t i o n o f the a d s o r b e d f e r r o c y t o c h r o m e c 3 , 
w h i c h w a s r e d u c e d e l e c t r o c h e m i c a l l y at the e l e c t r o d e , was not o b 
s e r v e d . T h e c h e m i c a l l y g e n e r a t e d f e r r o c y t o c h r o m e c 3 w a s a lso e l e c -
t r o c h e m i c a l l y i n a c t i v e w h e n i t w a s a d s o r b e d o n the m e r c u r y e l e c t r o d e . 
T h e a d s o r b e d f e r r i c y t o c h r o m e film was s t ab le a n d n o a p p r e c i a b l e d e 
so rp t ion w a s o b s e r v e d after 3 0 m i n i n the p h o s p h a t e buffer s o l u t i o n . 
T h e a d s o r b e d f e r r o c y t o c h r o m e c 3 w a s c o n f i r m e d to b e s t ab le b y m o n i 
t o r i n g the d i f f e r en t i a l c a p a c i t a n c e o f the e l e c t r o d e t h r o u g h o u t the re
d u c t i o n a n d o x i d a t i o n processes o f the a d s o r b e d c y t o c h r o m e c 3 f i l m . 

T h e e l e c t r o n e x c h a n g e b e t w e e n the e l e c t r o d e a n d c y t o c h r o m e c 3 

i n the b u l k o f the s o l u t i o n (d i s cus sed la te r i n th is chap te r ) is not re
s t r i c t e d b y the m o n o l a y e r o f c y t o c h r o m e c 3 at the e l e c t r o d e surface . I n 
a d d i t i o n , the a m o u n t o f the a d s o r b e d c y t o c h r o m e o n the m e r c u r y e l e c -
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206 BIOLOGICAL REDOX COMPONENTS 

- 0 . 1 0 

0.051 , , , I 
0 - 0 . 5 - 1 . 0 

E l e c t r o d e p o t e n t i a l (V) 

Figure 1. Cyclic voltammogram of the adsorbed cytochrome c3 

(monolayer) on hanging mercury drop electrode in 0.03 M phosphate 
buffer solution at pH 7.0. Scan rate, 100 mV/s; A = 0.0143 cm2 (40). 

t r o d e surface is so s m a l l (1 m i c r o c o u l o m b / c m 2 ) a n d the e l e c t r o c h e m i 
c a l r eac t ion rate constant is so la rge that the e x p e r i m e n t a l errors c a u s e d 
b y the a d s o r b e d spec ies i n c y c l i c v o l t a m m e t r y a n d p u l s e p o l a r o g r a p h y 
are i n s i g n i f i c a n t (40). 

P o t e n t i o m e t r i c S t u d i e s . T h e p o t e n t i o m e t r i c m e a s u r e m e n t s w e r e 
c a r r i e d ou t i n 0.03 M p h o s p h a t e buffer s o l u t i o n at p H 7.0 w i t h a s l o w 
d r o p p i n g m e r c u r y e l e c t r o d e (drop t i m e ~ 3 0 s) as a n i n d i c a t o r e l e c 
t rode . T h e ra t io o f the fe r r i - form to the ferro-form is v a r i e d b y the 
e n z y m a t i c r e d u c t i o n o f the fe r r i - fo rm w i t h a c o n t r o l l e d a m o u n t o f h y 
d r o g e n i n the p resence o f a s m a l l a m o u n t o f h y d r o g e n a s e ( h y d r o g e n : 
f e r r i c y t o c h r o m e c 3 o x i d o r e d u c t a s e , E C 1.12.2.1.). T h e p l o t o f l o g 
(C0/CR) v s . e l e c t r o d e p o t e n t i a l p r o d u c e s a s t ra ight l i n e w i t h a N e r n s t 
s lope o f 93 m V as s h o w n i n F i g u r e 2 . T h e appa ren t n u m b e r o f e l e c 
trons i n v o l v e d i n the o v e r a l l e l e c t r o d e r eac t ion 

f e r r i c y t o c h r o m e c 3 + 4e ^ f e r r o c y t o c h r o m e c 3 

is c a l c u l a t e d to b e 0.64. T h e appa ren t f o r m a l p o t e n t i a l , w h i c h is the 
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9. NIKI E T A L . Cytochrome C 3 of Desul fovibr io vulgaris 207 

m e a n r e d o x p o t e n t i a l o f the four i n d i v i d u a l h e m e s i n the m o l e c u l e , is 
- 0 . 5 2 8 ± 0 . 0 0 1 V ( - 0 . 2 8 7 V vs . N H E ) (44). T h e d e v i a t i o n f rom the 
l i n e a r p l o t at the C0/CR ra t io less t h a n 0.5 p r e d i c t s a m u l t i s t e p r e d u c 
t i on o f c y t o c h r o m e c 3 . 

P u l s e P o l a r o g r a p h i c S t u d i e s . C y t o c h r o m e c 3 p r o d u c e s a s i n g l e 
w e l l - d e f i n e d r e d u c t i o n w a v e w i t h a s m a l l p r e c e d i n g w a v e at the 
d r o p p i n g m e r c u r y e l e c t r o d e , as s h o w n i n F i g u r e 3. T h e h a l f - w a v e 
p o t e n t i a l is - 0 . 5 2 7 V , w h i c h is e q u a l to the appa ren t f o r m a l p o t e n t i a l 
i n p o t e n t i o m e t r y , a n d the l o g a r i t h m i c p l o t is a s t ra igh t l i n e w i t h a n 
i n v e r s e s l o p e o f 0 .085 m V , f rom w h i c h the n u m b e r o f e l ec t rons i n 
v o l v e d i n the e l e c t r o d e r eac t ion is e s t i m a t e d to be 0 .70 (44). 

T h e p o l a r o g r a m o b t a i n e d b y a s can - r eve r sa l p u l s e p o l a r o g r a p h y 
d e p e n d s m a r k e d l y o n the r e v e r s i b i l i t y o f the e l e c t r o d e r eac t ion (45). 
I n the c y t o c h r o m e c 3 s o l u t i o n the rat io o f the l i m i t i n g cu r ren t s for 
c a t h o d i c a n d a n o d i c scans is u n i t y a n d the h a l f - w a v e p o t e n t i a l o n the 
c a t h o d i c s can is e q u a l to that o n the r eve r se scan . T h e s e resu l t s p r o 
v i d e s t rong e v i d e n c e for the r e v e r s i b l e e l e c t r o d e r eac t i on o f c y t o 
c h r o m e c 3 o n the m e r c u r y e l e c t r o d e . O u r ga lvanos ta t i c d o u b l e p u l s e 
m e a s u r e m e n t s r e v e a l e d that the a p p a r e n t e l e c t r o d e r eac t i on rate c o n 
stant o f the f e r r i c y t o c h r o m e c 3 / f e r r o c y t o c h r o m e c 3 s y s t e m is 0.7 cm/s . 
T h e d i f fus ion coeff ic ients o f f e r r i c y t o c h r o m e c 3 a n d f e r r o c y t o c h r o m e 
c 3 c a l c u l a t e d f rom the p u l s e p o l a r o g r a p h i c da ta w e r e 0.94 x 10~ 6 

10 

U 
ο 

υ 
1.0 

0.1 

- 0 . 4 - 0 . 5 - 0 . 6 

E l e c t r o d e p o t e n t i a l (V) 

Figure 2. Equilibrium potentials of the ferricytochrome/ferrocyto
chrome c3 in 0.03 M phosphate buffer solution at pH 7.0 (44). 
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208 BIOLOGICAL REDOX COMPONENTS 

0 - 0 . 2 - 0 . 4 - 0 . 6 - 0 . 8 - 1 . 0 

E l e c t r o d e p o t e n t i a l (V) 

Figure 3. Normal pulse polarograms of the reduction of ferricyto
chrome c3 and of the base solution (0.03 M phosphate buffer). 
Cytochrome c3 concentration, 1.24 x 10 ~4 M ; m = 2.82 mgldrop; 

sampling time, 50 ms ( 44). 

c m 2 / s . T h i s v a l u e is i n a g r e e m e n t w i t h that o f horse hear t f e r r i cy to 
c h r o m e c d e t e r m i n e d b y a h y d r o d y n a m i c t e c h n i q u e (46). 

C y c l i c V o l t a m m e t r i c S t u d i e s . T h e c y c l i c v o l t a m m o g r a m o f 
c y t o c h r o m e c 3 is d i s t o r t e d a n d b r o a d e r t h a n e x p e c t e d f rom the four-
e l e c t r o n r eac t ion (47). T h e s ame is t rue i n c 3 - t y p e c y t o c h r o m e s f r o m D. 
vulgaris H i l d e n b o r o u g h a n d D . desulfuricans N o r w a y (48). T h e p e a k 
p o t e n t i a l s o f these c y t o c h r o m e s are i n d e p e n d e n t o f b o t h the s c a n rate 
a n d the c o n c e n t r a t i o n o f c y t o c h r o m e c 3 w i t h i n the i n v e s t i g a t e d range . 
T h e p e a k c u r r e n t va r i e s l i n e a r l y w i t h the square root o f the s can rate 
a n d the ra t io o f the c a t h o d i c to a n o d i c p e a k c u r r e n t is a l m o s t u n i t y . 

T h e c a t h o d i c p e a k c u r r e n t is o n l y 1/2J5 o f the p e a k c u r r e n t ex
p e c t e d f rom a r e v e r s i b l e f o u r - e l e c t r o n process . T h e c a t h o d i c a n d 
a n o d i c p e a k p o t e n t i a l s are - 0 . 5 5 a n d - 0 . 4 6 V , r e s p e c t i v e l y . T h e n u m 
b e r o f e l ec t rons i n v o l v e d i n the e l e c t r o d e process is c a l c u l a t e d to b e 
0.61 f rom the peak- to -peak sepa ra t ion (47). I n the case o f c y t o c h r o m e 
c 3 f r om D . vulgaris H i l d e n b o r o u g h the c a t h o d i c a n d a n o d i c p e a k p o 
ten t i a l s are - 0 . 6 2 a n d - 0 . 5 1 V , r e s p e c t i v e l y (48). O n the o ther h a n d , 
c y t o c h r o m e c 3 f rom D. desulfuricans N o r w a y s h o w s t w o c a t h o d i c 
p e a k s at - 0 . 4 5 a n d - 0 . 6 3 V a n d the a n o d i c p e a k at - 0 . 5 4 V (48). T h e 
c a t h o d i c p e a k at - 0 . 2 V o b s e r v e d i n b o t h cases is p r o b a b l y d u e to the 
r e d u c t i o n o f a c o n t a m i n a t e d o x y g e n . T h e e l e c t r o d e process o f c y t o 
c h r o m e c 3 f r o m D . vulgaris H i l d e n b o r o u g h at —0.56 V is l i k e l y to 
c o r r e s p o n d to the r e d o x r e a c t i o n o f f e r r i c y t o c h r o m e c 3 / f e r r o c y t o -
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9. NIKI E T A L . Cytochrome C 3 of Desu l fov ibr io vulgaris 209 

c h r o m e C 3 o f M i y a z a k i b e c a u s e o f the s i m i l a r i t y i n the p r i m a r y s t ruc
tu re b e t w e e n c y t o c h r o m e c 3 f r o m D . vulgaris M i y a z a k i a n d that f r o m 
D . vulgaris H i l d e n b o r o u g h (the d e g r e e o f h o m o l o g y b e t w e e n these 
c y t o c h r o m e s c 3 is 8 7 % ) as s h o w n i n T a b l e I I . H o w e v e r , c y t o c h r o m e 
c 3 f r o m D . desulfuricans N o r w a y has the l ea s t h o m o l o g y to o u r c y t o 
c h r o m e c 3 (the d e g r e e o f h o m o l o g y is o n l y 2 8 % ) , a n d the di f ferent 
e l e c t r o d e process o f c y t o c h r o m e c 3 c a n b e e x p e c t e d . 

D i f f e r e n t i a l P u l s e P o l a r o g r a p h i c S t u d y . T h e d i f f e r en t i a l p u l s e 
p o l a r o g r a m o f f e r r i c y t o c h r o m e c 3 is w e l l - d e f i n e d , as s h o w n i n F i g u r e 
4. T h e p o l a r o g r a m is s l i g h t l y d i s t o r t e d f r o m the s y m m e t r y w i t h the 
p e a k p o t e n t i a l o f - 0 . 5 2 2 V , f rom w h i c h the h a l f - w a v e p o t e n t i a l o f a 
r e v e r s i b l e s y s t e m i n n o r m a l p u l s e p o l a r o g r a p h y is c a l c u l a t e d to b e 
- 0 . 5 2 7 V . H o w e v e r , the p e a k h e i g h t is s m a l l e r t h a n that e x p e c t e d f r o m 
a r e v e r s i b l e f o u r - e l e c t r o n r e a c t i o n a n d the ha l f -peak w i d t h is a l so 
b r o a d e r t h a n that e x p e c t e d . T h e h a l f - w a v e p o t e n t i a l s o f D. vulgaris 
H i l d e n b o r o u g h c y t o c h r o m e c 3 a re e s t i m a t e d to b e - 0 . 4 9 V ( i l l -
d e f i n e d ) a n d - 0 . 5 8 V ( m a i n w a v e ) f r o m the d i f f e r en t i a l p u l s e p o l a r o g 
r a p h y , a n d those o f D . desulfuricans N o r w a y are e s t i m a t e d i n the s ame 
w a y to b e - 0 . 4 0 V ( w e l l - d e f i n e d ) a n d - 0 . 5 8 V ( m a i n w a v e ) (49). 

- 0 . 3 - 0 . 4 - 0 . 5 - 0 . 6 - 0 . 7 

E l e c t r o d e p o t e n t i a l (V) 

Figure 4. Differential pulse polarogram for the reduction of ferri
cytochrome c3 (1.24 x 10~4 M) in 0.03 M phosphate buffer solution 
(—) and best fit differential pulse polarography simulation (O) (57). 
m = 2.99 mgldrop; sampling time, 70 ms; modulation amplitude, 

10 mV. 
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210 BIOLOGICAL REDOX COMPONENTS 

E l u c i d a t i o n o f the R e d o x P o t e n t i a l o f H e m e s i n C y t o c h r o m e 
c 3 . T h e r e d o x states o f c y t o c h r o m e c 3 f r o m D. vulgaris H i î d e n -
b o r o u g h w e r e s t u d i e d e x t e n s i v e l y b y E S R (50-52), M o s s b a u e r spec 
t ro scopy (53), N M R (54, 55), a n d E S R c o u p l e d w i t h p o t e n t i o m e t r y 
(56). I n the cour se o f the r e o x i d a t i o n o f f e r r o c y t o c h r o m e c 3 w i t h oxy
g e n , a s t ab le i n t e r m e d i a t e at a h a l f - r e o x i d i z e d state was o b s e r v e d i n 
the E S R m e a s u r e m e n t s (50, 51 ). T h e r e d o x c y c l i n g b y c h e m i c a l r e d u c 
t i o n a n d r e o x i d a t i o n w i t h o x y g e n r e v e a l e d that the i n d i v i d u a l h e m e s 
w e r e r e o x i d i z e d at di f ferent rates i n d i c a t i n g d i s s i m i l a r h e m e s at 8.5 Κ 
(52). M c D o n a l d et a l . (54) r e p o r t e d that th ree di f ferent o x i d a t i o n states 
a p p e a r to d e v e l o p i n the r e o x i d a t i o n o f f e r r o c y t o c h r o m e c 3 ; I , one 
fe r r i -heme a n d three fe r ro -hemes ; I I , t w o fe r r i -hemes a n d t w o ferro-
h e m e s ; a n d I I I , f u l l y o x i d i z e d h e m e s . O n the o the r h a n d , D o b s o n et a l . 
(55) o b s e r v e d that the r e d u c t i o n o f f e r r i c y t o c h r o m e c 3 w i t h d i t h i o n i t e 
p r o c e e d s i n t w o t w o - e l e c t r o n s teps . T h e r e d u c t i o n o f c y t o c h r o m e c 3 

w a s p r e d i c t e d to p r o c e e d i n four o n e - e l e c t r o n s teps w i t h u n e q u a l l y 
s p a c e d s t anda rd po t en t i a l s (the spac ings are -26, - 9 , a n d - 5 m V ) 
(56) . T h e f o r m a l p o t e n t i a l is e s t i m a t e d to b e -0.56 V . 

O u r i n v e s t i g a t i o n s h o w e d that c y t o c h r o m e c 3 f r o m D . vulgaris 
M i y a z a k i con ta ins four h e m e g roups a n d the v o l t a m m e t r i c da ta i n d i 
cate that these four r e d o x centers are c h a r a c t e r i z e d b y four separate 
b u t c l o s e l y s p a c e d r e d o x po ten t i a l s , w i t h e a c h cen te r e x h i b i t i n g revers 
i b l e e l e c t r o n transfer o n a m e r c u r y e l e c t r o d e . W e d e v e l o p e d theore t i 
c a l responses for the r e d u c t i o n o f m o l e c u l e s c o n t a i n i n g fou r s i m i l a r b u t 
n o n e q u i v a l e n t r e d o x sites for c y c l i c v o l t a m m o g r a m a n d d i f f e ren t i a l 
p u l s e p o l a r o g r a m (57). 

D e f i n i t i o n o f the fou r i n d i v i d u a l s t an d a rd po t en t i a l s is g i v e n b y 
the f o l l o w i n g s c h e m e w h e r e C0 is the f u l l y o x i d i z e d a n d C 4 the f u l l y 
r e d u c e d c y t o c h r o m e : 

Co C\ * C 2 * C 3 * C 4 

E\ E\ E% E\ 

a n d b y the expres s ion : 

Ε = Ei - ( R T / F ) l n ( Q / C i + 1 ) 

T h e i n d i v i d u a l s t a n d a r d po t en t i a l s are m a c r o s c o p i c ra ther t h a n m i c r o 
s c o p i c pa ramete r s . T h u s , Ct does not s i g n i f y r e d u c t i o n o f a p a r t i c u l a r 
h e m e g r o u p b u t is s i m p l y the e q u i l i b r i u m d i s t r i b u t i o n o f a l l m o l e c u l e s 
that h a v e one r e d u c e d site a n d th ree o x i d i z e d sites, n a m e l y , a c o l l e c 
t i o n o f the spec i e s R i 0 2 0 3 0 4 , 0 ^ 2 0 3 0 4 , 0 ! 0 2 R 3 0 4 , a n d 0 ! 0 2 0 3 R 4 . 
T h e t h e o r e t i c a l v o l t a m m e t r i c responses w e r e g e n e r a t e d b y d i g i t a l 
s i m u l a t i o n w i t h t e c h n i q u e s d e v e l o p e d p r e v i o u s l y (58). 
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9. NIKI E T A L . Cytochrome C 3 of Desul fovibr io vulgaris 211 

C y c l i c V o l t a m m e t r y ( C V ) . F o r the C V s i m u l a t i o n s , s e m i - i n f i n i t e , 
l i n e a r d i f fus ion to a p l a n e e l e c t r o d e was e m p l o y e d . A n u m b e r o f s i m u 
la t ions for e q u a l l y s p a c e d E ° v a l u e s w e r e p e r f o r m e d , a n d the va l ue s o f 
the d i f fe rence b e t w e e n a n o d i c a n d c a t h o d i c p e a k po t en t i a l s , Δ Ε Ρ , a n d 
the c a t h o d i c p e a k c u r r e n t f u n c t i o n , λ/π χ (at) are g i v e n i n F i g u r e s 5 
a n d 6 as func t ions o f the s p a c i n g b e t w e e n the s t a n d a r d po ten t i a l s , 
Δ Ε ° = E°M ~ El T h e c u r r e n t f unc t i on is d e f i n e d (59) b y i/FADmC* 
(Fv/RT)112 w h e r e i is the cu r r en t , A is the e l e c t r o d e area , D is the 
d i f fus ion coef f ic ien t o f the reactant , C * is the b u l k c o n c e n t r a t i o n o f 
the reactant , ν is the scan rate, a n d the o ther s y m b o l s h a v e t h e i r 
n o r m a l m e a n i n g . P o s i t i v e v a l u e s o f the s p a c i n g c o r r e s p o n d to the 
r eac t i on that b e c o m e s eas ie r as r e d u c t i o n p r o c e e d s a n d i n the l i m i t 
o f v e r y p o s i t i v e s p a c i n g , Δ Ε Ρ app roaches 14.2 m V , w h i c h c o r r e s p o n d s 
to the r e v e r s i b l e f o u r - e l e c t r o n r eac t i on . S i m i l a r l y , the c a t h o d i c p e a k 
c u r r e n t f unc t i on app roaches the t h e o r e t i c a l v a l u e o f 3 .57 (59) . F r o m 
a c o m p a r i s o n o f the p resen t resu l t s w i t h the v a l u e s i n F i g u r e s 5 a n d 6, 
the s p a c i n g o f the s t a n d a r d p o t e n t i a l s is e s t i m a t e d to b e - 3 5 m V 
p r o v i d e d that the s t anda rd p o t e n t i a l s are e q u a l l y s p a c e d . 

D i f f e r e n t i a l P u l s e P o l a r o g r a p h y ( D P P ) . T h e s i m u l a t i o n s w e r e 
b a s e d o n s e m i - i n f i n i t e l i n e a r d i f fus ion to the e x p a n d i n g p l a n e m o d e l 
for the d r o p p i n g m e r c u r y e l e c t r o d e (58) . T h e bes t fit s i m u l a t i o n w i t h 
the e x p e r i m e n t a l resu l t s was o b t a i n e d f rom the ana lys i s o f D P P da ta 

3 0 0 

2 0 0 
a. 

<1 

100 + 100 

Figure 5. Dependence of peak potential separation on àE°for equally 
spaced standard potential (57). 
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212 BIOLOGICAL REDOX COMPONENTS 

1 ' I I 

- 1 0 0 0 + 1 0 0 

A E ° ( m V ) 

Figure 6. Dependence of cathodic peak current function on Δ Ε ° for 
equally spaced standard potential (57). 

b e c a u s e D P P is m o r e sens i t i ve to s m a l l va r i a t ions i n the s t a n d a r d po 
ten t i a l s t h a n is C V a n d the b a c k g r o u n d s i g n a l is less o f a p r o b l e m for 
D P P t h a n for C V . T h e bes t fit v a l u e s for the i n d i v i d u a l p o t e n t i a l s for 
D P P a n d C V are E\ = - 0 . 4 6 7 , E ° 2 = - 0 . 5 1 9 , E ° 3 = - 0 . 5 3 9 , a n d E ° 4 = 
- 0 . 5 8 0 V . 

F i g u r e s 4 a n d 7 c o m p a r e the bes t fit s i m u l a t i o n w i t h the e x p e r i 
m e n t a l resu l t s . A g o o d a g r e e m e n t w i t h the e x p e r i m e n t s was o b t a i n e d 
for b o t h D P P a n d C V . T h e a s y m m e t r y i n the s p l i t t i n g o f the s t anda rd 
p o t e n t i a l s w a s e f fec ted i n the D P P da ta as a l e a d i n g s h o u l d e r o n the 
p o l a r o g r a m . N o h i n t o f th is a s y m m e t r y was o b s e r v e d i n the C V s i m u 
l a t i o n . 

S e v e r a l c o n c l u s i o n s a b o u t the p rope r t i e s o f c y t o c h r o m e c 3 from D . 
vulgaris M i y a z a k i m a y b e d r a w n f r o m these resu l t s . C e r t a i n l y the c e n 
ters m a y not b e d e s c r i b e d as e q u i v a l e n t , n o n i n t e r a c t i n g r e d o x sites. 
T h e m o d e l w e favor is the one w h e r e the h e m e centers are c h e m i c a l l y 
d i f ferent a n d are w e a k l y i n t e r a c t i n g . T h e i n t r i n s i c ease o f r e d u c t i o n o f 
e a c h cen te r differs f r om the others a n d pe rhaps is a l so af fec ted b y the 
o x i d a t i o n states o f adjacent centers . 

The Effect of Foreign P r o t e i n s on the Electrode Reaction of 
C y t o c h r o m e c3. T h e l i m i t i n g c u r r e n t for the r e d u c t i o n o f c y t o c h r o m e 
c 3 at the d r o p p i n g m e r c u r y e l e c t r o d e is s u p p r e s s e d b y the a d d i t i o n o f 
c y t o c h r o m e c. H o w e v e r , b o t h the h a l f - w a v e p o t e n t i a l o f p u l s e p o l a r o -
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9. NIKI E T A L . Cytochrome c 3 of Desul fovibr io vulgaris 213 

g r a m a n d the p e a k p o t e n t i a l o f d i f f e r en t i a l p u l s e p o l a r o g r a m are not 
affected. T h e r e l a t i o n b e t w e e n the f rac t ion o f c y t o c h r o m e c 3 o n the 
f u l l y c o v e r e d e l e c t r o d e surface b y b o t h c y t o c h r o m e c 3 a n d c y t o c h r o m e 
c a n d the d e g r e e o f supp re s s ion o f the l i m i t i n g c u r r e n t for the r e d u c 
t i o n o f f e r r i c y t o c h r o m e c 3 ( i n a rb i t r a ry un i t ) is s h o w n i n F i g u r e 8. T h e 
l i m i t i n g c u r r e n t is not p r o p o r t i o n a l to the c o n c e n t r a t i o n b u t dev i a t e s 
f rom the l i n e a r r e l a t i o n . T h i s r e su l t i n d i c a t e s that o n l y the sites oc 
c u p i e d b y c y t o c h r o m e c 3 act as a c t i v e cen te rs for the e l e c t r o n transfer 
b e t w e e n the e l e c t r o d e a n d f e r r i c y t o c h r o m e c 3 f r om the b u l k o f the 
s o l u t i o n . T h e l i m i t i n g c u r r e n t for the r e d u c t i o n o f c y t o c h r o m e c 3 is no t 
af fected b y the a d d i t i o n o f r i b o n u c l e a s e as is seen for the r e d u c t i o n o f 
c y t o c h r o m e c w i t h r i b o n u c l e a s e (60) . O n the o ther h a n d , the shif t o f 
the h a l f - w a v e p o t e n t i a l is o b s e r v e d . T h a t is , the e l e c t r o d e r e a c t i o n 
b e c o m e s i r r e v e r s i b l e . 

T h e C a t a l y t i c R e d u c t i o n o f M o l e c u l a r O x y g e n b y C y t o c h r o m e 
c 3 . T h e r e d u c t i o n o f m o l e c u l a r o x y g e n i n p h o s p h a t e buffer s o l u t i o n at 
p H 7.0 p r o c e e d s i n t w o steps o n the m e r c u r y e l e c t r o d e . T h e first w a v e 
c o r r e s p o n d s to the r e d u c t i o n o f o x y g e n to h y d r o g e n p e r o x i d e a n d the 

CO 

250 0 - 2 5 0 - 5 0 0 

( E - E Î ) ( m V ) 

Figure 7. Comparison of experimental CV data ( O) (47) to the best 
fit simulation (—). The data were obtained by correcting the experi
mental values for background and then normalizing the cathodic peak 

to the same scale as the simulated results. Scan rate, 0.2 V/s ( 57). 
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214 BIOLOGICAL REDOX COMPONENTS 

Î.0 0.75 0.50 0.25 
Fraction of cyt. c3 

Figure 8. Effect of cytochrome c on the polarographic limiting cur
rent for the reduction of ferncyt ochrome c3 in 0.03 M phosphate buffer 

solution. Total concentration of heme proteins was 1.12 x 10 ~* M . 

s e c o n d w a v e to a fur ther 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 to wa te r . T h e 
first w a v e h e i g h t increases b y the a d d i t i o n o f f e r r i c y t o c h r o m e c 3 . F i 
n a l l y , the s e c o n d w a v e merges i n t o the first w a v e w h e n the surface 
cove rage o f the m e r c u r y e l e c t r o d e b y c y t o c h r o m e c 3 is a b o u t 4 6 % . 
W i t h a fur ther inc rease i n the surface cove rage o f the e l e c t r o d e b y 
c y t o c h r o m e c 3 , the first w a v e h e i g h t t ends to dec rease a n d reaches a 
cons tant v a l u e (61) . T h e s e c o n d w a v e h e i g h t f rom the b a s e l i n e re
m a i n s cons tant t h r o u g h o u t the e x p e r i m e n t s . P r o b a b l y , c o r e d u c t i o n o f 
d i o x y g e n v i a t w o - e l e c t r o n a n d fou r - e l ec t ron p a t h w a y s takes p l a c e s i 
m u l t a n e o u s l y i n the p o t e n t i a l r e g i o n o f the first w a v e . T h e f rac t ion o f 
the d i r e c t f ou r - e l ec t ron 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 i n the first w a v e 
r e g i o n w i t h r e spec t to the surface c o v e r a g e o f the d r o p p i n g m e r c u r y 
e l e c t r o d e b y c y t o c h r o m e c 3 is s h o w n i n F i g u r e 9. 

T h e effect o f c y t o c h r o m e c, w h i c h is e l e c t r o c a t a l y t i c a l l y i n a c t i v e , 
o n the r e d u c t i o n o f o x y g e n was s t u d i e d i n 4 x 10~ 6 M c y t o c h r o m e c 3 

s o l u t i o n , i n w h i c h n e a r l y 1 0 0 % o f o x y g e n is r e d u c e d d i r e c t l y to wate r . 
T h e surface cove rage o f the e l e c t r o d e b y c y t o c h r o m e c 3 i n th is s o l u t i o n 
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9. NIKI E T A L . Cytochrome C 3 of Desul fovibr io vulgaris 215 

w a s e s t i m a t e d to b e 4 6 % w i t h the d r o p p i n g m e r c u r y e l e c t r o d e o f d r o p 
t i m e 2 s. T h e a d d i t i o n o f c y t o c h r o m e c to th is s o l u t i o n c a u s e d the 
dec rea se i n the f rac t ion o f the f o u r - e l e c t r o n r e d u c t i o n as s h o w n i n 
T a b l e I V . I n the m i x e d so lu t ions o f 5.6 x 10~ 5 M c y t o c h r o m e c 3 a n d 5.6 
x Ι Ο " 5 M c y t o c h r o m e c, the f rac t ion o f 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 b e c a m e v e r y s m a l l . T h e p o l a r o g r a m for the r e d u c t i o n o f 
d i o x y g e n i n th i s s o l u t i o n , after the c o r r e c t i o n for the r e d u c t i o n c u r r e n t 
o f these h e m e pro te ins , w a s n e a r l y i d e n t i c a l to that o b t a i n e d i n the 
h e m e pro te in - f ree s o l u t i o n . 

D i o x y g e n m o s t l i k e l y is a c t i v a t e d i n the c a v i t i e s b e t w e e n cy to 
c h r o m e c 3 m o l e c u l e s at the e l e c t r o d e surface b e c a u s e the h i g h e s t y i e l d 
o f the fou r - e l ec t ron r e d u c t i o n o f d i o x y g e n is a t t a i n e d w h e n h a l f o f the 
m e r c u r y e l e c t r o d e surface is c o v e r e d b y c y t o c h r o m e c 3 . T h i s a s s u m p 
t i o n is a l so s u p p o r t e d b y the resu l t s that s h o w the a d d i t i o n o f e l e c -
t r o c a t a l y t i c a l l y i n a c t i v e p ro t e in s s u c h as cy tochrome* c, w h i c h r e d u c e s 
the n u m b e r o f c a v i t i e s for a c t i v a t i n g d i o x y g e n o n the e l e c t r o d e , m a r k 
e d l y suppresses the f rac t ion o f the f o u r - e l e c t r o n r e d u c t i o n o f o x y g e n 
as seen i n T a b l e I V . I n the p resen t case , the c o o p e r a t i o n o f h e m e s i n the 
m o l e c u l e as p r o p o s e d p r e v i o u s l y (62, 63) w i t h face-to-face p o r p h y r i n 
is v e r y u n l i k e l y b e c a u s e o f the c o m p a c t a r r a n g e m e n t o f the c y t o 
c h r o m e c 3 m o l e c u l e . T h e e l ec t rons m a y b e r e l e a s e d c o o p e r a t i v e l y f rom 
the m e t a l centers i n the adjacent a d s o r b e d c y t o c h r o m e c 3 m o l e c u l e s to 

0.02 0J05 0.1 0.2 0.5 1.0 
Surface coverage of the electrode 

Figure 9. Fraction of the four-electron reduction of oxygen on 
dropping mercury electrode with respect to the surface coverage of 

cytochrome c3 in 0.03 M phosphate buffer solution at pH 7.0. 
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216 BIOLOGICAL REDOX COMPONENTS 

T a b l e I V . E f f e c t o f C y t o c h r o m e c C o n c e n t r a t i o n o n the F r a c t i o n o f 
the F o u r - E l e c t r o n R e d u c t i o n o f O x y g e n 

Concentration Surface coverage 
of cytochromes c" Fraction of four-

@CVt.C3 @ cyt.c electron reduction 

— 0.46 1.00 
2 x 1 ( T 6 0.46 0 .27 0.78 
4 x Ι Ο " 6 0.46 0 .54 0 .45 
8 χ i < r 6 0.15 0 .85 0.28 
2 x Ι Ο " 5 0.07 0.93 0.18 

° The concentration of cytochrome C3 was 4 x 10"β M in all cases. 

d i o x y g e n i n the c a v i t y o n the e l e c t r o d e w i t h a s u b m o n o l a y e r o f c y t o 
c h r o m e c 3 , b e c a u s e the h e m e s i n c y t o c h r o m e c 3 are e x p o s e d o n the 
surface o f the m o l e c u l e . 

T h e r e d u c t i o n o f d i o x y g e n to h y d r o g e n p e r o x i d e t h r o u g h a dense 
a d s o r b e d c y t o c h r o m e l a y e r o n the e l e c t r o d e p r o b a b l y p r o c e e d s e i t he r 
d i r e c t l y at the e l e c t r o d e or i n d i r e c t l y t h r o u g h a m e t a l cen te r i n the 
c y t o c h r o m e m o l e c u l e . T h i s r e a c t i o n m e c h a n i s m m a y b e s i m i l a r to the 
c a t a l y t i c r e d u c t i o n o f d i o x y g e n b y m a n y m o n o m e t a l l i c m a c r o c y c l i c 
c o m p l e x e s . T h e t w o - 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 h y d r o g e n 
p e r o x i d e is a l w a y s d o m i n a n t , p r o b a b l y b e c a u s e these ca ta lys ts h a v e a 
s i n g l e m e t a l center . 

T h e c a t a l y t i c d i s p r o p o r t i o n a t i o n m e c h a n i s m o f h y d r o g e n p e r o x i d e 
at the e l e c t r o d e surface m a y b e d e n i e d b y the fact that the f rac t ion o f 
the f o u r - e l e c t r o n r e d u c t i o n o f o x y g e n is m u c h l o w e r at the e l e c t r o d e 
f u l l y c o v e r e d b y c y t o c h r o m e c 3 t h a n at a h a l f - c o v e r e d e l e c t r o d e . T h e 
t e m p e r a t u r e d e p e n d e n c e o f the f rac t ion o f the f o u r - e l e c t r o d e r e d u c t i o n 
o f o x y g e n w a s i n s i g n i f i c a n t . T h i s r e su l t a lso suggests that the d i s p r o 
po r t i ona t i on m e c h a n i s m is i m p r o b a b l e . 
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10 

Electrode Reactions of Protein 
Prosthetic Groups 

F. SCHELLER and G. STRNAD 

Central Institute of Molecular Biology, Academy of Science of the German 
Democratic Republic, 1115 Berlin-Buch, German Democratic Republic 

The exchange rate of the adsorbed molecules and the de
gree of structural changes determine the character of the 
electrode process. Additionally, the ability of the first 
adsorption layer to transfer electrons to molecules of the 
bulk phase, that is, the rate of the intermolecular elec
tron transfer between the layers, is responsible for devia
tions from a reversible polylayer electrode process: de
crease of limiting current, overvoltage, and suppression 
of reoxidation. The electrode process seems to be more 
similar to the mechanism in biological electron transfer 
chains than to the random collision processes following 
an outer or inner sphere mechanism. 

/ I ' h e fast o x i d a t i o n o f r e d u c i n g o r g a n i c subs tances l i k e N A D H , g l u -
cose , u r i c a c i d , a n d dif ferent d rugs is a n i m p o r t a n t p r e c o n d i t i o n for 

the func t i on o f l i v i n g sys t ems . T h e s e r e d o x react ions are c a t a l y z e d 
b o t h b y s i n g l e e n z y m e s a n d b y e l e c t r o n transfer c h a i n s ( J ) . O n the 
o ther h a n d , at m e t a l e l ec t rodes these o x i d a t i o n processes r e q u i r e a 
h i g h a n o d i c o v e r v o l t a g e a n d m a y b e m a s k e d b y the b a c k g r o u n d d i s 
cha rge . T h u s , the c o m b i n a t i o n o f e n z y m a t i c subst ra te o x i d a t i o n w i t h 
the transfer o f the r e d u c i n g e q u i v a l e n t s to the e l e c t r o d e p r o m i s e s a n 
i m p r o v e m e n t i n the rate a n d s p e c i f i c i t y o f the e l e c t r o d e processes that 
are a p p l i e d i n b i o - f u e l c e l l s , e n z y m e reactors , a n d sensors. 

T h e k e y p r o b l e m i n the use o f e n z y m e s i n a c c e l e r a t i n g e l e c t r o d e 
processes is the o p t i m i z a t i o n o f the e l e c t r o n transfer b e t w e e n the e n 
z y m e a c t i v e si te a n d the e l e c t r o d e . I n p r i n c i p l e , t w o di f ferent ap
p roaches m a y b e offered ( F i g u r e 1): 

1. L o w m o l e c u l a r r e d o x sys tems c a l l e d m e d i a t o r s are 
s u i t e d to transfer e l ec t rons b e t w e e n the e n z y m e a n d the 
e l e c t r o d e . T h i s p r i n c i p l e f r e q u e n t l y w a s u s e d w i t h g l u -

0065-2393/82/0201-0219$06.00/0 
© 1982 Amer ican C h e m i c a l Society 
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220 BIOLOGICAL REDOX COMPONENTS 

Figure 1. Principles of the electron transport from the enzyme active 
site to the electrode. 

cose o x i d a t i o n c a t a l y z e d b y g l u c o s e ox idase i n e n z y m e 
e l ec t rodes (2, 3 ) a n d f u e l c e l l s (3 , 4). 

2. T h e f e a s i b i l i t y o f d i r e c t e l e c t r o n t ransfer f r o m the e n 
z y m e a c t i v e site to the e l e c t r o d e a l so w a s e s t a b l i s h e d 
w i t h s e v e r a l p ro t e in s (5a-5c). H e t e r o g e n e o u s e l e c t r o n 
transfer is a t t r ac t ing i n c r e a s i n g a t t en t ion i n b i o t e c h n o l 
o g y (6) . 

I n th i s chap te r the p re sen t state o f p r o t e i n e l e c t r o c h e m i s t r y w i l l 
b e i l l u s t r a t e d u s i n g da ta f r o m the l i t e ra tu re a n d resu l t s o b t a i n e d w i t h 
the flavoprotein g l u c o s e o x i d a s e . T h e m e c h a n i s m o f the e l e c t r o n trans
fer b e t w e e n p ro t e ins a n d e l ec t rodes w i l l b e d i s c u s s e d o n the basis o f 
cor re la t ions b e t w e e n the c o n d u c t i v i t y o f p r o t e i n f i lms a n d the cha rac 
ter o f the r e s p e c t i v e e l e c t r o d e p rocess . 

Results and Models of the Electrode Process 

A l t h o u g h the pro te in- f ree p r o s t h e t i c g roups , for e x a m p l e , f l a v i n 
(7) a n d h e m i n (8) , s h o w a d i f f u s i o n - c o n t r o l l e d e l e c t r o n e x c h a n g e w i t h 
the e l e c t r o d e , the h i g h m o l e c u l a r w e i g h t a n d the surface a c t i v i t y o f the 
p ro te ins m a y cause d r a s t i c changes i n t h e i r e l e c t r o c h e m i c a l b e h a v i o r . 
W i t h b i o p o l y m e r s , s t r u c t u r a l factors m u s t a l so b e t a k e n i n t o a c c o u n t , 
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10. S C H E L L E R AND STRNAD Protein Prosthetic Groups 221 

s u c h as the a c c e s s i b i l i t y o f the r e d u c i b l e g r o u p s a n d s t ruc tu ra l c h a n g e s 
o n adso rp t i on . 

W i t h p ro t e in s the e l e c t r o d e - a c t i v e par t a n d the a d s o r b i n g t a i l s are 
u n i t e d i n one m o l e c u l e , so the rate o f adso rp t i on e x c h a n g e d i r e c t l y 
d e t e r m i n e s the na tu re o f the e l e c t r o d e process . 

Rapid Adsorption Exchange 

A r a p i d e x c h a n g e o f the a d s o r b e d m o l e c u l e s b y pa r t i c l e s i n the 
b u l k o f the s o l u t i o n was f o u n d o n l y w i t h s eve ra l p e p t i d e s (9) . T h e 
l i m i t i n g c u r r e n t i n c r e a s e d w i t h the concen t r a t i on o f the s o l u t i o n , w i t h 
ou t r e a c h i n g a sa tura t ion v a l u e . 

Irreversible Adsorption of First Layer 

A s d e m o n s t r a t e d b y adso rp t ion s tud ies w i t h r a d i o a c t i v e l y l a b e l e d 
p ro t e in s (20) a n d the " f i l m transfer m e t h o d " ( I I ) , the m o l e c u l e s a d 
s o r b e d i m m e d i a t e l y at the e l e c t r o d e e x c h a n g e v e r y s l o w l y . A t h i g h e r 
concen t ra t ions a d d i t i o n a l p r o t e i n m o l e c u l e s a c c u m u l a t e d at the e l e c 
t r o d e b y the fo rma t ion o f p o l y l a y e r s (12) . 

T h e e l e c t r o d e process is a h e t e r o g e n e o u s r eac t i on w h e r e the rate 
is i n c r e a s e d i n one d i r e c t i o n a n d d e c r e a s e d i n the o p p o s i t e d i r e c t i o n 
b y the a p p l i e d e l e c t r i c field. T h e e l e c t r i c field at the e l e c t r o d e / 
e l e c t r o l y t e i n t e rphase ex tends o v e r a d i s t ance o f 5 - 8 A at the i o n i c 
s t r eng th u s e d . P r o v i d e d that the p r o t e i n adso rp t ion does not d r a s t i c a l l y 
c h a n g e the p o t e n t i a l d i s t r i b u t i o n , the e l e c t r o d e r eac t ion c a n b e a c c e l 
e r a t ed b y the a p p l i e d e l e c t r o d e p o t e n t i a l o n l y u p to the first l aye r . 
T h e r e f o r e a p o l y l a y e r e l e c t r o d e process r e q u i r e s e l e c t r o n t ransfer 
t h r o u g h the adso rp t i on l ayer . 

T h e i r r e v e r s i b l e p r o t e i n adso rp t i on at e l e c t r o d e s is e q u i v a l e n t to a 
c h e m i c a l m o d i f i c a t i o n o f the e l e c t r o d e surface . T h e r e f o r e , the e l e c 
t r o d e processes m a y e x h i b i t a cha rac te r a n a l o g o u s to c h e m i c a l l y m o d 
i f i e d e l e c t rodes possess ing a p o l y m e r l a y e r that con ta ins r e v e r s i b l e 
r e d o x centers (13 , 14). T h e c o n d u c t i v i t y o f th is l a y e r is b a s e d o n the 
e l e c t r o n transfer b e t w e e n r e d o x centers , w h i c h w o u l d i n v o l v e the 
j u m p i n g o f e l ec t rons f rom one g r o u p to ano ther ("hop m e c h a n i s m " ) . 
W i t h p ro t e ins , m e t a l c o m p l e x e s are the o v e r w h e l m i n g major i ty o f s u c h 
e l e c t r o n transfer cen te r s ; flavins, q u i n o n e , a n d t h i o l g roups are a lso 
s u i t e d for e l e c t r o n transfer. T h e s e centers p r o v i d e a p a t h o f 1 0 - 1 5 A 
t h r o u g h the p r o t e i n fabr ic . F i g u r e 2 demons t ra tes that a p a r a l l e l i s m 
exists b e t w e e n the r e s i s t i v i t y o f a n h y d r o u s p r o t e i n films (15) a n d the 
d e v i a t i o n s f rom the r e v e r s i b l e p o l y l a y e r e l e c t r o d e process i n d i c a t e d 
b y the m o n o l a y e r r e d u c t i o n , d e c r e a s e o f l i m i t i n g cu r r en t , i i i m , shif t o f 
the h a l f - w a v e p o t e n t i a l Em, or i n h i b i t i o n o f the r e o x i d a t i o n . 
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222 BIOLOGICAL REDOX COMPONENTS 

reversible polylayer irreversible polylayer monolayer process 
Process process 

• * • * * 1 • 1 1 1 ' 1 ' 1 1 

5 10 15 lg resistivity 

Figure 2. Schematic representation of the relation between the resis
tivity of anhydrous protein films ana the character of the electrode 

reaction. 

Reduction of the First Adsorption Layer 

T h e r e s i s t i v i t y , p , o f f i lms f o r m e d b y the s i m p l e p ro t e in s l y s o z y m e 
or t r y p s i n is so h i g h that no e l e c t r i c c u r r e n t is o b s e r v e d ( ρ > 1 0 1 4 

Ω · c m ) (15) . F o r l y s o z y m e a n d a n u m b e r o f p ro t e in s c o n t a i n i n g d i 
s u l f i d e b r i d g e s (16-20) or F e S centers (21 - 2 5 ) , the e l e c t r o d e process is 
r e s t r i c t ed to the first adso rp t ion l aye r . 

T h e l i m i t i n g c u r r e n t l e v e l s off at the c o m p l e t e sa tura t ion o f the 
e l e c t r o d e sur face . T h i s p h e n o m e n o n h o l d s for the p o l a r o g r a p h i c a l l y re
v e r s i b l e r e d u c t i o n o f F e S centers i n a d r e n o d o x i n ( F i g u r e 3). T h i s re
s u l t demons t ra tes , i n a g r e e m e n t w i t h the h i g h r e s i s t i v i t y o f the p r o t e i n 
film, the i n h i b i t i o n o f the e l e c t r o n transfer i n t o the p o l y l a y e r . 

T h e flavoproteins c h o l e s t e r o l o x i d a s e (Schizophyllum commune) 
a n d c h o l i n e o x i d a s e (Cylindrocarpon didymum) e x h i b i t s i m i l a r e l e c 
t r o c h e m i c a l cha rac te r i s t i c s . A n d o et a l . (26) f o u n d a n o x i d a t i o n a n d a 
r e d u c t i o n d c w a v e at the h a n g i n g d r o p m e r c u r y e l e c t r o d e ( H D M E ) , 
w h i c h was a t t r i b u t e d to the c o v a l e n t l y b o u n d F A D o f the e n z y m e 
a d s o r b e d o n the e l e c t r o d e surface . 
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10. S C H E L L E R AND STRNAD Protein Prosthetic Groups 223 

T h e m a c r o s c a l e e l e c t r o l y s i s [ i n a p o t e n t i a l r e g i o n w h e r e o n l y one 
m o n o l a y e r is r e d u c e d at the d r o p p i n g m e r c u r y e l e c t r o d e ( D M E ) or 
H D M E ] l eads to the r e d u c t i o n o f the p ro te ins w i t h F e S centers or 
d i s u l f i d e b r i d g e s , r e s p e c t i v e l y (16,22) i n the b u l k s o l u t i o n . T h i s r e su l t 
s h o w s that d u r i n g the e l e c t r o l y s i s the p r o t e i n m o l e c u l e s i n the first 
a d s o r p t i o n l a y e r are e x c h a n g e d w i t h those i n the b u l k o f the s o l u t i o n . 
T h i s p rocess is o b v i o u s l y too s l o w to b e d e t e c t e d d u r i n g the l i f e t i m e o f 
the r e a c t i o n b y the D M E . F o l l o w i n g th i s m e c h a n i s m , the e n z y m a t i c 
i n a c t i v i t y o f the r e d u c t i o n p r o d u c t s o f f e r r e d o x i n (11) a n d a d r e n o d o x i n 
(27) m a y b e e x p l a i n e d b y the d i r e c t i n t e r a c t i o n o f the r e a c t i n g p ro t e in s 
w i t h the e l e c t r o d e sur face , thus l e a d i n g to i r r e v e r s i b l e s t ruc tu ra l 
changes . 

A l s o , p ro t e in s w i t h o u t a n y p r o n o u n c e d w a v e i n the p o l a r o g r a m s 
m a y b e i r r e v e r s i b l y r e d u c e d i n the first adso rp t ion l aye r . C o n t r a r y to 
o u r e a r l i e r in te rpre ta t ions (28) o f the d c p o l a r o g r a m s o f s o l u b i l i z e d 
fract ions o f l i v e r c y t o c h r o m e P - 4 5 0 , the c h r o m a t o g r a p h i c a l l y p u r i f i e d 
P - 4 5 0 L M 2 does no t e x h i b i t a n y p o l a r o g r a p h i c w a v e . T h e p o l a r o 
g r a p h i c w a v e at the h a l f - w a v e p o t e n t i a l o f - 5 8 0 m V i n d i c a t e s the re
d u c t i o n o f c y t o c h r o m e b 5 , a cons t i t uen t o f the s o l u b i l i z e d fract ions. 

0.04 

002 

5 1 0 1 5 c [fM(] 

Figure 3. Concentration dependence of the peak current in the differ
ential pulse polarograms with adrenodoxin (O) and trypsin (Φ). Solu
tions contain 0.1 M phosphate buffer, pH 7 (background with adreno
doxin), 0.1 Μ Na4B407, and 0.1 M KCl, pH 9.2 (background with 

trypsin). At 1 mV/s where t = 2 s, and d = 25 mV. 
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224 BIOLOGICAL REDOX COMPONENTS 

N e v e r t h e l e s s , i n the m a c r o s c a l e e l e c t r o l y s i s at t he p o t e n t i a l o f - 8 0 0 
m V at the m e r c u r y p o o l e l e c t r o d e , w e o b t a i n e d a p r o d u c t c o n t a i n i n g 
n a t i v e fer rous c y t o c h r o m e P - 4 5 0 . W i t h a c a r b o n ca thode , the i n a c t i v e 
b u t not c o m p l e t e l y d e s t r o y e d r e d u c t i o n p r o d u c t , c y t o c h r o m e P - 4 2 0 , 
w a s o b t a i n e d (29a , 29b). F o r c y t o c h r o m e P - 4 5 0 , was c a l c u l a t e d a n ex
c h a n g e rate p e r m o n o l a y e r o f —100 s (30) , b o t h f r o m the p r e p a r a t i v e 
e l e c t r o l y s i s a n d the subs t ra te c o n v e r s i o n b y the a d s o r b e d p r o t e i n . 

T h e s e c o n d a d s o r p t i o n l a y e r is i n v o l v e d i n the c a t h o d i c r e d u c t i o n 
o f i n s u l i n (16,31 ). T h i s e l e c t r o n t ransfer to the s e c o n d l a y e r r e q u i r e s a 
h i g h e r e l e c t r i c e n e r g y t h a n the r e d u c t i o n o f the first l aye r . W i t h t r y p 
s i n , i n a n a l o g y w i t h the d c p o l a r o g r a p h i c l i m i t i n g c u r r e n t (16) , the 
p e a k h e i g h t i n the d i f f e r en t i a l p u l s e p o l a r o g r a m s ( F i g u r e 3) s h o w s no 
sa tura t ion at h i g h b u l k concen t ra t ions . A n e x p l a n a t i o n o f th is r e su l t 
m a y b e a fast e x c h a n g e o f the s e c o n d a d s o r p t i o n l aye r . 

B i a n c o a n d H a l a d j i a n (21) f o u n d w i t h f e r r e d o x i n (Desulfovibrio 
gigas), a b o v e the sa tura t ion o f the e l e c t r o d e , a fur ther i n c r e a s e o f the 
cu r r en t , w h e r e a s the p e a k p o t e n t i a l va r i e s o n l y s l i g h t l y . P r o b a b l y , the 
r e d u c t i o n process ex tends to seve ra l l aye r s . 

Reduction of Poly layers 

W i t h the h e m e p ro t e in s c y t o c h r o m e c (32, 33), c y t o c h r o m e c 3 (34, 
35), c y t o c h r o m e c 7 (36) , c y t o c h r o m e b 5 (29a), m e t h e m o g l o b i n (37) , a n d 
m e t m y o g l o b i n (38) , a n d the flavoprotein g l u c o s e o x i d a s e (39) , the cu r 
ren t increases l i n e a r l y w i t h concen t r a t i on a b o v e the c o m p l e t i o n o f the 
first ad so rp t i on l aye r . T h e e l e c t r o n t ransfer is o b v i o u s l y not r e s t r i c t e d 
to the first l aye r . 

Irreversible Polylayer Reduction 

T h e r o l e o f the p r o s t h e t i c g r o u p for the e l e c t r i c r e s i s t i v i t y is d e m 
ons t ra ted b y the fact that the a p o p r o t e i n i t s e l f is a n i n s u l a t o r ( ρ > 1 0 1 4 

Ω · c m ) a n d the r e s i s t i v i t y o f m o n o h e m o p r o t e i n s is a b o u t 1 0 9 - 1 0 n 

Ω · c m (15) . A s m e n t i o n e d , the s t ruc tu re o f the p ro t e in s d r a s t i c a l l y 
in f luences the e l e c t r o d e process . 

A t the D M E , in tac t g l u c o s e o x i d a s e f rom Aspergillus niger a n d 
f r o m Pénicillium notatum e x h i b i t s o n l y a v e r y s m a l l p e a k i n the differ
e n t i a l p u l s e p o l a r o g r a m s . O n the o the r h a n d , w e e s t a b l i s h e d a fast 
e l e c t r o d e r eac t i on w i t h g l u c o s e o x i d a s e s a m p l e s s u b m i t t e d to a l i m 
i t e d p r o t e o l y s i s d u r i n g p u r i f i c a t i o n p r o c e d u r e s . I n th is p rocess a p a r t i a l 
d e g r a d a t i o n o f the g l u c o s e ox idase takes p l a c e a n d l eads to a dec rease 
o f the m o l e c u l a r w e i g h t . T h e s e f ragments possess a h i g h spec i f i c ac t iv 
i t y , as was p r o v e d b y the o x y g e n c o n s u m p t i o n m e t h o d . I n the d i f fe ren-
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10. S C H E L L E R AND STRNAD Protein Prosthetic Groups 225 

t i a l p u l s e p o l a r o g r a m s this g l u c o s e o x i d a s e s h o w e d a w e l l - s h a p e d 
p e a k (39) , the s u m m i t p o t e n t i a l o f w h i c h c o r r e s p o n d e d v e r y w e l l to the 
r e d o x p o t e n t i a l E°' o f - 3 0 5 m V v s . S C E (40). F r e e flavin a d e n i n e 
d i n u c l e o t i d e ( F A D ) s h o w e d a n ~ 1 0 0 - m V m o r e c a t h o d i c p e a k . T h e 
p e a k (39) , the s u m m i t p o t e n t i a l o f w h i c h c o r r e s p o n d e d v e r y w e l l to the 
the p e a k p o t e n t i a l is i n d e p e n d e n t o f the p r o t e i n concen t r a t i on . 

T h e e n z y m a t i c a c t i v i t y o f the a d s o r b e d g l u c o s e o x i d a s e f ragments 
w a s e s t a b l i s h e d b y the finding that the r e d u c t i o n o f the F A D g roups b y 
g l u c o s e b r i n g s a b o u t a dec rease o f the c a t h o d i c c u r r e n t (the s u m o f the 
b a c k g r o u n d a n d the g l u c o s e o x i d a s e r e d u c t i o n cu r ren t ) b y abou t t w i c e 
the v a l u e o f the s tep h e i g h t o f the o x i d i z e d g l u c o s e o x i d a s e . T h i s r e su l t 
demons t ra tes that the d e e p e r c u r v e o f F i g u r e 4 reflects the a n o d i c 
o x i d a t i o n o f the p r o t e i n F A D H 2 g r o u p s . T h i s o x i d a t i o n c u r r e n t is i n 
c r e a s e d u p to a factor o f t w o w i t h r i s i n g g l u c o s e concen t r a t i on . T h e 
e n z y m a t i c basis o f th is effect was d e m o n s t r a t e d b y the i n e f f e c t i v i t y o f 
d e n a t u r e d e n z y m e . T h e i nc rea se i n c u r r e n t is b a s e d o n the r é g é n é r a -

i ( M ) 

- 3 0 0 - 4 0 0 - 5 0 0 

E ( m V ) 

Figure 4. Normal pulse polarograms of glucose oxidase. Solution con
tains 0.1 M phosphate buffer, ρ H 7. At 2 mV/s where t = 2 s. Curve 1 = 
7 μ Μ glucose oxidase and Curve 2=7 μΜ glucose oxidase + 10 μΜ 

glucose. 
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226 BIOLOGICAL REDOX COMPONENTS 

t i o n o f the r e d u c e d g l u c o s e o x i d a s e b y the subs t ra te g l u c o s e . T h e 
B r u t t o r eac t ion represents the a n o d i c o x i d a t i o n o f g l u c o s e . I n the reac
t i on c y c l e g l u c o s e ox idase acts as a r e a l b i o c a t a l y s t a c c e l e r a t i n g the 
o x i d a t i o n o f its subs t ra te . 

T h e p r o t e i n s t ruc tu re a l so d e p e n d s o n the c o n d i t i o n s o f a d s o r p t i o n 
(41 ). T h e e l e c t r o d e r eac t i on o f a d e n a t u r e d c y t o c h r o m e c l a y e r f o r m e d 
b y adso rp t i on at l o w b u l k concen t r a t i on is i r r e v e r s i b l e . O n l y i n the first 
s c a n is the r e d u c t i o n o f the fe r r i - fo rm i n d i c a t e d b y a p e a k i n the c y c l i c 
v o l t a m m o g r a m s , a l t h o u g h the r e o x i d a t i o n w a s not o b s e r v e d (33). I n 
a c c o r d a n c e w i t h th i s resu l t , the absence o f a fa rada ic p e a k i n the a d 
so rp t ion r e g i o n o f the ac p o l a r o g r a m s was e s t a b l i s h e d (42). 

T h e r e d u c t i o n o f the p o l y l a y e r f o r m e d at h i g h e r concen t ra t ions 
(33) r e q u i r e d a l o w e r o v e r v o l t a g e t h a n that o f the m o n o l a y e r o f d e n a 
t u r e d c y t o c h r o m e c m o l e c u l e s . B e c a u s e o f the s m a l l con tac t a rea at 
h i g h surface c o n c e n t r a t i o n , n a t i v e m o l e c u l e s coex i s t i n the first adsorp
t i o n l aye r . M o s t l i k e l y , these m o l e c u l e s are r e d u c e d m o r e e a s i l y a n d 
m a y transfer e l ec t rons i n t o the nex t l aye r s . 

T h e p o l y l a y e r r e d u c t i o n process w i t h c y t o c h r o m e c, c y t o c h r o m e 
b j , m e t m y o g l o b i n , a n d m e t h e m o g l o b i n has the f o l l o w i n g charac te r i s 
t i c features at m e r c u r y e l e c t r o d e s : 

1. T h e c a t h o d i c r e d u c t i o n g ives a c u r r e n t s i g n a l i n p o l a r o 
grams or c y c l i c v o l t a m m o g r a m s , b u t the a n o d i c o x i d a t i o n 
canno t be d e m o n s t r a t e d . 

2 . W i t h m o n o h e m o p ro t e in s , the l i m i t i n g c u r r e n t is s m a l l e r 
t h a n that c a l c u l a t e d b y the I l k o v i c h e q u a t i o n for the 
d i f f u s i o n - c o n t r o l l e d e l e c t r o d e p rocess . 

3. B o t h p H a n d i o n i c s t r eng th i n f l u e n c e the cu r r en t . 

4 . T h e a d d i t i o n o f the r e s p e c t i v e r e d u c e d p r o t e i n does not 
i n f l uence the cu r ren t . A n excess o f s e v e r a l i n e r t g l o b u l a r 
p ro te ins , for e x a m p l e , b o v i n e s e r u m a l b u m i n w i t h cy to 
c h r o m e c, does not dec rea se the l i m i t i n g c u r r e n t (12). I n 
contrast , the a d d i t i o n o f p o l y - L - l y s i n e i n h i b i t s the e l e c 
t rode process . T h e r e f o r e , the s t ruc tu re o f the first adsorp
t ion l a y e r seems to d e t e r m i n e the rate o f the e l e c t r o d e 
process . 

5. T h e v a l u e o f i i i m d e p e n d s l i n e a r l y o n the squa re root o f 
the m e r c u r y c o l u m n he igh t , as is p r e d i c t e d for a 
d i f f u s i o n - c o n t r o l l e d e l e c t r o d e process (32) . T h i s state
m e n t is u n d e r l i n e d b y the finding that the p e a k c u r r e n t o f 
the c a t h o d i c r e d u c t i o n o f c y t o c h r o m e c d e p e n d s l i n e a r l y 
on the squa re root o f the scan rate at the H D M E (33) . I n 
contrast , at the a m a l g a m a t e d g o l d e l e c t r o d e the p e a k c u r 
rent g r o w s l i n e a r l y w i t h i n c r e a s i n g s can rate, i n d i c a t i n g 
that the f e r r i c y t o c h r o m e c is r e d u c e d i n the a d s o r b e d 
state (43). 
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10. S C H E L L E R AND STRNAD Protein Prosthetic Groups 227 

6. T h e h a l f - w a v e p o t e n t i a l is m o r e n e g a t i v e t h a n the f o r m a l 
r e d o x p o t e n t i a l . T h i s o v e r v o l t a g e canno t b e e x p l a i n e d o n 
the bas is o f the h e t e r o g e n e o u s rate cons tan t kel c a l c u l a t e d 
b y the M a r c u s t heo ry u s i n g the rate cons tan t kn o f the 
e l e c t r o n se l f - exchange r e a c t i o n (8, 44, 45). 

7. T h e v a l u e o f E m b e c o m e s m o r e n e g a t i v e w i t h i n c r e a s i n g 
p r o t e i n concen t r a t i on a n d i t d e p e n d s o n p H a n d i o n i c 
s t r eng th . 

A t e l e c t r o d e s these p ro te ins b e h a v e s i m i l a r l y to l o w m o l e c u l a r 
w e i g h t r e d o x sys t ems (e.g. , h e a v y m e t a l ions) o n a d d i t i o n o f surface 
a c t i v e subs tances , i n that t hey s h o w a dec rease o f l i m i t i n g c u r r e n t a n d 
shif t o f the w a v e p o s i t i o n . 

I n a c c o r d a n c e w i t h the i n h i b i t i o n effects f o u n d w i t h a l o w -
m o l e c u l a r w e i g h t r e d o x s y s t e m (46), the f o l l o w i n g app roaches m a y b e 
p r o p o s e d to e x p l a i n the resu l t s ( F i g u r e 5): 

T h e dec rease o f the a c t i v e e l e c t r o d e surface b y the i r r e v e r s i b l y 
a d s o r b e d m o l e c u l e s o f the first ad so rp t i on l a y e r l e ads to a p a r t i a l l y 
b l o c k e d surface. T h e l i m i t i n g c u r r e n t o f an e l e c t r o d e r e a c t i o n o c c u r 
r i n g at " c o n d u c t i n g i s l a n d s " sepa ra t ed b y a n average d i s t ance r , w h i c h 
c o r r e s p o n d s a p p r o x i m a t e l y to the t h i c k n e s s o f the d i f fus ion l a y e r δ is 
g i v e n b y the f o l l o w i n g r e l a t i o n s h i p (47): 

. nFDc m 

t u m δ + / ( δ / Γ ) ( A ; 

Figure 5. Model of partially blocked electrode surface. 
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228 BIOLOGICAL REDOX COMPONENTS 

T h i s e q u a t i o n r e q u i r e s a l i n e a r c o n c e n t r a t i o n d e p e n d e n c e o f the 
l i m i t i n g c u r r e n t w i t h a s m a l l e r s lope as c o m p a r e d w i t h a n u n c o v e r e d 
e l e c t r o d e . I n contras t to the s m a l l e r m o l e c u l e s , t he r e d u c t i o n o f p r o 
te ins m a y p r o c e e d o n l y i n r e l a t i v e l y l a rge sites w h e r e the d is tances 
b e t w e e n t h e m are greater t h a n the t h i c k n e s s o f the d i f fus ion l aye r . 

T h e l i n e a r d e p e n d e n c e o f the l i m i t i n g c u r r e n t o n the root o f the 
m e r c u r y c o l u m n h e i g h t a lso c o r r e s p o n d s to this m o d e l . 

T h e average d i s t ance d o f d i s c h a r g i n g m o l e c u l e s to the e l e c t r o d e 
w i l l g r o w w i t h i n c r e a s i n g surface p re s su re , P , a n d c o n s e q u e n t l y the 
E1/2 is sh i f t ed . T h e w o r k to b e d o n e agains t the pressure is c o m p e n - , 
sa ted b y the inc rease o f the e l e c t r i c a l e n e r g y (48a): 

Ê1/2 = -P(S - S0)/anF (2) 

w h e r e S = the surface a rea o f a m o l e c u l e a n d S 0 = the a rea o f a p o r e 
i n the adso rp t ion l aye r . 

B e c a u s e the d e s o r p t i o n rate o f the s e c o n d l a y e r is ra ther l o w a n d 
c a n n o t a c c o u n t for the rate o f the e l e c t r o d e process o b s e r v e d , the 
e lec t rons m u s t t r a v e l t h r o u g h the a d s o r p t i o n l aye r . T h e c o n t r o l o f the 
e l e c t r o d e process b y a s l o w i n t e r m o l e c u l a r e l e c t r o n transfer w o u l d 
e x p l a i n the dec rease o f the l i m i t i n g cu r ren t , b u t i t con t r ad i c t s the 
d i f fus ion l i m i t a t i o n o f the p r o t e i n - e l e c t r o d e reac t ions . A l s o , the i n 
effec t iveness o f i ne r t p ro t e in s (12) a rgues aga ins t a c o n t r o l b y spec i f i c 
i n t e r m o l e c u l a r e l e c t r o n transfer i n the c y t o c h r o m e c p o l y l a y e r . 

Reversible Multilayer Electrode Process 

T h e m u l t i - h e m e p r o t e i n f e r r o c y t o c h r o m e c 3 has at 2 6 8 Κ a resis
t i v i t y o f o n l y 57 Ω · c m (15) . I t was the first h e m e p r o t e i n s h o w i n g a 
p o l a r o g r a p h i c a l l y r e v e r s i b l e p o l y l a y e r o x i d a t i o n - r e d u c t i o n process 
(34). R e c e n t l y , B i a n c o a n d H a l a d j i a n (36) e s t a b l i s h e d , w i t h the th ree 
h e m e - c o n t a i n i n g p r o t e i n c y t o c h r o m e c 7 , the same t y p e o f e l e c t r o c h e m 
i c a l b e h a v i o r . F o r the f e r r e d o x i n o f Clostridium pasteurianum (48b) 
(four F e - S centers ) , a d i f f u s i o n - c o n t r o l l e d r e d u c t i o n at the D M E also 
was o b t a i n e d . 

I n the first c y c l e the r e d u c t i o n o f the a d s o r b e d c y t o c h r o m e c 3 is a 
v e r y fast e l e c t r o d e process . I n contras t , no o x i d a t i o n p e a k is o b s e r v e d 
w i t h a d s o r b e d c y t o c h r o m e c 3 o n the D M E . T h e r e f o r e the a d s o r b e d 
l aye r , c o n s i s t i n g o f ferrous c y t o c h r o m e c 3 , b e c o m e s e l e c t r o c h e m i c a l l y 
i n a c t i v e i n r e p e t i t i v e scans . H o w e v e r , the e l e c t r o n transfer t h r o u g h 
th i s i n a c t i v e e l e c t r o d e c o a t i n g to m o l e c u l e s o f the s e c o n d l a y e r is a 
p o l a r o g r a p h i c a l l y r e v e r s i b l e process . I n d i l u t e c y t o c h r o m e c 3 s o l u t i o n , 
the r e a c t i n g m o l e c u l e s o f the s e c o n d l a y e r m a y b e i n a fast a d s o r p t i o n 
e x c h a n g e . T h e e l e c t r o d e r eac t i on t h r o u g h a p o l y l a y e r f o r m e d at h i g h 
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10. S C H E L L E R AND STRNAD Protein Prosthetic Groups 229 

p r o t e i n concen t ra t ions is a ra ther s l o w process . B o t h the a n o d i c a n d the 
c a t h o d i c p e a k s i n the c y c l i c v o l t a m m o g r a m s dec rease i n r e p e t i t i v e 
scans (49). 

W i t h c y t o c h r o m e C 3 , the a d d i t i o n o f c y t o c h r o m e c suppresses the 
l i m i t i n g cu r ren t , b u t the h a l f - w a v e p o t e n t i a l is not a l t e r e d (50) . T h i s 
r e su l t suppor t s the theory that the s u b s t i t u t i o n o f c y t o c h r o m e C 3 m o l e 
cu l e s b y c y t o c h r o m e c g ives r ise to the fo rma t ion o f a p a r t i a l l y b l o c k e d 
e l e c t r o d e (see E q u a t i o n 1). T h u s , f r om the first l a y e r o f c y t o c h r o m e C 3 a 
r a p i d i n t e r m o l e c u l a r e l e c t r o n transfer has to o c c u r so that the mass 
t ranspor t is the s l o w e s t s tep. 

B e s i d e s the i n t e r m o l e c u l a r e l e c t r o n transfer, the c h a r g e i n j e c t i o n 
f rom the e l e c t r o d e i n t o the first ad so rp t i on l a y e r m a y c o n t r o l the e l e c 
t r o d e process . T h e d e c i s i v e r o l e o f this p rocess is u n d e r l i n e d b y the 
finding that m o d i f i c a t i o n o f the e l e c t r o d e surface b y means o f 
p o l y m e r i c m e t h y l v i o l o g e n (51) , or c o v a l e n t g ra f t ing w i t h m e t h y l v i o 
l o g e n d e r i v a t i v e s (52) , o r the adso rp t i on o f 4 , 4 ' - b i p y r i d y l (53 , 54a, 
54b), l e ads to a q u a s i - r e v e r s i b l e e l e c t r o d e r eac t i on for the m u l t i l a y e r s o f 
f e r r e d o x i n or c y t o c h r o m e c. T h e c o n d u c t i n g layers o f these c o m p o u n d s 
possess ing a c o n j u g a t e d π - e l e c t r o n s y s t e m are as l i k e l y to p r e v e n t the 
i r r e v e r s i b l e p r o t e i n adso rp t ion as to fac i l i t a te the e l e c t r o n transfer to 
the first p r o t e i n l aye r . 

A s ign i f i can t rate o f the e l e c t r o d e r eac t ion o f in t ac t g l u c o s e 
ox idase , b o t h f r o m Pénicillium notatum a n d f rom Aspergillus niger, 
was f o u n d at the g o l d m i n i g r i d e l e c t r o d e m o d i f i e d b y p o l y m e r i c 
m e t h y l v i o l o g e n (55) . T h e p o t e n t i a l s t ep s p e c t r o e l e c t r o c h e m i c a l ex
p e r i m e n t s w e r e p e r f o r m e d i n a t h i n - l a y e r c e l l m o n i t o r i n g the c h a n g e 
i n absorbance at 4 6 0 n m vs . t i m e ( F i g u r e 6). O n 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 - 4 0 0 m V vs . S C E , the absorbance decreases c o n t i n u o u s l y 
r e a c h i n g , after 10 m i n , the v a l u e o f g l u c o s e o x i d a s e r e d u c e d b y g l u 
cose . T h e o r i g i n a l absorbance is a c h i e v e d b y a n o d i c o x i d a t i o n at 2 0 0 
m V vs . S C E . N o c h a n g e o f the to ta l s p e c t r u m b e t w e e n 6 0 0 a n d 3 0 0 n m 
was f o u n d after th ree c y c l e s o f c o m p l e t e r e d u c t i o n a n d o x i d a t i o n o f the 
s ame g l u c o s e ox idase s a m p l e . T h i s r e su l t s h o w s that the n a t i v e s t ruc
tu re o f the e n z y m e m a y b e r e t a i n e d . 

Y e h a n d K u w a n a (56) d e m o n s t r a t e d a d i f f u s i o n - c o n t r o l l e d , r eve r 
s i b l e e l e c t r o n t ransfer f rom the t i n - s u p p l e m e n t e d i n d i u m o x i d e e l e c 
t rode to c y t o c h r o m e c. W h e r e a s the p o s i t i o n o f the a n o d i c a n d c a t h o d i c 
p e a k p o t e n t i a l c o r r e s p o n d e d to the r e d o x p o t e n t i a l , the d i f fus ion co 
eff ic ient d e t e r m i n e d f rom the p e a k cu r ren t s was too s m a l l b y a factor 
o f a b o u t t w o . 

I n d i r e c t e v i d e n c e for a fast e l e c t r o n - e x c h a n g e b e t w e e n the p r o 
t e i n p r o s t h e t i c g r o u p a n d the e l e c t r o d e w a s o b t a i n e d b y ca ta lys is o f 
the e l e c t r o c h e m i c a l substra te c o n v e r s i o n b y s e v e r a l e n z y m e s ( b i o e l e c -
tro ca ta lys is ) . T h e e l e c t r o n - e x c h a n g e was a c c e l e r a t e d b y the in te rac -
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230 BIOLOGICAL REDOX COMPONENTS 

Figure 6. Optically transparent thin-layer electrochemical cell results 
of glucose oxidase at the methyl viologen-modified gold minigrid elec
trode. Solutions contain 0.1 M phosphate buffer, pH 5.8 ana 0.1 m M 
glucose oxidase from P é n i c i l l i u m notatum with a 0.18-mm optical path-
Length. The gold minigrid electrode has a 60% optical transparency with 

120 wireslin. 

t i on o f the e n z y m e w i t h a s e m i c o n d u c t i n g g e l (57-60) or w i t h o r g a n i c 
me ta l s (61-63). H o w e v e r , the fo rmat ion o f the r e d u c e d p r o t e i n was 
not d e m o n s t r a t e d d i r e c t l y . 

D e v i a t i o n s f rom the r e v e r s i b l e b e h a v i o r a l so o c c u r at m o d i f i e d 
e l e c t r o d e s w i t h p ro te ins that h a v e a s l o w i n t e r m o l e c u l a r e l e c t r o n -
e x c h a n g e ( l o w kn v a l u e ) . 

W e s t u d i e d the effect o f m o d i f y i n g a g o l d e l e c t r o d e b y adso rp t ion 
o f 4 , 4 ' - b i p y r i d y l o n the b e h a v i o r o f in tac t g l u c o s e ox ida se . P r e l i m i n a r y 
resul t s i n d i c a t e d that g l u c o s e ox idase is r e d u c i b l e o n l y i n the first 
c y c l e b u t not a n o d i c a l l y r e o x i d i z e d at the m o d i f i e d p l a n e g o l d e l e c 
t rode . T h u s , a d d i t i o n o f g l u c o s e r e m o v e s the c a t h o d i c p e a k b u t does 
not b r i n g a b o u t a c o r r e s p o n d i n g o x i d a t i o n s i g n a l . C y t o c h r o m e P - 4 5 0 
(29b), m e t h e m o g l o b i n , a n d m e t m y o g l o b i n e x h i b i t at the b i p y r i d y l -
m o d i f i e d g o l d e l e c t r o d e o n l y a r e d u c t i o n peak , b u t n o r e o x i d a t i o n s ig 
n a l was f o u n d . A s w i t h t he m e r c u r y e l e c t r o d e , the p e a k po t en t i a l s 
sh i f t ed i n the c a t h o d i c d i r e c t i o n . 

T h e s e resul t s demons t r a t e that b o t h the m o d i f i c a t i o n o f the e l e c 
t r o d e surface a n d changes o f the p r o t e i n m o i e t y d r a s t i c a l l y i n f l uence 
the charac te r o f the e l e c t r o d e process . 
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Biological Significance 

E l e c t r o n t ransfer p ro te ins p l a y a d o m i n a n t r o l e i n the ca ta lys is o f 
e l e c t r o n t ranspor t a n d the c o u p l e d e n e r g y c o n v e r s i o n i n the r e sp i ra to ry 
c h a i n . I n cont ras t to the s m a l l m o l e c u l e e l e c t r o n transfer, the m e c h a 
n i s m o f i n t e r m o l e c u l a r a n d i n t r a m o l e c u l a r e l e c t r o n transfer o f b i o l o g 
i c a l m a c r o m o l e c u l e s i n d e t a i l (2) is not u n d e r s t o o d f u l l y . T h i s fact is 
p a r t i c u l a r l y p e r p l e x i n g i n l i g h t o f the ex t ens ive r e sea rch i n th is area . 

O n e a p p r o a c h to the e l u c i d a t i o n o f these c o m p l e x sys t ems was the 
k i n e t i c s t u d y o f i s o l a t e d ox ido reduc t a se s w i t h s m a l l m o l e c u l e re
agents . T h e g o a l o f s u c h r e sea rch is the e l u c i d a t i o n o f r e a c t i o n p a t h 
w a y s a v a i l a b l e to the p ro t e ins . T h e s e c o n d p r i n c i p l e w a s the c l a s s i c a l 
s t u d y o f in tac t or p a r t i a l l y d i s r u p t e d p repara t ions o f e l e c t r o n t ransfer 
c h a i n s . 

I n the last f e w years i n c r e a s i n g a t ten t ion w a s p a i d to the d i r e c t 
e l e c t r o n transfer b e t w e e n the e l e c t r o d e a n d p ro t e in s . T h e r e v e r s i b l e 
c a t h o d i c r e d u c t i o n o f severa l l ayers o b v i o u s l y r e q u i r e s a r a p i d t ransfer 
o f e l ec t rons to the first p r o t e i n l a y e r c o u p l e d w i t h a fast i n t e r m o l e c u l a r 
e l e c t r o n transfer. T h e s e c o n d s tep o f th is process is m o r e s i m i l a r to that 
o f the e l e c t r o n transfer i n b i o l o g i c a l r e d o x c h a i n s t h a n to the ou te r 
sphe re c o l l i s i o n reac t ions w i t h l o w m o l e c u l a r w e i g h t par tners . T h e r e 
fore, the h e t e r o g e n e o u s e l e c t r o n transfer appears to b e the m o s t d i r e c t 
m e t h o d u s e d to i nves t i ga t e the r e d o x p rope r t i e s o f p ro t e in s . 

T h i s h y p o t h e s i s is i n a g r e e m e n t w i t h resul t s (64) that e s t a b l i s h e d 
a n a l o g i e s b e t w e e n the r e a c t i o n o f c y t o c h r o m e c at the b i p y r i d y l -
c o v e r e d g o l d e l e c t r o d e a n d its r e a c t i o n w i t h c y t o c h r o m e ox ida se . T h e 
m o d i f i c a t i o n o f c y t o c h r o m e l y s i n e res idues or the a d d i t i o n o f p o l y - L -
l y s i n e in f luences b o t h the e l e c t r o d e r e a c t i o n a n d the o x i d a t i o n b y the 
ox ida se . 

T h e p r o p o s e d a n a l o g y o f the e l e c t r o d e process a n d p r o t e i n reac
t ions is the bas is o f the a p p l i c a t i o n o f the M a r c u s theo ry (65) . F o r ou te r 
sphe re e l e c t r o n transfer, the rate cons tant o f the se l f - exchange reac
t i o n , fen, a l l o w s one to d r a w c o n c l u s i o n s o n the rate constant , kel, o f the 
e l e c t r o d e process : 

U s i n g the kn v a l u e o f 1 0 3 · 1 / M · s (66) for c y t o c h r o m e c the e s t i m a t e d 
v a l u e o f kel p r e d i c t s a p o l a r o g r a p h i c a l l y r e v e r s i b l e e l e c t r o d e p rocess . 
O n the o ther h a n d , the rate constants o f s e l f - exchange w i t h m e t m y o g l o -
b i n (4 χ 1 0 2 · 1 / M · s) (67) a n d m e t h e m o g l o b i n (3 x 1 0 3 · 1 / M · s) (67) 
g i v e a Κι for a q u a s i - r e v e r s i b l e a n d one i r r e v e r s i b l e e l e c t r o d e r e a c t i o n , 
r e s p e c t i v e l y . T h e e l e c t r o c h e m i c a l b e h a v i o r o f the h e m o p r o t e i n s at 

(3) 
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232 BIOLOGICAL REDOX COMPONENTS 

m o d i f i e d e l e c t r o d e s e x h i b i t e d the p r o p o s e d p a r a l l e l i s m to the rate o f 
the h o m o g e n e o u s r e d o x r eac t i on . 

Technological Aspects 

I n b i o t e c h n o l o g y , the d i r e c t e l e c t r o n transfer b e t w e e n the e n z y m e 
m o l e c u l e s a n d the m e t a l e l e c t r o d e offers n e w p r o s p e c t s b e c a u s e the 
e l e c t r o d e m a y subs t i tu t e b o t h cofactor a n d e lect ron- t ransferases . 

P i o n e e r i n g e x p e r i m e n t s (68 , 69) w e r e c a r r i e d o u t u s i n g g l u c o s e 
o x i d a s e i n f u e l c e l l s o p e r a t i n g o n g l u c o s e a n d o x y g e n . M a n y c a r b o n 
e l e c t r o d e s w e r e f a b r i c a t e d a n d t es ted w h e r e the e n z y m e w a s c o v a -
l e n t l y b o u n d to the e l e c t r o d e , e m b e d d e d i n a c a r b o n p o w d e r , or e n 
t r a p p e d i n a p o l y a c r y l a m i d e g e l - p l a t i n u m g a u z e m a t r i x . T h e l o w cu r 
ren t d e n s i t y w a s a t t r i b u t e d to d i f f i c u l t y i n e l e c t r o n transfer b e t w e e n 
the e n z y m e a n d the c o n d u c t i n g e l e c t r o d e surface . A l s o , d u r i n g c o v a -
l e n t g ra f t ing o f g l u c o s e o x i d a s e at the e l e c t r o d e surface no e l e c t r o n 
e x c h a n g e w i t h the p r o t e i n p r o s t h e t i c g r o u p was f o u n d (70-72). T h e s e 
resu l t s are i n a g r e e m e n t w i t h the finding (73) that n o e x c h a n g e c u r r e n t 
b e t w e e n the p l a t i n u m - i n d i c a t o r e l e c t r o d e a n d the d i s s o l v e d p r o t e i n 
w a s m e a s u r a b l e i n the absence o f m e d i a t o r s . N e v e r t h e l e s s , reagent less 
e n z y m e e l ec t rodes , w h i c h r euse the cofactor n i c o t i n e a d e n i n e d i n u -
c l e o t i d e ( N A D ) , w e r e e s t a b l i s h e d b y th is p r i n c i p l e (74-76). W i t h g l u 
cose ox idase or l a c t i c d e h y d r o g e n a s e , the subs t r a t e -dependen t r e g e n 
e ra t ion c u r r e n t w a s u s e d as the m e a s u r i n g s i g n a l (77 , 78). 

O n the o ther h a n d , t he c h e m i c a l m o d i f i c a t i o n o f the e l e c t r o d e 
surface r e s u l t e d i n a c o n s i d e r a b l e a c c e l e r a t i o n o f the e l e c t r o d e reac
t i o n . T h i s a p p r o a c h was u s e d i n b i o - f u e l c e l l s u s i n g h y d r o g e n a s e a n d 
l accase (57 , 59 ) a n d i n sensors for g l u c o s e (63) a n d lacta te (61) o n the 
basis o f g l u c o s e o x i d a s e or c y t o c h r o m e b 2 . T h e s ame a p p r o a c h m a y b e 
a p p l i e d to the i n d i r e c t e l e c t r o c h e m i c a l c o n v e r s i o n o f subst ra te to o b 
t a i n a d e s i r e d l e v e l o f p r o d u c t , for e x a m p l e , lac ta te , i n v i v o . 

I n g e n e r a l , c o f a c t o r - d e p e n d e n t sy s t ems s h o u l d b e d e v i s e d for the 
cofactor less e l e c t r o c h e m i c a l subst ra te or e n e r g y c o n v e r s i o n u s i n g the 
d i r e c t p r o t e i n - e l e c t r o d e r eac t i on . 

Conclusions 

B o t h i n the m e c h a n i s m o f b i o l o g i c a l e l e c t r o n transfer c h a i n s a n d 
i n the he t e rogeneous e l e c t r o n transfer b e t w e e n the a c t i v e site o f p r o 
te ins a n d e l ec t rodes , m a n y b a s i c p r o b l e m s are u n s o l v e d . T h e d e v e l 
o p m e n t a n d a p p l i c a t i o n o f m o d i f i e d e l e c t r o d e s a n d the d e r i v a t i z a t i o n 
o f p ro t e in s w i l l c o n t r i b u t e c o n s i d e r a b l y to the e l u c i d a t i o n o f the m e c h 
a n i s m o f b i o l o g i c a l r e d o x reac t ions . 

I n a d d i t i o n to the t h e o r e t i c a l i m p o r t a n c e o f these e l e c t r o d e reac
t ions , the major s t i m u l u s for d i r e c t i n g the efforts o f sc ient i s t s to th is 
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10. SCHELLER AND STRNAD Protein Prosthetic Groups 233 

study is their advantageous applications in biotechnology. The appli
cation of enzymes as catalysts of organic electrode reactions attracts 
increasing attention. Furthermore, the substrate specificity of enzymes 
offers much promise for designing specific sensors for quantitative 
analysis. 
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Mapping of the Energy Levels of 
Metallophthalocyanines via Electronic 
Spectroscopy, Electrochemistry, and 
Photochemistry 

A. B. P. LEVER, S. LICOCCIA, K. MAGNELL, P. C. MINOR, and 
B. S. RAMASWAMY 

York University, Department of Chemistry, 4700 Keele Street, Downsview, 
Ontario, Canada, M3J 1P3 

The mapping of the energy levels in metallo-
phthalocyanines is accomplished by a combination of 
electrochemistry, electronic spectroscopy, and photo
chemistry. This chapter reviews the electrochemical 
properties of metallophthalocyanines and includes a 
large amount of previously unpublished data. The re
sults are rationalized in terms of the nature of the elec
tron transfer, that is, redox at metal or ligand. Well
-defined correlations are shown to exist between the ease 
of oxidation or reduction of the phthalocyanine ligand 
and the oxidation state, and/or polarizing power, of the 
metal ion. Solvent and ring substitution effects also are 
presented and explained. Charge transfer transition 
energies can be calculated directly from these data, and 
agreement between experiment and theory is excellent. 
Finally, the data are used to calculate both the photo
-generated excited state redox energies and the ther
modynamics of quenching by donors and acceptors. 

T O h t h a l o c y a n i n e ( M P c ) c o m p l e x e s h a v e s ign i f i can t i m p o r t a n c e for 
m a n y reasons, i n c l u d i n g t h e i r s i m i l a r i t y to the b i o l o g i c a l l y i m p o r 

tant m e t a l l o p o r p h y r i n s , t h e i r c l a s s i c a l use as dyestuffs , a n d t h e i r d e 
v e l o p i n g use as c o m p o n e n t s o f v a r i o u s so lar ene rgy c o n v e r s i o n d e 
v i c e s . 

0065-2393/82/0201-0237$06.00/0 
© 1982 Amer ican Chemica l Society 
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238 BIOLOGICAL REDOX COMPONENTS 
O f p a r a m o u n t i m p o r t a n c e i n u n d e r s t a n d i n g a n d p r e d i c t i n g the 

p h y s i c s a n d c h e m i s t r y o f the m e t a l l o p h t h a l o c y a n i n e s is k n o w l e d g e o f 
the e n e r g y l e v e l s t h e r e i n . T h i s k n o w l e d g e c a n b e g a i n e d t h r o u g h 
s t u d y o f the e l e c t r o n i c s p e c t r o s c o p y (absorp t ion a n d emiss ion ) , e l e c 
t r o c h e m i s t r y , p h o t o c h e m i s t r y ( and p h o t o p h y s i c s ) , a n d p h o t o e l e c t r o n 
s p e c t r o s c o p y o f these s p e c i e s . I n this c h a p t e r w e address the first th ree 
o f these t e c h n i q u e s a n d c o n s i d e r the i n f o r m a t i o n o b t a i n e d f r o m 
t h e i r use . 

T h e l o w e r e x c i t e d states (up to at leas t 35 ,000 c m - 1 ) o f a w i d e 
r ange o f m e t a l l o p h t h a l o c y a n i n e d e r i v a t i v e s c a n b e i d e n t i f i e d a n d 
m a p p e d . T h e s e states v a r y as a f unc t i on o f the e n v i r o n m e n t ( so lvent , 
a x i a l c o o r d i n a t i o n , etc.) , p h t h a l o c y a n i n e r i n g subs t i t uen t , na tu re a n d 
s i ze o f m e t a l i o n , o x i d a t i o n state, a n d e l e c t r o n i c con f igu ra t i on . 

T h e e x c i t e d states m a y b e c l a s s i f i ed as π - π * a n d η - π * t ransi t ions , 
p r i m a r i l y l o c a t e d o n the p h t h a l o c y a n i n e r i n g . T h e l i g a n d ( P c r i n g ) to 
m e t a l cha rge transfer ( L M C T ) , m e t a l to l i g a n d cha rge t ransfer 
( M L C T ) , a n d d-d t rans i t ions p r i m a r i l y o c c u r o n the m e t a l a t o m . T h e s e 
t rans i t ions m a y o c c u r i n t w o s p i n mani fes ta t ions . I n a d d i t i o n , s p i n 
c o u p l i n g c a n o c c u r b e t w e e n m e t a l i o n g r o u n d state w a v e funct ions a n d 
e x c i t e d state w a v e funct ions o f the p h t h a l o c y a n i n e r i n g to y i e l d a 
r ange o f t r i p l e t - m u l t i p l e t s . 

T h e f o l l o w i n g th ree sect ions r e v i e w progress i n the e l e c 
t r o c h e m i s t r y , 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 p h o t o c h e m i s t r y o f m e t a l 
l o p h t h a l o c y a n i n e s . T h e da ta r e p o r t e d for m e t a l l o p h t h a l o c y a n i n e s m a y 
b e c o m p a r e d u s e f u l l y w i t h the da ta o b t a i n e d for the p o r p h y r i n s d i s 
c u s s e d i n C h a p t e r 13 i n th is v o l u m e . 

Electrochemistry 

M a n y repor ts ( I -18) d i scuss the e l e c t r o c h e m i c a l p roper t i e s o f the 
m e t a l l o p h t h a l o c y a n i n e s , b u t o n l y i n r e c e n t l i t e ra tu re h a v e these da ta 
c o a l e s c e d i n t o a u s e f u l w o r k i n g b o d y o f k n o w l e d g e . 

I n g e n e r a l , o x i d a t i o n a n d r e d u c t i o n are e x p e c t e d at the m e t a l 
c en t e r a n d at the p h t h a l o c y a n i n e r i n g . I n e a c h case, one or m o r e e l e c 
t ron transfer processes m a y b e o b s e r v e d . I n d e e d , t w o success ive r i n g 
ox ida t ions a n d u p to fou r success ive r i n g r e d u c t i o n s m a y o c c u r . R i n g 
r e d u c t i o n s are g e n e r a l l y e l e c t r o c h e m i c a l l y r e v e r s i b l e , b u t r i n g o x i d a 
t ions u s u a l l y are not (at l eas t on p l a t i n u m ) . G e n e r a l l y , no m o r e t h a n 
t w o r e d o x processes w e r e c h a r a c t e r i z e d at a g i v e n m e t a l cen te r . 

I den t i f i c a t i on o f the na tu re o f a g i v e n r e d o x p r o d u c t u s u a l l y is 
b a s e d on 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 , w h e r e r e l e v a n t , e l e c t r o n s p i n 
r esonance ( E S R ) s p e c t r o s c o p y (2, 9, 12). G e n e r a l l y , i t is p o s s i b l e to 
d e d u c e u n e q u i v o c a l l y w h e t h e r a r e d u c t i o n or o x i d a t i o n o c c u r r e d at 
the m e t a l c en t e r or p h t h a l o c y a n i n e r i n g . P h t h a l o c y a n i n e a n i o n a n d 
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11. LEVER ET AL. Energy Levels of Metallophthalocyanines 239 

ca t ion r a d i c a l e l e c t r o n i c spec t r a are q u i t e d i s t i n c t f r om those o f the 
Pc ( -2 ) i spec i e s (12, 19), a l t h o u g h some c o n f u s i o n m a y ex is t w h e n 
l o w - o x i d a t i o n state t r ans i t i on -me ta l ions , s u c h as i ron( I ) , are i n 
v o l v e d (9). 

T h e h i g h e r filled a n d l o w e r e m p t y e n e r g y l e v e l s o f a t y p i c a l 
m e t a l l o p h t h a l o c y a n i n e are i l l u s t r a t e d i n F i g u r e 1 (20-23). T h e t w o 
h i g h e s t filled o r b i t a l s 2 o f r e l e v a n c e to o u r d i s c u s s i o n are π - o r b i t a l s w i t h 
aiu [h ighes t o c c u p i e d m o l e c u l a r o r b i t a l ( H O M O ) ] a n d (hu s y m m e t r y , 
r e s p e c t i v e l y ; a n d the l o w e s t e m p t y r i n g o rb i t a l s are the eg [ l o w e s 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 ) ] a n d b2u 7r*-orbitals . T h e m e t a l 
v a l e n c e o rb i t a l s m a y b e b u r i e d i n s i d e the filled p h t h a l o c y a n i n e l e v e l s , 
or filled and /o r e m p t y v a l e n c e o rb i t a l s m a y o c c u r i n the H O M O -
L U M O gap ; i n a d d i t i o n , e m p t y m e t a l o rb i t a l s m a y l i e at ene rg ie s c o m 
p a r a b l e to , or a b o v e , the L U M O p h t h a l o c y a n i n e l e v e l . 

MLCT2 

TT 
MLCTI 

SORET 

LMCT \LMCri 

xx-

b τ* 

dz^L 

- d, 

d(6g) 

'xy t>2g 

α2υπ 

Figure 1. A simplified energy level diagram for a metallophthalo
cyanine. LMCT ana MLCT are ligand to metal, and metal to ligand 

charge transfer transitions, respectively. 

1 The phthalocyanine nomenclature used here is presented in Ref. 19. 
2 An energy level of symmetry (xy) localized on the peripheral nitrogen atoms is 

omitted because there is no evidence that it plays a role in the spectroscopy. 
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240 BIOLOGICAL REDOX COMPONENTS 
P h t h a l o c y a n i n e r e d o x c h e m i s t r y m a y b e c l a s s i f i e d c o n v e n i e n t l y 

i n t o t w o sec t ions : m a i n g r o u p s a n d t r ans i t ion g r o u p s . 
Main Croup Phthalocyanine Electrochemistry. . R e d o x c h e m i s t r y 

i n the m a i n g r o u p s is u s u a l l y q u i t e s t r a i g h t f o r w a r d ; g e n e r a l l y the 
m e t a l a t o m cen te r is una f fec ted , a n d a l l o b s e r v a b l e processes o c c u r o n 
the p h t h a l o c y a n i n e r i n g . F o r m a i n g r o u p ions that l i e i n the 
p h t h a l o c y a n i n e p l a n e , the first r i n g o x i d a t i o n ( f rom H O M O ) is sepa
r a t e d f r o m the first r i n g r e d u c t i o n (to L U M O ) b y a p p r o x i m a t e l y 1560 
m V ( T a b l e I) , w h i c h is the m a g n i t u d e o f the m o l e c u l a r b a n d g a p . T h i s 
v a l u e seems l a r g e l y una f f ec t ed b y the na tu re o f the m a i n g r o u p m e t a l , 
a l t h o u g h s o m e d e v i a t i o n m a y o c c u r i f the m e t a l is too la rge to b e 
a c c o m m o d a t e d b y the p h t h a l o c y a n i n e cen t e r (14). 

H o w e v e r , the abso lu t e ene rg ies o f first o x i d a t i o n or r e d u c t i o n v a r y 
c o n s i d e r a b l y , a n d d e p e n d o n the s i ze a n d cha rge o f the m e t a l i o n . T h e 
ease o f o x i d a t i o n or r e d u c t i o n o f the p h t h a l o c y a n i n e u n i t d e p e n d s o n 
the e l e c t r i c field g e n e r a t e d b y the c e n t r a l m e t a l i o n . I n d e e d , there is a 
c l e a r r e l a t i o n s h i p b e t w e e n the p o l a r i z i n g p o w e r o f the c e n t r a l i o n , 
e x p r e s s e d as (ze/r) a n d the r e d o x ene rgy . T h e m o r e p o l a r i z i n g is the 
i o n , the eas ie r i t is to r e d u c e the p h t h a l o c y a n i n e r i n g , a n d the m o r e 
d i f f i cu l t the r i n g is to o x i d i z e . A g o o d l i n e a r r e l a t i o n s h i p is o b s e r v e d 
b e t w e e n these q u a n t i t i e s (14) d e f i n e d b y E q u a t i o n s 1 a n d 2 : 

w h e r e the po t en t i a l s are r e f e r enced to the n o r m a l h y d r o g e n e l e c t r o d e 
( N H E ) a n d the r a d i i u s e d o r i g i n a t e f r o m Ref . 24. T h e l i n e s are essen
t i a l l y p a r a l l e l . T h s e da ta i m p l y a H O M O - L U M O separa t ion o f a b o u t 
1.56 V , i n d e p e n d e n t o f the c e n t r a l m a i n g r o u p i o n , p r o v i d e d i t l i e s i n 
the p l a n e (14). T h i s t r ea tmen t is d i s c u s s e d later . 

T h e s e c o n d r e d u c t i o n process appears , o n the ave rage , a b o u t 4 2 0 
m V m o r e n e g a t i v e t h a n the first r e d u c t i o n ( T a b l e I) b u t these p o t e n t i a l s 
are m o r e sca t t e red a n d less d i r e c t l y d e p e n d e n t o n the p o l a r i z i n g 
p o w e r o f the c e n t r a l i o n ; neve r the le s s , m e t a l l o p h t h a l o c y a n i n e s w i t h 
the m o r e p o l a r i z i n g ions are g e n e r a l l y m o r e r e a d i l y r e d u c e d to the 
r i n g d i a n i o n . T h e t h i r d - a n d f o u r t h - r e d u c t i o n processes o c c u r n e a r 
- 1 . 7 to - 1 . 8 a n d - 2 . 0 V ( T a b l e I) (12) (for b o t h m a i n a n d t r ans i t ion 
g r o u p ions) . T h e s e da ta are d i s p l a y e d i n F i g u r e 2 . F o r the first t w o 
r e d u c t i o n processes , the ease o f r e d u c t i o n f o l l o w s the s e q u e n c e : 

T h i s s e q u e n c e m a y b e r a t i o n a l i z e d i n t e rms o f i n c r e a s i n g n e g a t i v e 
c h a r g e o n the p h t h a l o c y a n i n e l i g a n d w h e n p a s s i n g f r o m the c o v a l e n t 

o x i d a t i o n (ze/r)(E° - 1.410) = - 0 . 0 1 2 

r e d u c t i o n (ze/r)(E° + 0.145) = - 0 . 0 1 2 

(1) 

(2) 

P c H 2 < P c M g ( I I ) < P c 2 " [ P r 4 N ] 2 > P c A l ( I I I ) X 
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—3.01— 

-2.5 μ 

-2.0 U 

C / 5 

Η 

Ο 
> 

1.5 μ 

-i.o μ 

-0.5 

A 
• ^ Κ C 3 / C 4 

Α \ σ-/σ 

/ 

C7C 2" Α 
/ 

\ c /c-
• 

J I I L J I L ι ι I L 

H, M g ^ c 2 " A l 1 " T i ^ V ' M ^ o î ' z r i ' F e ' c o 1 

Ο ο 

Figure 2. Sketch of the variation in first-, second-, third-, and fourth-
ring reduction potentials as a function of metal ion and oxidation 

state. All data vs. NHE. 

N H b o n d i n P c H 2 , to a f a i r l y e l ec t ros t a t i c i n t e r a c t i o n w i t h the e l e c 
t r o p o s i t i v e m a g n e s i u m , a n d finally to a f u l l n e g a t i v e cha rge w i t h the 
p r o p y l a m m o n i u m salt . F o r a l u m i n u m ( I I I ) , the h i g h p o l a r i z i n g p o w e r 
o f th is i o n l eads to a m o r e c o v a l e n t i n t e r a c t i o n a n d a r e d u c e d n e g a t i v e 
c h a r g e on the p h t h a l o c y a n i n e l i g a n d . T h e s e po t en t i a l s m o n i t o r the 
n e g a t i v e c h a r g e o n the p h t h a l o c y a n i n e l i g a n d . 

Transition Group Phthalocyanine Electrochemistry. T h e pres
ence o f a t r ans i t i on m e t a l i o n appea r s to p e r t u r b the r e d o x processes 
o c c u r r i n g at the p h t h a l o c y a n i n e u n i t ; h o w e v e r , a pa t t e rn s i m i l a r to the 
m a i n g r o u p spec i e s c a n b e d i s c e r n e d . I n m a n y cases, one or m o r e 
r e d o x processes m a y o c c u r at the c e n t r a l i o n at po t en t i a l s l y i n g b e 
t w e e n r i n g o x i d a t i o n a n d r e d u c t i o n . I f the so lven t , s u p p o r t i n g e l e c t r o 
l y t e , or a n a d d e d l i g a n d c a n b i n d to the a x i a l sites o f the m e t a l i o n i n 
one (or more ) o f its o x i d a t i o n l e v e l s , t h e n the o b s e r v e d r e d o x p o t e n t i a l 
of ten d e p e n d s m a r k e d l y o n the c h o i c e o f so lven t , e l e c t r o l y t e , or a d d e d 
l i g a n d . 

T a b l e I I g ive s da ta for t r ans i t ion m e t a l i o n p h t h a l o c y a n i n e s w h e r e 
s o l v e n t c o o r d i n a t i o n is no t s t r ong ly p e r t u r b i n g , that is , i n w e a k donor 
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244 BIOLOGICAL REDOX COMPONENTS 
so lven t s , or i n v o l v i n g me ta l s that b i n d w e a k l y a l o n g the axis . T h e s e 
da ta s h o u l d b e g e n e r a l l y i n t e r p r é t a b l e w i t h o u t t a k i n g i n t o c o n s i d e r a 
t i o n severe p e r t u r b a t i o n b y s o l v e n t effects. 

E l e c t r o n i c a n d E S R s p e c t r o s c o p y d e m o n s t r a t e d that the O T i ( I V ) , 
O V ( I V ) , N i ( I I ) , C u ( I I ) , a n d Z n ( I I ) spec i e s d o not u n d e r g o r e d o x p r o 
cesses at the m e t a l at p o t e n t i a l s b e t w e e n l i g a n d o x i d a t i o n a n d r e d u c 
t i o n . I r o n a n d c o b a l t , o n the o ther h a n d , c a n fo rm M ( I ) , M ( I I ) , a n d 
M ( I I I ) spec i e s at these i n t e r m e d i a t e po ten t i a l s , that is , o x i d a t i o n o f the 
p h t h a l o c y a n i n e l i g a n d o c c u r r e d after the m e t a l w a s o x i d i z e d to M (II I ) , 
a n d r e d u c t i o n o f the p h t h a l o c y a n i n e l i g a n d o c c u r r e d o n l y after r e d u c 
t i o n o f the m e t a l to M ( I ) . C h r o m i u m a n d m a n g a n e s e p h t h a l o c y a n i n e s 
fo rm M ( I I ) a n d M ( I I I ) o x i d a t i o n states (5-13). 

I n p a r a l l e l w i t h m a i n g r o u p p h t h a l o c y a n i n e c h e m i s t r y , the a b i l i t y 
to r e d u c e a m e t a l l o p h t h a l o c y a n i n e increases , that is , the p o t e n t i a l b e 
c o m e s m o r e p o s i t i v e , as the o x i d a t i o n state o f the c e n t r a l i o n inc reases . 
T h i s a b i l i t y c a n b e seen f r o m the da t a c o m p a r i s o n s abs t r ac t ed f r o m 
T a b l e I I a n d s h o w n i n T a b l e s I I I , I V , a n d F i g u r e 2 . 

N o t s u r p r i s i n g l y , the po t en t i a l s are s i m i l a r to those o f m a i n g r o u p 
ions o f the same o x i d a t i o n state a n d a p p r o x i m a t e s i z e , a l t h o u g h this 
fact a p p a r e n t l y was not r e c o g n i z e d c l e a r l y i n the past . B e c a u s e the 
s p r e a d i n p o t e n t i a l s for a g i v e n m e t a l o x i d a t i o n state is r e m a r k a b l y 
s m a l l , a n d there is a c l e a r e n o u g h separa t ion b e t w e e n the ranges for at 

T a b l e I I I . P o t e n t i a l s , v s . N H E , for the F i r s t R e d u c t i o n o f the 
P h t h a l o c y a n i n e R i n g as a F u n c t i o n o f C e n t r a l I o n O x i d a t i o n State 

Complex 
Pc(-2)M(IV)OI 
Pc(-3)M(IV)0 

Pc(-2)M(1I)/ 
Pc(-3)M(II) 

Pc(-2)M(I)I 
Pc(-3)M(I) 

T b P c V O 
T b P c T i O 
T b P c C r 
T s P c C r 
T b P c M n 
T s P c M n 
P c M n 

- 0 . 2 7 5 
- 0 . 3 3 5 

- 0 . 6 3 0 
- 0 . 7 6 0 
- 0 . 6 5 0 
- 0 . 4 7 5 
- 0 . 4 5 0 

T s P c F e 
P c C o 
T s P c C o 
P c N i 

P c F e - 0 . 9 3 0 
- 0 . 8 4 0 
- 1 . 1 6 
- 1 . 0 5 0 

P c Z n 

T b P c C u 
P c C u 

- 0 . 6 1 0 
- 0 . 6 3 5 
- 0 . 6 0 0 
- 0 . 6 5 0 

Note: see Table II for references to the literature and abbreviations. In general, 
these potentials show little solvent dependence. 
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11. LEVER ET AL. Energy Levels of Metallophthalocyanines 245 

T a b l e I V . S e c o n d R e d u c t i o n P r o c e s s for T r a n s i t i o n 
M e t a l l o p h t h a l o c y a n i n e s 

Pc(-3)M(IV)OI Pc(-3)M(II)I Pc(-3)M(I)/ 
Complex Pc(-4)M(IV)0 Pc(-4)M(II) Pc(-4)M(I) Ref. 

T b P c T i O - 0 . 7 8 0 t w 
T b P c V O - 0 . 8 4 0 t w 
T b P c C r ( I I ) - 1 . 1 1 5 t w 
P c M n ( I I ) - 1 . 2 2 3 

- 1 . 2 6 12 
T s P c M n ( I I ) - 1 . 1 1 5 t w 
T s P c F e ( I I ) - 1 . 2 7 t w 
P c F e ( I I ) - 1 . 3 2 12 
P c C o ( I I ) - 1 . 5 6 12 
P c N i ( I I ) - 0 . 9 9 12 
T s P c N i ( I I ) - 0 . 9 2 5 ( - 1 . 6 9 ) 11 

- 0 . 8 9 t w 
P c C u ( I I ) - 0 . 9 4 12 
T s P c C u ( I I ) - 0 . 8 7 0 ( - 1 . 6 5 5 ) 11 
T b P c C u ( I I ) - 1 . 1 0 t w 
P c Z n ( I I ) - 1 . 0 9 12 

( - 1 . 8 2 , - 2 . 4 4 ) 

Note: See Tables I-III for abbreviations. Data in parentheses refer to successive 
reductions. Redox potentials vs. Ν HE. 

leas t the first a n d s e c o n d r e d u c t i o n , the po t en t i a l s g e n e r a l l y c a n b e 
u s e d d i a g n o s t i c a l l y to i d e n t i f y the o x i d a t i o n state o f the c e n t r a l t r ans i 
t i o n m e t a l i o n . 

M o s t ox ida t ions o f the p h t h a l o c y a n i n e r i n g i n t r ans i t ion m e t a l 
p h t h a l o c y a n i n e s are e l e c t r o c h e m i c a l l y i r r e v e r s i b l e , o b s c u r i n g o x i d a 
t i o n state t rends . T r i v a l e n t a n d t e t r ava len t t r ans i t ion m e t a l p h t h a l o 
c y a n i n e s g e n e r a l l y o x i d i z e a l i t t l e a b o v e 1.0 V ; th i s t r e n d is a l so 
t rue for the m o r e p o l a r i z i n g d i v a l e n t ions, n i c k e l ( I I ) a n d coppe r ( I I ) . 
P c ( - 2 ) Z n a lso o x i d i z e s nea r 1.0 V w h i l e the e a r l i e r first r o w t rans i t ion 
m e t a l p h t h a l o c y a n i n e s o x i d i z e at s l i g h t l y m o r e n e g a t i v e po t en t i a l s . 

S o l v e n t effects o n these l i g a n d r e d o x po t en t i a l s are s m a l l . H o w 
eve r , s o l v e n t effects o n m e t a l r e d o x process p o t e n t i a l s c a n b e extraor
d i n a r i l y l a rge . T a b l e V g ives the ranges for v a r i o u s r e d o x processes as a 
f u n c t i o n o f s o l v e n t a n d / o r s u p p o r t i n g e l e c t r o l y t e . T h e effect o f s o l v e n t 
d e p e n d s c l e a r l y o n the e l e c t r o n i c conf igura t ions o f the spec ies i n 
v o l v e d , a n d the effect o f s u p p o r t i n g e l e c t r o l y t e d e p e n d s on w h e t h e r 
there is b i n d i n g o f the a n i o n to e i the r c o m p o n e n t o f the c o u p l e . 

T h e i ron( I I ) / i ron( I ) a n d coba l t ( I I I ) / coba l t ( I I ) c o u p l e s b o t h i n v o l v e 
l o w s p i n de/d7 conf igura t ions . S t r o n g l y b i n d i n g a x i a l l i g a n d s ( so lven t 
m o l e c u l e s ) d e s t a b l i z e the z2 e l e c t r o n ( i n d7) a n d favor o x i d a t i o n to the 
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246 BIOLOGICAL REDOX COMPONENTS 
T a b l e V . S o l v e n t Ef fec t s o n T r a n s i t i o n M e t a l l o p h t h a l o c y a n i n e 

Metal Ion Solvent/X~ a 

PcCr ( I I ) 6 

P c M n ( I I ) c 

P c F e ( I I ) d 

TsPcFe( I I ) e 

P c C o ( I I ) / 

D M F / P y 
D M F / D M S O / P y 
D M F / D M S O / P y 
D M S O / K C N 
D C B / D M F / 

D M S O / P y / 
4 -E tPy 

cVc 
+0.04/-0.155 

0.045/-0.10 
0.90/-0.085 

0.88/0.24 

clc 

- 0 . 4 5 / - 0 . 5 7 5 
- 0 . 3 1 / - 0 . 8 4 5 
-0 .98 
- 0 . 1 / - 0 . 7 

c lc~ 

- 1 . 1 0 / - 1 . 2 8 
- 0 . 8 7 / - 1 . 0 8 5 
-1 .31 
- l . i l / - l . 1 8 

α Supporting electrolytes include tetraalkylammonium chlorides, bromides, and 
perchlorates. Numbers indicate upper and lower boundaries for observed potentials. 
These data include tetrasulfonated and tetra-f-butyl derivatives. Solvents: DMF, di-
methylformamide; DMSO, dimethyl sulfoxide; Py, pyridine; DCB, o-dichlorobenzene. 
Redox potentials vs. NHE. 

6 This work. 
c Ref. 3. 
dRef. 2. 
e Ref. 45. 
'This work, Ref. 8. 

l o w s p i n d6 spec i e s . T h u s , i n b o t h cases the po t en t i a l s shif t n e g a t i v e l y 
w i t h i n c r e a s i n g d o n o r s t r eng th o f the so lven t , w h i c h f o l l o w s the o r d e r 

D M A = D M F < D M S O < p y r i d i n e (3) 

w h e r e D M A , D M F , a n d D M S O represents d i m e t h y l a m i n e , d i m e t h y l -
f o r m a m i d e , a n d d i m e t h y l s u l f o x i d e , r e s p e c t i v e l y . 

I n d e e d , there is a l i n e a r c o r r e l a t i o n o f these p o t e n t i a l s w i t h G u t -
m a n n D o n i c i t y N u m b e r (25) o f the s o l v e n t (8) . T h e coba l t ( I I ) /coba l t ( I ) 
c o u p l e ( l o w s p i n d7/d8) a lso shifts n e g a t i v e l y w i t h i n c r e a s i n g d o n i c i t y 
o f the so lven t , p r o b a b l y b e c a u s e a x i a l b i n d i n g to the square p l a n a r d8 

coba l t ( I ) is w e a k or nonex i s t en t . T h e i ron( I I I ) / i ron( I I ) c o u p l e ( l o w s p i n 
d5/d6), h o w e v e r , s h o w s the oppos i t e t r e n d s h i f t i n g p o s i t i v e l y w i t h i n 
c r e a s i n g d o n i c i t y o f the s o l v e n t (8, 9) . T h i s fact bes t c a n b e e x p l a i n e d 
b y s y n e r g i s m , w h e r e s t rong ly c o o r d i n a t i n g a x i a l l i g a n d s favor b a c k 
d o n a t i o n b y the l o w s p i n d6 i o n i n t o p h t h a l o c y a n i n e π - a c c e p t o r o r b i 
ta ls . B a c k d o n a t i o n i n i r on ( I I I ) is w e a k e r b e c a u s e o f the greater c h a r g e 
on the m e t a l . T a b l e V s h o w s that these so lven t effects c a n b e q u i t e 
d r a m a t i c . F o r e x a m p l e , a s o l u t i o n o f i ron( I I ) p h t h a l o c y a n i n e i n 
p y r i d i n e c o n t a i n i n g c h l o r i d e i o n is a i r s tab le , b u t a s i m i l a r s o l u t i o n i n 
D M A or D M F w i t h c h l o r i d e i o n r a p i d l y a i r o x i d i z e s to i r on ( I I I ) 
p h t h a l o c y a n i n e (9) . M o r e o v e r , i f c y a n i d e i o n is a d d e d to a s o l u 
t i o n o f t e t r asu l fona ted i ron( I I ) p h t h a l o c y a n i n e , the i ron( I I ) state is 
s t a b i l i z e d to a r e m a r k a b l e d e g r e e (Tab le V ) t h r o u g h a x i a l c o o r d i n a t i o n 
o f c y a n i d e ions . I n d e e d , u n s u b s t i t u t e d i ron( I I ) p h t h a l o c y a n i n e is s o l u 
b l e i n w a t e r i f c y a n i d e ions are present (5). E v e n m o r e r e m a r k a b l e 
s t a b i l i z a t i o n o f i ron( I I ) is seen w h e n i m i d a z o l e is u s e d as a n a x i a l 
l i g a n d ( T a b l e V ) (7). 
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11. LEVER ET AL. Energy Levels of Metallophthalocyanines 247 

W h e n a series o f s u b s t i t u t e d p y r i d i n e s w e r e u s e d as so lven ts (8) , 
b o t h the coba l t ( I I I ) / coba l t ( I I ) a n d coba l t ( I I ) / coba l t ( I ) c o u p l e s s h i f t e d 
n e g a t i v e l y w i t h i n c r e a s i n g ρ Κ α o f the so lven t . T h i s r e s u l t m a y b e ex
p l a i n e d i n te rms o f the D r a g o Ε a n d C m o d e l (26) g i v e n that for th is 
series the e l ec t ros t a t i c c o m p o n e n t , E , is c h a n g i n g w h i l e the c o v a l e n t 
c o m p o n e n t , C , r e m a i n s r o u g h l y constant , a n o b s e r v a t i o n i n a g r e e m e n t 
w i t h s i m i l a r p o r p h y r i n r e d o x data (27). A n i n t e r e s t i n g s o l v e n t effect is 
o b s e r v e d w h e n coba l t ( I I ) P c is o x i d i z e d to coba l t ( I I I ) P c . B e c a u s e the 
la t ter spec i e s has a v e r y s t rong p r o p e n s i t y to b e h e x a c o o r d i n a t e d w i t h 
t w o a x i a l l y b o u n d s o l v e n t m o l e c u l e s , the o x i d a t i o n p o t e n t i a l is c l e a r l y 
s o l v e n t d e p e n d e n t . I n a n o n c o o r d i n a t i n g so lven t s u c h as d i c h l o r o b e n -
z e n e , a h e x a c o o r d i n a t e d coba l t ( I I I ) spec i e s canno t b e f o r m e d . U n d e r 
these c o n d i t i o n s , the C o ( I I I ) P c / C o ( I I ) P c c o u p l e shifts p o s i t i v e l y to a 
c o n s i d e r a b l e extent , s u c h that the i n i t i a l o x i d a t i o n o f the spec i e s is to 
form a coba l t ( I I ) p h t h a l o c y a n i n e ca t ion r a d i c a l (16). W h e n p y r i d i n e is 
a d d e d to s u c h a s o l u t i o n , a coba l t ( I I I ) spec i e s a p p a r e n t l y is f o r m e d . 

P r e l i m i n a r y da ta for c h r o m i u m ( I I I ) p h t h a l o c y a n i n e s r e v e a l i n 
c r e a s e d s t a b i l i z a t i o n o f c h r o m i u m ( I I ) w i t h s t rong donor so lven t s . T h i s 
effect c o u l d b e d u e to s t a b i l i z a t i o n o f the l o w s p i n d4 c h r o m i u m ( I I ) 
t h r o u g h b a c k d o n a t i o n to the p h t h a l o c y a n i n e r i n g . H o w e v e r , fur ther 
da ta are necessa ry to u n d e r s t a n d th is p h e n o m e n o n , e s p e c i a l l y as a 
s i m i l a r s t a b i l i z a t i o n o f l o w - s p i n d5 manganese ( I I ) p h t h a l o c y a n i n e ap 
p a r e n t l y is not e v i d e n t ( T a b l e V ) . S o m e data ex i s t c o n c e r n i n g the effect 
o f r i n g s u b s t i t u t i o n o n r e d o x energ ies (see T a b l e I I ) , h o w e v e r , s i g n i f i 
c a n t l y less so t h a n i n the p o r p h y r i n series (28). G e n e r a l l y , e l e c t r o n 
donors favor r i n g o x i d a t i o n a n d d i s favor r i n g r e d u c t i o n . A n i n t e r e s t i n g 
c o m p a r i s o n exis ts for s u l f o n i c a c i d s u b s t i t u t i o n w h e r e the n e u t r a l a c i d 
fo rm o f T s P c F e ( I I I ) r e d u c e s at - 0 . 4 0 V [vs. n o r m a l h y d r o g e n e l e c t r o d e 
( N H E ) ] w h i l e the s o d i u m salt , w i t h fou r n e g a t i v e charges o n the 
p e r i p h e r y o f the m o l e c u l e , does not r e d u c e u n t i l - 0 . 6 7 V (5) . T h e 
s e c o n d r e d u c t i o n is s i m i l a r l y , b u t a l i t t l e less m a r k e d l y , ef fec ted . F o r 
subs t i tuen t s s u c h as c h l o r i d e , m e t h y l tert-butyl, s u l f o n i c a c i d , car-
b o x y l i c a c i d , a n d others , the shifts i n r e d o x energ ies ( excep t for s p e c i a l 
cases s u c h as j u s t i n d i c a t e d w h e r e the c h a r g e o n the r i n g is m o d i f i e d ) 
r a r e l y e x c e e d 100 m V . 

Electronic Spectroscopy 

G o u t e r m a n et a l . (20-23) first d e t a i l e d the e l e c t r o n i c s t ruc tu re o f 
m e t a l l o p h t h a l o c y a n i n e s , s h o w i n g that the t w o p r i n c i p a l b a n d s (bo th 
lEu <— lAXg) (for S = 0 m e t a l ions) i n the v i s i b l e s p e c t r u m o f a l l 
p h t h a l o c y a n i n e ( - 2 ) spec i e s c o u l d b e a s s igned as alu (π) -> eg ( π * ) (Q 
b a n d nea r 6 0 0 n m ) a n d a2u (π) e„ ( π * ) (Sore t b a n d n e a r 3 5 0 n m ) . 
U n l i k e the p o r p h y r i n s y s t e m (28), the alu a n d a2u o rb i t a l s are f a i r l y 
w e l l - s e p a r a t e d i n ene rgy , a n d these t w o t rans i t ions d o not , therefore , 
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248 BIOLOGICAL REDOX COMPONENTS 
m i x a p p r e c i a b l y . E m i s s i o n da ta r e v e a l that the s p i n t r i p l e t c o m p o n e n t 
o f the Q b a n d l i e s a b o u t 5 0 0 0 - 5 5 0 0 c m - 1 b e l o w the s p i n s i n g l e t (29). I n 
sys t ems l a c k i n g cha rge transfer ab so rp t i on , s u c h as m o s t o f the m a i n 
g r o u p spec i e s , i t is th is s p i n t r i p l e t that is l i k e l y to b e p h o t o a c t i v e 
w h e n the p h t h a l o c y a n i n e is u t i l i z e d as a pho toca t a lys t . T h e *@ state 
( f luorescence) has a l i f e t i m e o f o n l y a f e w n a n o s e c o n d s , w h i l e the 
t r i p l e t state l i f e t i m e is i n the m i c r o s e c o n d - m i l l i s e c o n d r e g i o n at l i q u i d 
n i t r o g e n t e m p e r a t u r e (29, 30). W h e r e p a r a m a g n e t i c ions s u c h as c o p -
per ( I I ) are c o n c e r n e d , th is l o w e s t state m o s t l i k e l y is a t r i p l e t -
m u l t i p l e t , l y i n g at r o u g h l y the same e n e r g y as 3Q (28, 31). 

H o w e v e r , the s i tua t ion c a n c h a n g e d r a m a t i c a l l y w h e n c h a r g e 
t ransfer t rans i t ions are present . S u c h t rans i t ions o c c u r w h e n e v e r m e t a l 
d - l e v e l s l i e at ene rg ies i n s i d e the H O M O - L U M O b a n d g a p o f the 
p h t h a l o c y a n i n e (or c l o s e to , b u t a b o v e the L U M O ene rgy ) . S u c h t rans i 
t ions w e r e d i s c u s s e d i n d e p t h (31 ) a n d o n l y a s u m m a r y o f these da ta is 
p r o v i d e d here . 

W i t h m o d e r a t e l y o x i d i z i n g ions s u c h as m a n g a n e s e ( I I I ) a n d 
c h r o m i u m ( I I I ) , cha rge t ransfer abso rp t i on f r o m b o t h the p h t h a l o 
c y a n i n e alu a n d a2U o rb i t a l s i n t o eg(d) o rb i t a l s o n the m e t a l is a l l o w e d 
e l e c t r o n i c a l l y a n d o b s e r v e d r e a d i l y , the fo rmer t r ans i t ion l y i n g i n the 
n e a r I R r e g i o n ( F i g u r e 1, T a b l e V I ) . 

C o n s i d e r the cha rge t ransfer t r ans i t i on : 

P c ( - 2 ) ( a l u ) 2 C r ( I I I ) d 3 -> P c ( - l ) ( a l t t ) C r ( I I ) d 4 

l a b e l e d L M C T 1 i n F i g u r e 1. T h i s r eac t i on m a y b e c o n s t r u e d as the 
s u m o f t w o r e d o x processes , v i z : 

P c ( - 2 ) ( a l t t ) 2 C r ( I I I ) d 3 + e~ ̂  Pc(-2)(alu)2Cr(ll)d* (4) 

P c ( - 2 ) ( a l M ) 2 C r ( I I ) d 4 ?± P c ( - l ) ( a l t t ) C r ( I I ) d 4 + e~ (5) 

w h o s e p o t e n t i a l s 3 [ - 0 . 4 0 a n d ~ ( + 0 . 7 0 ) V ] c a n b e s u m m e d to y i e l d a 
t r ans i t ion e n e r g y o f 1.10 e V , that is , a p r e d i c t e d cha rge t ransfer e n e r g y 
o f 8 8 7 0 c m - 1 , i n sat isfactory a g r e e m e n t w i t h a n o b s e r v e d t r ans i t ion at 
7 9 0 0 c m " 1 . B o t h c h r o m i u m ( I I I ) a n d manganese ( I I I ) e x h i b i t c h a r g e 
t ransfer b a n d s i n the n e a r I R r e g i o n , a l t h o u g h for manganese ( I I ) a n d 
c h r o m i u m ( I I ) s p e c i e s these L M C T b a n d s are b l u e - s h i f t e d to a p p r o x i 
m a t e l y 11,000 c m " 1 . A t r ea tmen t s i m i l a r to the one i n d i c a t e d i n E q u a 
t ions 3 - 5 a l l o w s p r e d i c t i o n o f the energ ies o f these cha rge t ransfer 
t rans i t ions g e n e r a l l y to w i t h i n a n a c c u r a c y o f a b o u t 1000 c m " 1 

( T a b l e V I ) . 

3 Estimated potential is given in Ref. 31. 
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11. LEVER ET AL. Energy Levels of Metallophthalocyanines 249 

T a b l e V I . O b s e r v e d a n d C a l c u l a t e d C h a r g e T r a n s f e r D a t a ( D M F ) 

Observed Calculated 
Energy 
(cm ~') 

Energy 
( cm ~') Complex 

Energy 
(cm ~') 

Energy 
( cm ~') Assignment 

T s P c C r ( I I ) 11,780 11,935 L M C T 1 
? 13,710 M L C T 2 

25 ,510 2 4 , 9 2 5 L M C T 2 
T s P c C r ( I I I ) 7 ,900 8 ,870 L M C T 1 

20 ,080 22 ,590 L M C T 2 
? 23 ,710 M L C T 2 

P c M n ( I I ) 10 ,910 10,970 L M C T 1 
? 15,725 M L C T 2 

26 ,300 26 ,180 L M C T 2 
T b P c M n ( I I I ) 7 ,630 6 ,535 L M C T 1 

20 ,120 19 ,740 L M C T 2 
? 22 ,100 M L C T 2 

a The charge transfer transitions concerned are alu —>eJd) LMCT1; a2u-* e0(d) 
LMCT2 and eg(d) -*blu(w*) MLCT2 (31 ). The counterion for chromium (III) is a sulfonic 
acid residue, and for manganese(III) it is acetate. 

F u r t h e r p r o o f o f the a s s i g n m e n t is o b t a i n e d b y l o c a t i o n o f a s e c o n d 
c h a r g e transfer b a n d ( L M C T 2 ) , a r i s i n g f r o m a2u to e„(d) ( F i g u r e 1), 
l y i n g b e t w e e n the Q a n d Sore t b a n d s . M o s t s i g n i f i c a n t l y , the e n e r g y 
separa t ion b e t w e e n these t w o cha rge transfer b a n d s is a l m o s t e x a c t l y 
e q u a l to the e n e r g y sepa ra t ion b e t w e e n the Q a n d Sore t b a n d s (31)3. 
V i r t u a l l y a l l the a n t i c i p a t e d L M C T b a n d s i n the first-row t r ans i t i on 
m e t a l p h t h a l o c y a n i n e s c a n b e a s s i g n e d a n d c a l c u l a t e d b y th i s s i m p l e 
p r o c e d u r e . M L C T b a n d ene rg i e s a lso c a n b e c a l c u l a t e d , b u t a p p e a r to 
b e too w e a k to b e o b s e r v e d . T h e ene rg ie s o f o r b i t a l l y f o r b i d d e n L M C T 
t rans i t ions a l so c a n b e d e r i v e d b y this t e c h n i q u e , a l l o w i n g the p r e 
s u m e d d e t e c t i o n o f states that c anno t b e o b s e r v e d d i r e c t l y b y e l e c 
t r o n i c s p e c t r o s c o p y (see T a b l e V I ) . 

S u r p r i s i n g l y , s u c h a s i m p l e r e l a t i o n s h i p b e t w e e n e l e c t r o n i c ab
sorp t ion b a n d s a n d r e d o x p o t e n t i a l ene rg ies is success fu l . E v i d e n t l y , 
the e n t r o p y dif ferences b e t w e e n the v a r i o u s c o m p o n e n t s o f the c o u p l e 
are v e r y s m a l l . M o r e o v e r , the L M C T t rans i t ions a p p e a r to b e ( 0 - 0 ) i n 
v i b r a t i o n a l charac te r , e l i m i n a t i n g ano the r p o s s i b l e source o f d i sagree 
m e n t b e t w e e n c a l c u l a t e d r e d o x e n e r g y a n d o b s e r v e d da ta (31 ). P r e c e 
d e n t for s u c h a g r e e m e n t b e t w e e n c h a r g e t ransfer ene rg ies a n d s u m s o f 
r e d o x p o t e n t i a l s exis ts (32 , 33 ) . B e c a u s e these L M C T t rans i t ions fre
q u e n t l y l i e at ene rg ies b e l o w the Q b a n d , t hey (or h i g h e r s p i n vers ions) 
are l i k e l y to b e p h o t o c h e m i c a l l y a c t i v e . H o w e v e r , l i f e t i m e da ta are no t 
y e t a v a i l a b l e . 

H e n c e , a c o m b i n a t i o n o f 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 
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250 BIOLOGICAL REDOX COMPONENTS 
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 c a n m a p the e n e r g y l e v e l s o f a m e t a l -
l o p h t h a l o c y a n i n e w i t h c o n s i d e r a b l e a c c u r a c y , a n d p r o v i d e a m e a s u r e 
o f the r e d o x po ten t i a l s o f the va r ious e x c i t e d states, i n f o r m a t i o n o f 
c o n s i d e r a b l e v a l u e i n u n d e r s t a n d i n g p h o t o c h e m i c a l b e h a v i o r . A l 
t h o u g h f e w h e a v y t rans i t ion m e t a l i o n p h t h a l o c y a n i n e s h a v e b e e n i n 
v e s t i g a t e d to date , t he i r b e h a v i o r is not e x p e c t e d to v a r y g r e a t l y f rom 
the de t a i l s p r e s e n t e d i n this c h a p t e r ( p r o v i d e d the me ta l s l i e i n s i d e the 
p h t h a l o c y a n i n e m a c r o c y c l e r i ng ) . I n g e n e r a l , t h e i r d - l e v e l s w i l l b e 
b u r i e d b e l o w the p h t h a l o c y a n i n e H O M O l e v e l a n d r e d o x processes at 
the m e t a l are not e x p e c t e d . 

Photochemistry 

A range o f m a i n g r o u p , first r o w , a n d la ter t r ans i t ion m e t a l ions 
w e r e s c r e e n e d r e c e n t l y for t he i r a b i l i t y to genera te r e d u c e d m e t h y l 
v i o l o g e n ( M V + ) w h e n i r r a d i a t e d ( into the Q b a n d ) i n the p re sence o f 
m e t h y l v i o l o g e n ( M V 2 + ) a n d a donor s u c h as t r i e t h a n o l a m i n e (34). 
S p e c i e s c o n t a i n i n g M g , T i O , C r ( I I ) , F e ( I I ) , Z n ( I I ) , R h ( I I I ) , a n d R u ( I I ) 
gene ra t ed r e d u c e d m e t h y l v i o l o g e n , a l b e i t i n s m a l l y i e l d (< .01%) . 
O t h e r m e t a l ions, s p e c i f i c a l l y V O , C r ( I I I ) , M n ( I I I ) , F e ( I I I ) , C o ( I I ) , 
N i ( I I ) , a n d C u ( I I ) d i d not genera te r e d u c e d m e t h y l v i o l o g e n u n d e r 
s i m i l a r c o n d i t i o n s . 

Ions w i t h l o w l y i n g (near I R ) L M C T b a n d s c l e a r l y w e r e pho to -
c h e m i c a l l y i n a c t i v e b e c a u s e m u c h o f the e x c i t a t i o n e n e r g y w a s los t b y 
i n t e r s y s t e m c r o s s i n g f r o m the Q b a n d to the l o w l y i n g L M C T b a n d . 

S e v e r a l m e c h a n i s m s are p o s s i b l e b y w h i c h r e d u c e d m e t h y l v i o l o 
g e n ( M V ) m i g h t b e p r o d u c e d . S p e c i f i c a l l y , r e d u c t i v e q u e n c h i n g o f the 
e x c i t e d state o f the pho toca t a lys t (c*) b y the donor , y i e l d i n g c~, c o u l d 
r e su l t i n fo rma t ion o f M V + b y r eac t ion o f M V 2 + w i t h c " i n a f o l l o w i n g 
t h e r m a l r eac t i on . A l t e r n a t i v e l y , c* c o u l d b e q u e n c h e d o x i d a t i v e l y b y 
M V 2 + y i e l d i n g M V 4 " d i r e c t l y , toge ther w i t h c + , w h i c h c o u l d then r e t u r n 
to the g r o u n d state c b y a t h e r m a l r eac t ion w i t h the donor . 

D e t a i l e d k i n e t i c s tud ies , not y e t u n d e r t a k e n , are necessa ry to d e 
d u c e u n e q u i v o c a l l y w h i c h m e c h a n i s m is o c c u r r i n g . 

G i v e n the g r o u n d state r e d o x data d i s c u s s e d i n the sec t ion o n 
e l e c t r o c h e m i s t r y , toge ther w i t h the e l e c t r o n i c abso rp t ion da ta g i v e n i n 
the sec t ion o n e l e c t r o n i c s p e c t r o s c o p y , the r e d o x po t en t i a l s o f the ex
c i t e d states, c*, c a n b e d e r i v e d ( 3 5 - 3 7 ) . T h u s , i f E e n ( i n e l e c t r o n vo l t s ) 
is the e q u i l i b r a t e d e x c i t e d state e n e r g y o f the l o w e s t , p h o t o c h e m i c a l l y 
a c t i v e , e x c i t e d state o f the pho toca ta lys t , t h e n the r e d o x po t en t i a l s 
i n v o l v i n g e* are: 

c 7 c * = c + / c - E( 

e*/c~ = c"/c + E( en 

en (6) 

(7) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

11



11. LEVER ET AL. Energy Levels of Metallophthalocyanines 
251 

T h e s e equa t ions s h o u l d b e f a i r l y accura te p r o v i d e d that the e n 
t ropy dif ferences b e t w e e n g r o u n d a n d e x c i t e d states are s m a l l , as ap
p a r e n t l y is the case. 

T h e t h e r m o d y n a m i c d r i v i n g forces for the v a r i o u s e x c i t e d state 
a n d g r o u n d state reac t ions j u s t d i s c u s s e d m a y b e c a l c u l a t e d f r o m these 
data . T h e resu l t s o b t a i n e d f r o m this c a l c u l a t i o n e n a b l e (34) the c o m 
p l e x e s to b e d i v i d e d r e a d i l y i n t o t w o sets, one i n w h i c h the ther
m o d y n a m i c s o f one or more processes m a k e mos t u n f a v o r a b l e the p r o 
d u c t i o n o f r e d u c e d m e t h y l v i o l o g e n a n d one set i n w h i c h the ther
m o d y n a m i c s are less u n f a v o r a b l e or e v e n s l i g h t l y f avo rab le . E x p e r i 
m e n t a l l y , the i n a c t i v e m e t a l l o p h t h a l o c y a n i n e s c l e a r l y b e l o n g to the 
fo rmer set, a n d the a c t i v e spec i e s to the la t ter set. H o w e v e r , the ther
m o d y n a m i c s for the fo rmat ion o f r e d u c e d m e t h y l v i o l o g e n w e r e not 
s t r o n g l y f avorab le for a n y case ye t s t u d i e d , e x p l a i n i n g , i n part , w h y the 
y i e l d s w e r e not h i g h for these s p e c i e s . 

K i n e t i c p h e n o m e n a , that i s , suppres s ion o f o t h e r w i s e ther-
m o d y n a m i c a l l y f avorab le b a c k react ions , p l a y a d o m i n a n t r o l e i n d e 
t e r m i n i n g w h i c h cata lys ts are s u i t a b l e a n d w h i c h are not . It is e q u a l l y 
c l e a r f r om this i n v e s t i g a t i o n (34) that s tud ies s u c h as those s h o w n i n 
the " e l e c t r o c h e m i s t r y " a n d " e l e c t r o n i c s p e c t r o s c o p y " sect ions c a n 
p r o v i d e a s o u n d basis for u n d e r s t a n d i n g p h o t o c a t a l y t i c b e h a v i o r , a n d 
c a n i n f l uence the d e s i g n o f fu ture ca ta lys ts . G r o w i n g in te res t i n the use 
o f m e t a l l o p h t h a l o c y a n i n e s i n solar e n e r g y c o n v e r s i o n attests to the 
p o t e n t i a l v a l u e o f s u c h cata lys ts (2,15, 34, 38-43). S u c h da ta are a l so 
o f s ign i f i can t v a l u e i n u n d e r s t a n d i n g b i o l o g i c a l p h o t o r e d o x b e h a v i o r , 
e s p e c i a l l y events o c c u r r i n g d u r i n g pho tosyn thes i s . 
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Electrochemical and Spectroscopic 
Studies of Iron and Cobalt 
Porphodimethenes 
A Mononuclear Hydroxoiron(III) Tetrapyrrole 
Complex 
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and KIONG LAM LAY—Institut für Anorganische Chemie, Technische 
Hochschule Darmstadt, D-6100 Darmstadt, Federal Republic of Germany 

JÜRGEN ENSLING—Institut für Anorganische und Analytische Chemie, 
Universität Mainz, D-6500 Mainz, Federal Republic of Germany 

HANS TWILFER—Abteilung Physiologische Chemie, Technische 
Hochschule Aachen, D-5100 Aachen, Federal Republic of Germany 

JOCHEN BILLECKE, HEIKO LEUKEN, and BERNHARD TONN 
Institut für Anorganische Chemie, Technische Hochschule Aachen, D-5100 
Aachen, Federal Republic of Germany 

Iron porphodimethenes (α,γ-dihydroporphyrins) repre
sent a special class of sterically and electronically mod
ified hemes in which both axial coordination sites show 
impaired accessibility, especially α,γ-d i - ter t -buty locta
ethylporphodimethene. This feature allows the isolation 
of the first definitely identified mononuclear hydroxo
iron(III) complex of a porphinoid ligand system, hy
droxo [ α , γ - d i - t e r t - b u t y l - α , γ - d i h y d r o o c t a e t h y l p o r p h i n 
ato]iron(III). The hemin-like coordination group is char
acterized by μeff = 5.7 B.M., vOH = 3661 cm-1, g = 5.84, 
g = 2.00, δ = 0.314 mm/s (metallic Fe, 1.5 K), and 
ΔΕQ = 0.56 mm/s in magnetic measurements and IR, 
ESR, and Mössbauer spectra. Instead of OH, a variety of 
other axial ligands can be bound by the di-tert-butyl
porphodimethene, for example, F, Cl, NO, N3, NCS, OCN, 
and OMe. Notable exceptions are cyanide and carbon 

1 Author to whom correspondence should be addressed. 

0065-2393/82/0201-0253$07.50 
© 1982 Amer ican C h e m i c a l Society 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

12



254 BIOLOGICAL REDOX COMPONENTS 
monoxide. The corresponding cobalt di-tert-butyl-
porphodimethene shows a strongly diminished affinity 
toward dioxygen, although cyclic voltammetry indicates 
an easier metal oxidation in porphodimethenes than in 
porphyrins. 

" T \ u r i n g inves t iga t ions to e l u c i d a t e the i n f l u e n c e o f the c e n t r a l m e t a l 
o n the h y d r o g é n a t i o n o f m e t a l l o p o r p h y r i n s , v a r i o u s oxygen - sen 

s i t i ve m e t a l p o r p h o d i m e t h e n e s ( α , γ - d i h y d r o p o r p h y r i n s ) w e r e s t u d i e d 
( I , 2 , 3) . A i r s t ab le a , y - d i m e t h y l - a , y - d i h y d r o o c t a e t h y l p o r p h y r i n c o m 
p l e x e s , for e x a m p l e , the h e m i n F e ( O E P M e 2 ) C l ( l A a , T a b l e I) (4) , 
or C o ( O E P M e 2 ) ( l B b ) (5) w e r e o b t a i n e d i n a s y s t e m a t i c s t u d y that 
r e v e a l e d the s p e c i a l e l e c t r o n i c a n d s te r ic m o d i f i c a t i o n o f the por-
p h o d i m e t h e n e core . P r o t o n N M R inves t i ga t i ons (2 , 6) a n d x-ray c rys 
t a l l o g r a p h y (7 , 8, 9) d e m o n s t r a t e d the syn-axial-exo con f igu ra t i on 
o f the t w o m e t h y l g roups , w h i c h w e r e i n t r o d u c e d b y a r e d u c t i v e 
m e t h y l a t i o n (JO) , a n d the m o r e firmly b o u n d a x i a l l i g a n d X , for 
e x a m p l e , i n N i ( O E P M e 2 ) ( l C b ) (7) , T i O ( O E P M e 2 ) ( l D c ) (8) , a n d 
O s ( O E P M e 2 ) C O · P y ( l E d ) (9) . 

T h e syn-axial-exo con f igu ra t i on m a y also b e d e s c r i b e d as a roof
l i k e f o l d e d p o r p h o d i m e t h e n e w i t h b o t h R a n d X i n " c h i m n e y p o s i 
t i o n s " (3) . T h i s con f igu ra t i on is s k e t c h e d for a gene ra l i r o n p o r p h o 
d i m e t h e n e F e ( O E P R 2 ) X L (A) i n F i g u r e 1, I . B o t h a x i a l c o o r d i n a t i o n 
sites are i m p e d e d : X b y the t w o a l k y l g roups , R a n d L b y the f o l d i n g 
o f the m a c r o c y c l e . T h e la t ter effect l e ads to a s o m e w h a t p r o l o n g e d 
a x i a l O s - N b o n d i n l E d (9) , w h e r e a s the fo rmer resu l t s i n a re ta rda
t ion o f the a c i d o l y s i s o f the μ - ο χ ο c o m p l e x l A e as c o m p a r e d w i t h the 
k n o w n /Lt-oxobisiron(III) p o r p h y r i n s (4) . 

B a s i c h y d r o l y s i s o f h e m i n s p r o d u c e s μ - ο χ ο c o m p l e x e s i n a l l 
k n o w n cases f rom p o r p h y r i n s ( I I ) , e v e n f rom s t e r i c a l l y h i n d e r e d por
p h y r i n s , for e x a m p l e , the " p i c k e t f e n c e " h e m e (12) . H y d r o l y s i s is i m 
m e d i a t e l y f o l l o w e d b y c o n d e n s a t i o n . T h i s r eac t ion is e x e m p l i f i e d b y 
i r o n p o r p h o d i m e t h e n e s as f o l l o w s (R = C H 3 , QH5, n - C 3 H 7 , i - C 3 H 7 ) : 

condensation H20/OH" 
2 F e ( O E P R 2 ) C l < [ F e ( O E P R 2 ) ] 2 0 (1) 

A a 2 H C 1 A e 
acidolysis 

T h u s , a l i n e a r ex tens ion o f R does not s t r o n g l y inc rease the s te r ic 
h i n d r a n c e o f X ( F i g u r e 1,1), a n d the r e s u l t i n g μ - ο χ ο c o m p l e x e s p r o b a 
b l y h a v e con f igu ra t ion I I ( F i g u r e 1); m o d e l s s h o w that a μ - ο χ ο b r i d g e 
canno t b e f o r m e d u n d e r the r o o f (4) . 

U s e o f tert-butyl as the a l k y l g r o u p (R) i n i r o n p o r p h o d i m e t h e n e s 
was n o t e d p r e v i o u s l y (13 , 14). T h e presen t p a p e r de sc r i be s the spec 
t r o s c o p i c c ha r ac t e r i z a t i o n o f the e x c l u s i v e l y m o n o n u c l e a r α,γ-di-tert-
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Table I. Structure and Numbering of Metal 
Dialkyloctaethylporphodimethenes 

Lower Lower
case case 

Letter" X L Letter X L 

a C l η o 2 

b — ο P y o 2 

c Ο Ρ F — 
d C O P y 6 q O A c c — 
e 0/2" — r O C N — 
f — O H s N C S — 
g O C H 3 — t O P h p B u t 6 — 
h O C e H 5 — u C N — i N 3 — V C N C N 
j N O — w l - M e i m ' — 
k N O P y X 1 - M e i m 1 - M e i m 
1 P y y B r B r 

m P y P y ζ P i p ^ P i p 
α In text, lowercase letters followed by prime (') indicate that X and L 

are reversed. 
b pyridine 
c acetate 
d μ-οχο complex 
e p-i-butylpnenoxide 
f 1-methylimidazole 
9 piperidine 

b u t y l o c t a e t h y l p o r p h o d i m e t h e n a t o i r o n ( I I I ) c o m p l e x e s , F e ( O E P B u t 2 ) -
X L 2 A a , 2 A f - 2 A j , 2 A p , a n d 2 A r - 2 A t (see T a b l e I). F o r these c o m 
p l exes , i n R e a c t i o n 1, h y d r o l y s i s stops at the stage o f the h y d r o x i d e , 
F e ( O E P B u t 2 ) O H (2Af ) . S o m e e l e c t r o c h e m i c a l da ta a n d s p e c t r a l p r o p 
ert ies o f o ther i r o n p o r p h o d i m e t h e n e s , F e ( O E P M e 2 ) X L , a n d c o b a l t 
p o r p h o d i m e t h e n e s [ C o ( O E P R 2 ) , l B b a n d 2 B b ] are a lso p r e s e n t e d i n 
this chap te r . 
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256 BIOLOGICAL REDOX COMPONENTS 

Figure 1. Presumed steric features of a mononuclear iron porphodi
methene, Fe(OEPMe2)XLJ[, and the μ-oxobislporphodimethenatoiron 
(III)] system, [Fe(OEPMe2)]2 Ο, II. The porphodimethene core is ap-
proximated by a rectangle folded about the a,y-line (" roof-like folding", 

R,X in "chimney positions"). 

T h e h y d r o x i d e F e ( O E P B u t 2 ) O H (2Af) is the first f u l l y cha rac 
t e r i z e d m o n o n u c l e a r h y d r o x o i r o n ( I I I ) c o m p l e x o f a p o r p h i n o i d l i g a n d 
s y s t e m , for w h i c h s p e c t r a l da t a w e r e c o m m u n i c a t e d p r e v i o u s l y (14). 
I n m o r e r ecen t repor t s o n i r o n p o r p h y r i n s w i t h s t e r ic h i n d r a n c e o n 
b o t h s ides o f the m o l e c u l a r p l a n e , i s o l a t e d h y d r o x y l g r o u p s w e r e i d e n 
t i f i e d o n l y b y I R s p e c t r o s c o p y (J5, 16). 

A t h o r o u g h d e s c r i p t i o n o f the i n s t r u m e n t a l ana lys i s o f m e t a l por 
p h o d i m e t h e n e s c a n b e f o u n d i n s e v e r a l s c i en t i f i c theses (5, 17-22). 

Experimental 
Preparation of Iron Porphodimethenes. Iron porphodimethenes were 

synthesized according to previously publ i shed procedures (4) from the corre
sponding α , γ - d i a l k y l o c t a e t h y l p o r p h o d i m e t h e n e s and iron pentacarbonyl (10, 
17, 18). The hemins F e ( O E P R 2 ) X (where X = O C H 3 , O C 6 H 5 , N 3 , F , CI, Br , 
O A c , O C N , N C S , and OPhpBut ) were obtained by acidolysis of the μ-οχο 
complex lAe (Reaction 1) or esterification of the hydroxide 2 A f and were crys
ta l l ized without chromatography in the presence of excess X ~ . 

Preparation of Hydroxo[ a,y-di-^eri-butyl-a,y-dihydrooctaethylporphin-
ato]iron(III), Fe(OEPBut 2 )OH (2Af) (13, 14). A 576-mg (1.12-mmol) sam
ple of a,y-di-ferf-butyl-a,y-dihydrooctaethylporphyrin [ H 2 ( O E P B u t 2 ) , ob
tained from zinc octaethylporphyrin b y reductive alkylation (6,10) w i t h 
C ( C H 3 ) 3 I and demetalation] was refluxed 4 h wi th 300 mg (1.17 mmol) of I 2 

and 3 m L (21 mmol) of F e ( C O ) 5 i n 80 m L of toluene under nitrogen. After 
cool ing and filtration, the solution was taken to dryness i n vacuo and the 
residue was chromatographed on a lumina (grade III , neutral, 40 x 3 cm) wi th 
toluene. The first b rownish fraction contained unreacted porphodimethene 
and some unidentif ied iron complexes. The second red fraction y i e lded the 
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12. BOTULINSKI ET AL. Iron and Cobalt Porphodimethenes 257 

product 2 A f after elut ion w i t h toluene-acetone (9:1) , evaporation of the 
solvent, crystallization from cyclohexane, and dry ing at 45°C/10~ 3 m m . 
C o m p o u n d 2Af, a powder, reacts w i t h alcohols, concentrated acetone, and 
traces of acids (e.g., hydrochlor ic ac id from decomposit ion of methylene 
chloride) to give the corresponding hemins. Y i e l d : 394 mg (48.8%). Analysis of 
C 4 4 H e 3 N 4 F e O (719.9 g/mol): calculated, C , 73.41; H , 8.82; N , 7.78; O , 2.23; F e , 
7.76%; found, C , 73.71; H , 9.00; N , 7.62; O , 2.35; F e , 7.15 (combustion res
idue) %. 

Preparation of Cobalt Porphodimethenes lBb and 2 B b . The porphodi-
methene, H 2 ( O E P R 2 ) (0.5 mmol) , was refluxed under nitrogen wi th Co2(CO) 8 

(1.4 mmol) and I 2 (0.2 mmol) i n toluene for 1 h . T h e solution was taken to 
dryness i n vacuo; the residue was chromatographed on a lumina (grade III , 
neutral) and eluted w i t h cyclohexane-toluene (9:1) under nitrogen. T h e first, 
y e l l o w - b r o w n fraction y ie lded C o ( O E P R 2 ) [lBb: 221 mg, 67% (5), 2 B b : 261 
mg, 69% (13, 21)] as b l ack -b rown crystals after evaporation to dryness, re-
crystallization from cyclohexane, and d ry ing at 45°C/10~ 3 mm. Analysis of lBb , 
C 3 8 H 5 0 N 4 C o (621.78 g/mol): calculated, C , 73.41; H , 8.10; N , 9.01; O , 0.00%; 
found. C , 73.31; H , 7.92; N , 9.13; O , 0.24%. Analysis of 2 B b , ^ Η 6 2 Ν 4 0 ) 
(705.94 g/mol): calculated, C , 74.86; H , 8.85; N , 7.94%; found, C , 74.73; H , 
8.90; N , 8.05%. 

Preparation of Liganded Cobalt Porphodimethenes. The cobalt ichrome 
salts [ C o ( O E P M e 2 ) L 2 ] P F 6 , L = Py, 1-Meim, p iper id ine ( lBm, ΙΒχ, lBz as 
cations, Table I) were obtained by treatment of solutions of lBb w i t h excess 
L , air, and N H 4 P F 6 i n CHCI3-CH3OH (5). The corresponding octaethylpor-
phyr in derivatives, [ C o ( O E P ) L 2 ] P F 6 , were prepared s imi lar ly (13, 14). 

Preparation of Hemichrome Salts. The octaethylhemichrome salts 
[ F e ( O E P ) L 2 ] P F 6 (L = Py, 3-chloropyridine, 1-Meim) and the corresponding 
porphodimethene hemichrome salts, [ F e ( O E P M e 2 ) L 2 ] P F e (L = Py, 1-Meim) 
were obtained from the chlorohemins by b o i l i n g wi th excess L and N H 4 P F 6 

i n methylene chloride and crys ta l l iz ing (19, 20, 23). 
Instrumental Analysis. Opt ica l spectra were recorded w i t h a U n i c a m 

SP800B spectrophotometer, IR spectra w i t h a Pe rk in -E lmer 621 instrument 
( K B r pellets), E P R spectra w i th a Bruker B - E R 420 spectrometer (toluene 
glass), and proton N M R spectra w i th a Bruker W H - 9 0 pulse Fourier transform 
spectrometer (pulse wid th ~ l ^ s , 100 to 1000 scans, internal lock wi th C D C 1 3 

as solvent). 
The Mossbauer spectrometer was equ ipped wi th a 5 7 C o - R h source (20 

m C i ) at 295 K , an electromechanical vibrator, a 90% K r - 1 0 % C 0 2 proportional 
counter, and a 400-channel analyzer (24, 25). Isomer shifts (δ) refer to metal l ic 
iron. The values of δ and the quadrupole spl i t t ing, Δ Ε 0 , were obtained by a 
least-squares fit of the measured spectra to Lorentz ian l ine shapes. The 
absorber samples contained 5 7 F e i n natural abundance and were enclosed i n 
airtight perspex holders containing 0.2 m g of 5 7 F e / c m 2 . 

Magnet ic measurements of sol id 2 A f were performed wi th a Faraday 
balance as described elsewhere (26). 

C y c l i c voltammograms were run w i t h Princeton A p p l i e d Research 
equipment: a potentiostat 173 and universal programmer 175, a Ph i l ips X Y 
recorder P M 8125, and a Beckman pla t inum button electrode. 

Electrochemistry and Optical Spectra 

T h e c y c l i c v o l t a m m o g r a m s o f s o m e o c t a e t h y l h e m i c h r o m e salts 
a n d the c o r r e s p o n d i n g p o r p h o d i m e t h e n e h e m i c h r o m e salts w e r e re-
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258 BIOLOGICAL REDOX COMPONENTS 
c o r d e d p r e v i o u s l y (20) . S o m e resul ts are c o m p a r e d i n F i g u r e 2 a n d 
T a b l e I I . T h e h e m i c h r o m e salts s h o w r e v e r s i b l e F e ( I I ) - F e ( I I I ) s teps 
o n l y i n the p re sence o f excess a x i a l l i g a n d L ; o t h e r w i s e the h e m i 
c h r o m e dissocia tes i n s o l u t i o n (27, 28). T h e c o b a l t i c h r o m e salts d e 
r i v e d f rom o c t a e t h y l p o r p h y r i n a n d α , γ - d i m e t h y l o c t a e t h y l p o r p h o d i -
m e t h e n e a lso w e r e s t u d i e d ( T a b l e II) (5) . T h e C o ( I I ) - C o ( I I I ) s t ep is 
i r r e v e r s i b l e i n a m o d e r a t e excess o f a x i a l base L ; a ra ther l a rge n e g a 
t i v e shif t o f the p e a k p o t e n t i a l for r e d u c t i o n , Ep ( red) , i n d i c a t e s 
d e s t a b i l i z a t i o n o f the r e d u c e d form a n d a p re fe rence for p e n t a c o o r d i -
na t i on i n C o ( I I ) t e t r apy r ro l e s . I r r e v e r s i b l e b e h a v i o r is f r e q u e n t l y 
f o u n d w i t h c o b a l t p o r p h y r i n s (29). G e n e r a l l y , the m e t a l i o n is m o r e 
e a s i l y o x i d i z e d i n p o r p h o d i m e t h e n e s t h a n i n the p o r p h y r i n s y s t e m , 
a p p a r e n t l y b e c a u s e o f the s m a l l e r c e n t r a l N 4 h o l e i n the p o r p h o d i 
m e t h e n e core (7) . T h e a x i a l l i g a n d d e p e n d e n c e s h o w s the u s u a l t r e n d 
as e l a b o r a t e d w i t h o s m i u m p o r p h y r i n s e a r l i e r (30) , that is , the 
i m i d a z o l e s y s t e m shifts the m e t a l ( I I - I I I ) s tep to h i g h l y n e g a t i v e 
v a l u e s . 

-0 .12 

I -0 .29 

J -1.64 

-1.43 
Figure 2. Cyclic volt ammo grams of the dipyridine octaethylhemi-
chrome salt, [Fe(OEP)Py2]PF6 (—), and the corresponding porphodi

methene derivative, [Fe(OEPMe2)Py2]PF6 (lAm) (—) (see Table II). 
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Table II. Comparison of Metal (II/III) Oxidation-Reduction 
Potentials of Bisligand Octaethylporphyrin and 

Decaalkylporphodimethene Complexes 

L in 
Hemichrome 
Salts" 

3 - C h l o r o -
p y r i d i n e 

P y r i d i n e 
1 - M e t h y l -

i m i d a z o l e 

L in 
Cobaltichrome 
Salts* 

P y r i d i n e 
P i p e r i d i n e 
1 - M e t h y l -

i m i d a z o l e 

[Fe(OEP)L2]PF6 [Fe(OEPMe2)L2]PF6 

Ep(ox) Ep(red) 

- 0 . 0 3 - 0 . 4 1 
- 0 . 1 2 - 0 . 1 8 

0.38 0.44 

1̂/2 

0.15 

-0.41 

Ep(ox) Ep(red) ni2 

-0 .16 - 0 . 2 2 ( - 0 . 1 9 ? ) 
-0 .29 - 0 . 3 5 - 0 . 3 2 

- 0 . 4 7 - 0 . 5 5 -0.51 

[Co(OEP)L2]PF6 [(Co(OEPMe2)L2]PF6 

Ep(ox) Ep(red) 

0.22 - 0 . 5 1 
not m e a s u r e d 

0.03 0.81 

Ep(ox) 

0.19 
0 .27 

0.23 

Ep(red) 

- 0 . 6 1 
- 0 . 6 4 

0.96 
a [Fe(OEP)L2]PFe vs. [Fe(OEPMe2)L2]PF e 
6 [Co(OEP)L2]PFe vs. [Co(OEPMe2)L2]PF e 

Note: Taken in acetonitrile with -10% L added; E[V] vs. Hg 2Cl 2/NaCl electrode, 
tetrabutylammonium hexaffuorophosphate as supporting electrolyte; É p(ox) = peak po
tential of anodic scan; Ep(red) = peak potential of cathodic scan; scan rate = 0.1 V/s. 

T h e o p t i c a l spec t r a o f the p o r p h o d i m e t h e n e h e m i n s ( F i g u r e 3 , 
T a b l e I I I ) s h o w th ree b a n d s that are s o m e t i m e s not w e l l - r e s o l v e d . A 
h y p s o c h r o m i c shif t o c c u r s w i t h the b a n d at the shortest w a v e l e n g t h as 
the π donor s t reng th o f the a x i a l l i g a n d X increases . W i t h F e ( I I ) c o m 
p l e x e s [e .g. , the n i t r o s y l c o m p l e x e s l A j (4) a n d 2 A j ] the spec t r a o n l y 
s h o w one u n c h a r a c t e r i s t i c b a n d . H e n c e , a x i a l l i g a t i o n p h e n o m e n a , for 
e x a m p l e , d i o x y g e n b i n d i n g , are d i f f i cu l t to i nves t i ga t e . T h e greater 
ease o f m e t a l o x i d a t i o n exp re s sed i n the e l e c t r o c h e m i c a l resu l t s s h o u l d 
favor i r r e v e r s i b l e o x i d a t i o n . T h e r e f o r e , i n s t e a d o f t r y i n g r e v e r s i b l e 
o x y g e n a t i o n , w e s t u d i e d the s te r ic h i n d r a n c e i n t r o d u c e d b y the tert-
b u t y l g r o u p s i n the h e n i i n 2 A a . 

A Mononuclear Hydroxoiron(III) Porphodimethene 

A s s ta ted i n the i n t r o d u c t i o n , the d i - £ e r £ - b u t y l p o r p h o d i m e t h e -
na to i ron ( I I I ) s y s t e m ( F i g u r e 1, I) is s t e r i c a l l y h i n d e r e d a b o v e a n d 
b e l o w the r o o f - l i k e , f o l d e d t e t r a p y r r o l e s y s t e m . T h i s s te r ic h i n d r a n c e 
is fur ther i l l u s t r a t e d i n F i g u r e 4 , w h i c h s h o w s the h y d r o x o i r o n ( I I I ) 
p o r p h o d i m e t h e n e , F e ( O E P B u t 2 ) O H ( 2 A f ) , i n t w o p o s s i b l e c o n f i g u -
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rat ions, the syn-axial f o rm I I I , a n d the anti-axial f o rm I V . F o r m I V 
is f o r m e d f r o m a n y h e m i n F e ( O E P B u t 2 ) X i n s t e a d o f a μ - o x o b i s -
i r on ( I I I ) c o m p l e x o n e x h a u s t i v e a l k a l i n e h y d r o l y s i s a c c o r d i n g to R e 
ac t ion 1. 

T h e syn-axial-exo c o n f i g u r a t i o n is a n a l o g o u s to the p r o v e d s t ruc
tu re o f the c o m p o u n d T i O ( O E P M e 2 ) ( l D c ) a n d is fur ther s u p p o r t e d b y 
the c l o s e r e l a t i o n s h i p o f the T i O , F e C l , a n d F e O R c o o r d i n a t i o n g r o u p s 
i n m e t a l l o p o r p h y r i n s t e r e o c h e m i s t r y (31). H o w e v e r , a n x-ray s t ruc tu re 
d e t e r m i n a t i o n o f a d i m e t h y l a c e t a m i d e so lva te , F e ( O E P B u t 2 ) O H · 
D M A , s h o w e d that the anti-axial c o n f i g u r a t i o n I V is co r r ec t (see N o t e 
a d d e d la ter) . 

T h e e l e m e n t a l ana lys i s o f 2Af c l e a r l y e x c l u d e d a μ - ο χ ο c o m p l e x 
b y the h i g h o x y g e n v a l u e . T h e p re sence o f a h y d r o x y 1 g r o u p is p o s i 
t i v e l y i n d i c a t e d b y a sha rp v0H at 3 6 3 0 c m - 1 i n the I R s p e c t r u m , par t o f 
w h i c h is s h o w n i n F i g u r e 5. F i g u r e 5 a l so s h o w s the c o r r e s p o n d i n g 
s p e c t r a l r eg ions o f the m e t a l l o o c t a e t h y l p o r p h y r i n s , A l ( O E P ) O H (32) , 
S i ( O E P ) ( O H ) 2 (33) , a n d S n ( O E P ) ( O H ) 2 (33) i n w h i c h the h y d r o x y l 
g roups are i s o l a t e d a n d therefore h a v e a ra ther h i g h h y d r o x y l v a l e n c e 
f r e q u e n c y a b o v e 3 6 0 0 c m " 1 . 

A n o t h e r p r o o f o f the m o n o n u c l e a r cha rac t e r o f 2Af is i ts m a g n e t i c 
m o m e n t , μ^ = 5.7 Β . M . , m e a s u r e d i n the s o l i d state b e t w e e n 7 0 a n d 
2 9 3 K . T h e s o m e w h a t r e d u c e d v a l u e (as c o m p a r e d w i t h the e x p e c t e d 
5.9 B . M . ) is e x p l a i n e d b y a q u a n t u m m e c h a n i c a l a d m i x t u r e o f 1 6 % o f 
the 4 A i s p i n state to the b a s i c 8 4 % o f the 6 A i s p i n state (34). μ - Ο χ ο 
c o m p l e x e s s h o w a n t i f e r r o m a g n e t i c b e h a v i o r (26) no t at a l l f o u n d w i t h 
2Af. F u r t h e r e v i d e n c e for the m o n o n u c l e a r state o f 2Af is the E S R , 
M ô s s b a u e r , a n d p r o t o n N M R spec t ra . 

T w o t y p i c a l c h e m i c a l reac t ions (11) o f h e m e s or h e m i n s (the for
m a t i o n o f c a r b o n y l h e m e s or d i c y a n o h e m i c h r o m e an ions) p r o c e e d ac
c o r d i n g to R e a c t i o n 2 w i t h F e ( I I ) p o r p h o d i m e t h e n e s (5) or R e a c t i o n 3 

Figure 4. Syn-axial (exo) or anti-axial (endo) configurations (III or IV) 
of 2Af ( see "Note added later y). 
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12. B O T U L I N S K I E T A L . Iron and Cobalt Porphodimethenes 263 

w i t h F e ( I I I ) p o r p h o d i m e t h e n e s (17) for R = C H 3 , b u t no t at a l l (13,14, 
18) for R = C ( C H 3 ) 3 . 

F e ( O E P R 2 ) P y 2 + C O F e ( O E P R 2 ) C O · P y + P y ( 2 ) 

lAm (not 2Am) lAd 

F e ( O E P R 2 ) C l + 2 C N e - » [ F e ( O E P R 2 ) ( C N ) 2 ] e + C l e

 ( 3 ) 

lAa(not2Aa') lAv 

I n the di-tert-butyl ser ies , no t e v e n a m o n o c y a n i d e is seen . A p o s s i b l e 
e x p l a n a t i o n for th is m a y b e the f o l l o w i n g : R e a c t i o n s 2 a n d 3 w e r e r u n 
i n the p re sence o f p y r i d i n e , w h i c h b y a n a l o g y to the p r o v e d con f igu ra 
t i on o f 2 A f p r o b a b l y p r e f e r e n t i a l l y o c c u p i e s the p o s i t i o n L u n d e r the 
roof. T h e r e f o r e , c a r b o n m o n o x i d e or c y a n i d e c a n o n l y en te r the 
h e m o c h r o m e or the h e m i c h r o m e ca t ion f r o m the s t r o n g l y h i n d e r e d 
p o s i t i o n X , i f at a l l . 

M a n y observa t ions i n the d i - f e r f - b u t y l p o r p h o d i m e t h e n e series 
c a n b e u n d e r s t o o d i f one assumes that h e x a e o o r d i n a t e d spec i e s 
F e ( O E P B u t 2 ) X L are not f o r m e d at a l l , a n d that a l l p e n t a c o o r d i n a t e d 
spec ie s h a v e the conf igura t ions F e ( O E P B u t 2 ) L or C o ( O E P B u t 2 ) L . P e n 
t a c o o r d i n a t e d c o m p o u n d s w i t h i n the d i m e t h y l p o r p h o d i m e t h e n e 
series, for e x a m p l e , F e ( O E P M e 2 ) N O , C o ( O E P M e 2 ) N O , or the h e m i n s 
F e ( O E P M e 2 ) X l i s t e d i n T a b l e I I I p r o b a b l y h a v e the conf igura t ions 
l A j , l B j , or l A p etc . C o r r e s p o n d i n g s p e c i e s w i t h i n the d i - t e r f - b u t y l -
p o r p h o d i m e t h e n e series s h o u l d h a v e the o p p o s i t e conf igura t ions , s u c h 
as, 2 A j ' , 2 B j ' , or 2 A g ' to 2 A j ' s h o w n i n T a b l e I I I . H o w e v e r , these 
conf igura t ions r e m a i n to b e c h e c k e d b y s e l e c t e d c r y s t a l s t ruc ture d e 
t e r m i n a t i o n s . 

T h e c o b a l t c o m p l e x e s , C o ( O E P B u t 2 ) P y or C o ( O E P B u t 2 ) ( l - M e i m ) 
( 2 Β Γ or 2 B w ' ) , c a n n o t be o x i d i z e d b y a i r to g i v e the c o b a l t i c h r o m e 
cat ions 2 B m or 2 B x i n the p re sence o f excess P y or M e i m . N e i t h e r the 
n e u t r a l d i l i g a n d s p e c i e s , 2 B m a n d 2 B x , nor the d i o x y g e n c o m p l e x , 
2 B o ' , c a n b e f o r m e d ; the o x i d a t i o n is thus i m p e d e d . A p p l i c a t i o n o f 
s t ronger ox idan t s r e m o v e s the tert-butyl g roups , a n d c o b a l t o c t a e t h y l -
p o r p h y r i n s are o b t a i n e d . 

Electron Spin Resonance Spectra 

T a b l e I V s u m m a r i z e s the resu l t s o f an e l e c t r o n s p i n resonance 
s t udy o f i r o n p o r p h o d i m e t h e n e s (21, 35, 36). R h o m b i c s y m m e t r y is 
i n d i c a t e d for n e a r l y a l l c o m p l e x e s w i t h k i n k e d a x i a l l i g a n d sys tems , 
that is , the lat ter are p r e f e r e n t i a l l y o r i e n t e d a b o v e one o f the b o n d s 
b e t w e e n the c e n t r a l i r o n a t o m a n d a n i t r o g e n a t o m o f the por 
p h o d i m e t h e n e l i g a n d . T h e o n l y e x c e p t i o n s are the p h e n o x i d e , 2 A h ' , 
a n d the h y d r o x i d e , 2 A f (see F i g u r e 6, u p p e r r igh t ) . L a c k o f r h o m b i c i t y 
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264 B I O L O G I C A L R E D O X C O M P O N E N T S 

Table III. Electronic Absorption Spectra of Iron and 
Cobalt Porphodimethenes M(OEPR 2 )X 

Com
pound0 X m a x : Absorption maxima (log € in brackets) Solvent* 

l A p 3 8 3 (4.51 s h c ) , 4 2 6 (4.53), 4 4 1 (4.51 sh) , 531 (3.99) 
l A r 4 0 1 (4.50), 4 4 7 (4.38 sh), 6 0 0 (3.47 sh) 
l A i 4 0 7 (4.57), 4 5 1 (4.40 sh), 6 0 3 (3.53 sh) 
l A s 4 0 6 (4.57), 4 4 6 (4.43 sh) , 6 2 8 (3.51 sh) 
2Af ' 394 (4.46), 4 7 3 (4.46), 5 3 6 (3.27) benzene 
2Ag' 3 9 6 (4.46), 4 7 3 (4.47), 5 4 1 (4.17) 1% CH3OH 

a d d e d 
2At' 4 0 0 (4.49), 4 7 7 (4.48), 561 (4.09) 
2Ap' 4 0 0 (4.45), 4 7 5 (4.40), 5 6 3 (3.97) 
2Ar' 4 0 2 (4.59), 4 5 9 (4.41 sh) , 5 9 8 (3.72 sh) 
2As' 4 0 9 (4.60), 4 6 7 (4.31 sh), 5 8 9 (3.66 sh) 
2Ai' 4 1 0 (4.57), 4 6 5 (4 .40 sh), 5 9 3 (3.74 sh) 
2Aa' 4 1 0 (4.65), 471 (4.41 sh), 6 2 3 (3.60 sh) 
2Aj' 4 4 6 (4.51), 5 2 9 (4.19 sh) 
l B b 4 2 0 (4.60 sh), 4 5 6 (4.67), 4 9 8 (4.44 sh) 
2Bb 4 2 5 (4.43 sh), 4 6 1 (4.62), 5 0 2 (4.34 sh) toluene 

a See Table I for numbering system. 
6 The solvent was CH 2C1 2 unless otherwise stated. 
c Shoulder. 
Note: Spectra of compounds lAa, lAe, lAg, lAh, lAj, lAq were published pre

viously (4). 

is e x p l a i n e d b y a s p e c i a l o r i e n t a t i o n o f the p h e n o x i d e g r o u p b e l o w the 
r o o f a l o n g the α , γ - l i n e i n 2Ah' a n d b y the m o b i l i t y o f the h y d r o x y l 
p r o t o n i n 2Af. 

T h e r e f o r e , a d i a g n o s t i c feature o f the i s o l a t e d h y d r o x y l g r o u p is 
the a x i a l E S R s p e c t r u m o t h e r w i s e o b s e r v e d w i t h a x i a l l y s y m m e t r i c a l 
sp ec i e s l i k e the c h l o r o h e m i n s l A a a n d 2Aa'. T h e m e t h o x i d e 2Ag' is 
e l e c t r o n i c a l l y c l o s e l y r e l a t e d to the h y d r o x i d e 2Af (see F i g u r e 11), b u t 
s h o w s the la rges t r h o m b i c i t y o b s e r v e d w i t h the h e m i n s (see F i g u r e 6, 
u p p e r left) . R h o m b i c i t i e s o f the c o r r e s p o n d i n g o c t a e t h y l p o r p h y r i n s , 
F e ( O E P ) O M e or F e ( O E P ) O P h , are s o m e w h a t s m a l l e r t h a n those o f 
l A g or l A h a n d a m o u n t to 4 .07 or 2 . 7 8 % , r e s p e c t i v e l y (21). 

T h e E S R s p e c t r u m o f F e ( O E P B u t 2 ) N O 2Aj' (see F i g u r e 6, l o w e r 
left) is c l o s e l y r e l a t e d to the E S R s p e c t r u m o f the m o n o m e r i c n i t r o s y l 
h e m o g l o b i n I o f Chironomus thumni thumni (37) , e s p e c i a l l y w h e n 
the la t ter is t r e a t ed w i t h s o d i u m d o d e c y l sul fa te (38). L i k e the la t ter 
m o d i f i e d h e m o g l o b i n , 2Aj' does no t a c c e p t a s e c o n d a x i a l l i g a n d . T h e 
s p e c t r u m is not a l t e r e d i n the p r e sence o f a l a rge excess o f p y r i d i n e . 
T h e s t e r i c a l l y u n h i n d e r e d F e ( O E P M e 2 ) N O l A j has a s p e c t r u m s i m i l a r 
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12. B O T U L I N S K I E T A L . Iron and Cobalt Porphodimethenes 267 

to 2 A j ' w i t h a be t t e r r e s o l u t i o n o f the a x i a l 1 4 N h y p e r f i n e s p l i t t i n g . O n 
a d d i t i o n o f p y r i d i n e , the s p e c t r u m changes to the o n e s h o w n i n the 
l o w e r r i g h t o f F i g u r e 6, w h i c h is c l e a r l y a s s i g n e d to F e ( O E P -
M e 2 ) N O · P y l A k . T h e s p e c t r u m is s i m i l a r to that o f the t e t r a p h e n y l -
p o r p h y r i n d e r i v a t i v e , F e ( T P P ) N O · P i p (39) , b u t is m u c h be t t e r re
s o l v e d . 

S e v e r a l researchers i n v e s t i g a t e d the r e v e r s i b l e o x y g e n a t i o n o f 
c o b a l t p o r p h y r i n s a n d o ther c o b a l t che la tes b y E S R ana lyses o f the 
spec i e s i n v o l v e d (40-42). W e w e r e c u r i o u s to see w h e t h e r the c o b a l t 
p o r p h o d i m e t h e n e s w o u l d u n d e r g o the s ame reac t ions . T h i s is c l e a r l y 
the case for the α , γ - d i m e t h y l d e r i v a t i v e , as s h o w n i n T a b l e V a n d 
F i g u r e 7, w h i c h co r r e sponds to R e a c t i o n s 4 , 5, a n d 6, e s t a b l i s h e d at 
- 4 0 ° C a n d a n a l y z e d b y E S R spec t ra : 

C o ( O E P M e 2 ) «=* C o ( O E P M e 2 ) P y 
(5) 

IBb 1B1 
(4) 0 2 JJ -40PC (6) 0 2 JJ -40 °C 

C o ( O E P M e 2 ) 0 2 C o ( O E P M e 2 ) P y · 0 2 

IBn IBo 

T h e E S R paramete r s o f I B n c o r r e s p o n d to the c o b a l t o c t a e t h y l -
p o r p h y r i n s y s t e m (41). T h e E S R s p e c t r a o f C o ( O E P M e 2 ) P y a n d 
C o ( O E P M e 2 ) P y · 0 2 are v e r y s i m i l a r i n shape to the p u b l i s h e d fea
tures o f the a n a l o g o u s c o b a l t c o m p l e x e s o f the d i a c e t y l a c e t o n e e t h y l -
e n e i m i n e s y s t e m , C o ( a c a c e n ) P y a n d C o ( a c a c e n ) P y · 0 2 (42), b u t are 
be t t e r r e s o l v e d . 

R e a c t i o n 5 p r o c e e d s w i t h C o ( O E P B u t 2 ) ( 2 B b ) , b u t R e a c t i o n 4 oc
curs o n l y to a v e r y m i n o r ex tent , a n d R e a c t i o n 6 w a s not o b s e r v e d (see 
T a b l e V ) . T h i s r e s u l t is ano ther e x a m p l e o f a b l o c k a d e o f the s e c o n d 
c o o r d i n a t i o n si te after the first one is o c c u p i e d i n the d i - £ e r £ - b u t y l -
p o r p h o d i m e t h e n e series (see the n i t r o s y l 2 A j ' ) . 

Môssbauer Spectroscopy 

M ô s s b a u e r spec t r a o f i r o n p o r p h y r i n s h a v e a t t r ac ted m u c h at ten
t i o n (43-46), a n d spec t r a s h o w n i n F i g u r e s 8 a n d 9 w e r e m e a s u r e d a n d 
d i s c u s s e d i n d e t a i l (21). T h e d i s c r i m i n a t i o n : m o n o n u c l e a r h y d r o x o 
c o m p l e x - b i n u c l e a r μ - ο χ ο c o m p l e x w i l l b e e l a b o r a t e d h e r e . T h e ass ign
m e n t o f these conf igura t ions f r o m the i s o m e r shifts δ a n d the q u a d r u -
p o l e s p l i t t i n g s AEQ is not p o s s i b l e i f one c o m p a r e s the n e w v a l u e s l i s t e d 
i n T a b l e V I for the h y d r o x o c o m p l e x , F e ( O E P B u t 2 ) O H (2Af ) , a n d the 
μ - ο χ ο c o m p l e x e s , [ F e ( O E P M e 2 ) ] 2 0 ( l A e ) a n d [ F e ( O D M ) ] 2 0 . T h e 
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Figure 8. Môssbauer spectra of the hydroxoiron(III) complex, Fe-
(OEPBut2)OH (2Af), at various temperatures. Con t inued on next page. 

la t ter p o r p h y r i n d e r i v a t i v e is the f o r m a l α , γ - d e h y d r o g e n a t i o n p r o d u c t 
o f l A e , / L t - o x o b i s [ a , y - d i m e t h y l o c t a e t h y l p o r p h i n a t o i r o n ( I I I ) ] (17) . 
R e v i e w o f the l i t e ra tu re for the o c t a e t h y l p o r p h y r i n c o m p l e x e s , F e -
( O E P ) C l , F e ( O E P ) O M e , a n d [ F e ( O E P ) ] z O (45, 46) does no t p r o v i d e 
s u p p o r t i n g data . 

T h e d i f ferent t e m p e r a t u r e d e p e n d e n c e o f the h e m i n s a n d /x-oxo 
c o m p l e x e s l eads to a c l e a r d i s t i n c t i o n . A n a s y m m e t r i c b r o a d e n i n g o f 
the d o u b l e t at t empera tu re s rising a b o v e a f e w Κ is a t y p i c a l feature o f 
h e m i n s (43, 44), a n d j u s t th i s effect is seen for F e ( O E P B u t 2 ) O H ( F i g 
u r e 8). O n the o ther h a n d , μ - ο χ ο c o m p l e x e s d o not s h o w s u c h a n 
a s y m m e t r i c m a g n e t i c b r o a d e n i n g b e l o w r o o m t e m p e r a t u r e , as d o 
[ F e ( O E P M e 2 ) ] 2 0 a n d [ F e ( O D M ) ] 2 0 ( F i g u r e 9) . 
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Figure 8. Cont inued . Môssbauer spectra of the hydroxoiron(III) 
complex, Fe(OEPBut2)OH (2Af), at various temperatures. 

Nuclear Magnetic Resonance Spectra 

T h e p r o t o n N M R spec t r a o f the α , γ - d i m e t h y l o e t a e t h y l p o r p h o -
d i m e t h e n e h e m i n s , F e ( O E P M e 2 ) X ( w h e r e X = O M e , F , N 3 , O A c , O C N , 
C l , N C S , a n d B r ; Ser ies 1) a n d o f the α , γ - d i - t e r i - b u t y l o c t a e t h y l p o r -
p h o d i m e t h e n e h e m i n s , F e ( O E P B u t 2 ) X (whe re X = O M e , O H , O P h p -
B u t , F , N C S , N 3 , C I , O C N , a n d B r ; Ser ies 2) w e r e m e a s u r e d (18) . 
T h e p u r p o s e o f the p r e v i o u s w o r k (18) was to find cor re la t ions b e 
t w e e n the conf igura t ions o f Ser ies 1 a n d 2. A syn-axial-exo c o n f i g u 
ra t ion for the h e m i n s o f Ser i e s 1 is r ea sonab le b e c a u s e o f t h e i r s t ruc
t u r a l r e l a t i o n to T i O ( O E P M e 2 ) ( l D c ) (8). T h e resu l t s o f the c r y s t a l 
s t ruc ture d e t e r m i n a t i o n o f F e ( O E P B u t 2 ) O H (2Af) i n d i c a t e d that a l l 
h e m i n s o f Ser ies 2 h a v e the anti-axial con f igu ra t i on . 
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T a b l e V I . M o s s b a u e r P a r a m e t e r s o f the M o n o n u c l e a r H y d r o x o 
C o m p l e x 2 A f a n d the μ - Ο χ ο C o m p l e x e s l A e a n d [ F e ( O D M ) ] 2 0 

Τ [Κ] δ (mm/s) Δ Ε β (mm/s) 

C o m p o u n d 2 A f 
170 0 .304 ± 0 . 1 0.54 ± 0 .02 
80 0 .314 0.54 
30 0 .294 0 .52 
20 0 .304 0.53 
10 0 .314 0.53 

7.0 0 .304 0.54 
4.2 0 .304 0.53 
1.5 0 .314 0.56 

C o m p o u n d l A e 
3 0 0 .284 ± 0.01 0 .57 ± 0.01 
10 0 .284 0.57 
4.2 0 .284 0 .58 
1.5 0 .284 0.58 

[ F e ( O D M ) ] 2 0 
78 0 .388 ± 0 .005 0 .523 ± 0 .005 

4.2 0 .453 0 .529 

Note: δ = 0, metallic iron. 

T h e p r o t o n N M R s p e c t r a o f F e ( O E P M e 2 ) N C S ( l A s ) a n d F e -
( O E P B u t 2 ) O H (2Af ) are d i s p l a y e d i n F i g u r e 10. T h e h i g h field re
g i o n , 0 < δ < 10 p p m , c a n n o t b e f u l l y i n t e r p r e t e d . I n t eg ra t i on o f the 
spec t r a s u g g e s t e d that the first t w o h u m p s b e t w e e n 1 a n d 2 p p m r e p 
resent par t o f the m e t h y l or tert-butyl g r o u p s w i t h d i a s t e r e o t o p i c p r o 
tons. A n o t h e r pa r t is p r o b a b l y b u r i e d u n d e r the h u m p at ~ 6 
p p m , w h i c h represen ts the 24 m e t h y l p ro tons o f the p e r i p h e r a l e t h y l 
g r o u p s . S o m e v e r y b r o a d , flat s i gna l s at 17 a n d 32 p p m i n the s p e c t r u m 
o f the t h i o c y a n a t e l A s c o u l d b e d u e to the a,y~ or β , δ - p r o t o n s ; the 
β , δ - p r o t o n s , h o w e v e r , s h o u l d b e e x p e c t e d at m u c h h i g h e r field 
s t r eng th (47). 

F o u r s igna l s o f e q u a l i n t e n s i t y b e t w e e n 2 5 a n d 8 0 p p m i n the 
l o w - f i e l d r e g i o n are cha rac t e r i s t i c for a l l p o r p h o d i m e t h e n e s a n d are re
l i a b l y a s s i g n e d to the 16 m e t h y l e n e p ro tons o f the p e r i p h e r a l e t h y l 
g roups . O c t a e t h y l h e m i n , F e ( O E P ) C l (47), has t w o d i a s t e r e o t o p i c ( a n d 
a n i s o c h r o n o u s ) m e t h y l e n e p ro tons ( C 4 v s y m m e t r y ) , a n d F e ( O E P R 2 ) X 
( C 2 v s y m m e t r y ) , therefore , m u s t h a v e fou r d i a s t e r e o t o p i c m e t h y l e n e 
p ro tons . I n F e ( O E P ) C l the s epa ra t ion is o n l y ~ 3 p p m , a n d i n the 
p o r p h o d i m e t h e n e i t c o u l d b e as l a rge as 5 0 p p m i f the e x t r e m e set o f 
s igna l s b e l o n g s together . T h u s a n a s s i g n m e n t o f the s i gna l s to spec i f i c 
pos i t ions o f the p y r r o l e r i n g s c a n n o t b e m a d e . ( A n i n i t i a l p r o t o n N M R 
i n v e s t i g a t i o n o f i r o n p o r p h o d i m e t h e n e s (48) c a m e to a s l i g h t l y differ-
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80 * 70 60 50 40" """ 30 ' 20 «-t*"! 10 0 

Figure 10. Proton NMR spectra of iron(III) complexes Fe(OEPBut2)-
OH, 2Af (upper trace) and Fe(OEPMe2)NCS, lAs (lower trace). 

ent c o n c l u s i o n . ) T h e s e four s igna l s are v e r y s u s c e p t i b l e to a n y v a r i a 
t i o n o f the a x i a l l i g a n d a n d the a s soc ia t ed c h a n g e i n s p i n d e n s i t y trans
fer f rom the m e t a l to the p o r p h o d i m e t h e n e core b e c a u s e o f t h e i r l a rge 
v a r i a t i o n i n c h e m i c a l shif t . 

T h e d e p e n d e n c e o f the c h e m i c a l shifts o f the m e t h y l e n e p r o t o n 
s igna l s o f the a x i a l l i g a n d s w i t h i n Ser ies 1 a n d 2 is s c h e m a t i c a l l y r e p 
r e sen t ed i n F i g u r e 11. B o t h series demons t ra t e a p rog re s s ive sp read -
o u t o f the four s igna l s as the b a s i c i t y o f the a n i o n X decreases . T h e 
h y d r o x i d e i o n is i n a c l o se p o s i t i o n to the m e t h o x i d e . T h e s e q u e n c e o f 
an ions is not the s ame i n b o t h ser ies ; s o m e r e p l a c e m e n t s o c c u r , espe
c i a l l y w i t h the p s e u d o h a l i d e s , O C N " a n d N C S " . Ser ies 2 has a s m a l l e r 
s p r e a d a n d l o o k s s o m e w h a t m o r e i r r e g u l a r t h a n Ser ies 1. 

T h e s e dif ferences d o not s e e m major a n d c a n n o t b e u s e d to m a k e 
a n y c o n f i g u r a t i o n a l a s s ignmen t . T h e y m a y b e d u e to a di f ferent a n d 
v a r i a b l e a n g l e o f f o l d i n g o f the t w o p y r r o m e t h e n e ha lve s i n Ser ies 1 
a n d 2; i n a d d i t i o n , a v a r i a b l e s a d d l e - l i k e d e f o r m a t i o n s h o u l d a l so b e 
c o n s i d e r e d . F i n a l l y , these di f ferences c o u l d b e d u e to the s u s p e c t e d 
o p p o s i t e conf igura t ions o f the t w o series . T h e f o l d i n g a n g l e b e t w e e n 
the n o r m a l s o f the p y r r o m e t h e n e ha lves i n l C b , l D c a n d l E d l i e s 
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12. B O T U L I N S K I E T A L . Iron and Cobalt Porphodimethenes 275 

b e t w e e n 38 a n d 5 2 ° , a n d the n o r m a l s o f the p y r r o l e r i n g s o f e a c h 
p y r r o m e t h e n e h a l f m a y fo rm ang les b e t w e e n 1 a n d 2 3 ° (7, 8, 9) . S u c h 
var ia t ions c e r t a i n l y affect the t ransfer o f s p i n d e n s i t y f r o m the m e t a l to 
the p e r i p h e r y w h e n t h e y o c c u r i n i r on ( I I I ) p o r p h o d i m e t h e n e s , a n d are 
m o r e l i k e l y f o u n d w i t h the m o r e s t e r i c a l l y h i n d e r e d Ser i e s 2 . 

Note added later: A f t e r s u b m i s s i o n o f th is chap te r , a n x-ray s t ruc tu re 
d e t e r m i n a t i o n o f a d i m e t h y l a c e t a m i d e so lva te o f the h y d r o x o i r o n ( I I I ) 
p o r p h o d i m e t h e n e , F e ( O E P B u t 2 ) O H · D M A , w a s p e r f o r m e d b y W . R . 
S c h e l d t a n d c o w o r k e r s (49). T h e c o m p o u n d has the anti-axial con f ig 
u ra t i on I V (see F i g u r e 4). T h i s s u r p r i s i n g r e s u l t necess i ta tes fur ther 
s t r u c t u r e d e t e r m i n a t i o n s o f p e n t a c o o r d i n a t e d F e ( O E P M e 2 ) X , 
C o ( O E P M e 2 ) X , a n d C o ( O E P B u t 2 ) X sys tems to d e t e r m i n e w h i c h a x i a l 
pos i t ions are p r e f e r e n t i a l l y o c c u p i e d . I f the conf igura t ions o f a l l these 
sys t ems w e r e k n o w n , the r e a c t i v i t y differences o f the α , γ - d i m e t h y l 
a n d the α,γ-di-tert-butyl series w o u l d b e m o r e e a s i l y e x p l a i n e d . 

Fe(OEPMe 2 )X | | | | OMe 

I I I I F 

I I I I N 3 

I I I I OAc 

I I I I OCN 
i i ι ι c« y 

I l I I NCS -
I I I I Br 

δ [PPm] 8 0 70 6 0 5 0 4 0 3 0 2 0 10 

Fe(OEPBut 2 )X | I I I OfAe , 

I I I I OH \ 

I I I I O P h p B u t x 

I I II F \ 

I I I I NCS 

I I I N3 
I l II ci , - ' 

I l II OCN 

I I I I Br 

Figure 11. Comparison of the chemical shifts, &[ppm], of the four 
low-field proton NMR signals (see Figure 10) for the porphodimethene 
hemin series FeiOEPMe^X and Fe(OEPBut2)X for a variation ofX(X = 

anion as indicated). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

12



276 B I O L O G I C A L R E D O X C O M P O N E N T S 

Acknowledgments 

T h e authors t hank K . G e r s o n d e ( A a c h e n ) , J . G r o b e ( D a r m s t a d t ) , 
a n d P. G i i t l i c h ( M a i n z ) for the use o f t h e i r E S R , N M R , a n d M ô s s b a u e r 
e q u i p m e n t a n d H . A . O . H i l l (Oxfo rd ) for i n i t i a l h e l p w i t h N M R 
spec t ra . F i n a n c i a l s u p p o r t o f the D e u t s c h e F o r s e h u n g s g e m e i n s c h a f t , 
the F o n d s d e r C h e m i s c h e n I n d u s t r i e , a n d the V e r e i n i g u n g v o n F r e u n -
d e n d e r T e c h n i s c h e n H o c h s c h u l e D a r m s t a d t is g r a t e f u l l y a c k n o w l 
e d g e d . W e t h a n k W . R . S c h e l d t for i l l u m i n a t i n g d i scuss ions a n d for the 
d e t e r m i n a t i o n o f the c r y s t a l a n d m o l e c u l a r s t ruc tu re o f the h y d r o x o -
i ron ( I I I ) p o r p h o d i m e t h e n e . 

Literature Cited 
1. Buchler, J. W.; Schneehage, H. H. Angew. Chem. 1969, 81, 912; Int. Ed. 

Engl. 1969, 8, 893. 
2. Buchler, J. W.; Schneehage, H. H. Tetrahedron Lett. 1972, 3803. 
3. Buchler, J. W.; Puppe, L.; Rohbock, K.; Schneehage, H. H. Ann. Ν. Y. 

Acad. Sci. 1973, 206, 116. 
4. Buchler, J. W.; Lay, K. L. Z. Naturforsch. 1975, 30b, 385. 
5. Tonn, B., Ph.D. Dissertation, Technische Hochschule Aachen, 1979. 
6. Buchler, J. W.; Puppe, L. Liebigs Ann. Chem. 1974, 1046. 
7. Dwyer, P. N.; Buchler, J. W.; Scheidt, W. R. J. Am. Chem. Soc. 1974, 96, 

2789. 
8. Dwyer, P. N.; Puppe, L.; Buchler, J. W.; Scheidt, W. R. Inorg. Chem. 1975, 

14, 1782. 
9. Buchler, J. W.; Lay, K. L.; Smith, P. D.; Scheidt, W. R.; Rupprecht, G. Α.; 

Kenny, J. A. J. Organomet. Chem. 1976, 110, 109. 
10. Buchler, J. W.; Puppe, L. Liebigs Ann. Chem. 1970, 740, 142. 
11. Buchler, J. W. In "The Porphyrins"; Dolphin, D., Ed.; Academic: New 

York, 1978; Vol. 1, pp. 389-483. 
12. Collman, J. P.; Gagne, R. R.; Reed, C. Α.; Halbert, T. R.; Lang, G.; Robin

son, W. Τ. J. Am. Chem. Soc. 1975, 97, 1427. 
13. Buchler, J. W.; Lay, K. L., unpublished data. 
14. Buchler, J. W. Angew. Chem. 1978, 90, 425; Angew. Chem., Int. Ed. Engl. 

1978, 17, 407. 
15. Cense, J.-M.; Le Quan, R. M. Tetrahedron Lett. 1979, 3725-3728. 
16. Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans, B. J. J. 

Am. Chem. Soc. 1981, 103, 2884-2885. 
17. Lay, K. L., Ph.D. Dissertation, Technische Hochschule Aachen, 1975. 
18. Botulinski, A. Diplomarbeit, Technische Hochschule Darmstadt, 1981. 
19. Tonn, M. Diplomarbeit, Technische Hochschule Aachen, 1975. 
20. Tonn, B. Diplomarbeit, Technische Hochschule Aachen, 1976. 
21. Billecke, J., Ph.D. Dissertation, Technische Hochschule Aachen, 1980. 
22. Puppe, L., Ph.D. Dissertation, Technische Hochschule Aachen, 1972. 
23. Hill, H. A. O.; Skyte, P. D.; Buchler, J. W.; Lueken, H.; Tonn, M.; Greg-

son, A. K.; Pellizer, G. J. Chem. Soc., Chem. Commun. 1979, 151. 
24. Gütlich, P.; Link, R.; Trautwein, A. "Mössbauer Spectroscopy and Transi

tion Metal Chemistry"; Springer: Berlin, 1978. 
25. Ensling, J., Ph.D. Thesis, Technische Hochschule Darmstadt, 1970. 
26. Lueken, H.; Buchler, J. W.; Lay, K. L. Z. Naturforsch. 1976, 31b, 1596. 
27. Truxillo, L. Α.; Davis, D. G. Anal. Chem. 1975, 47, 2260. 
28. Constant, L. Α.; Davis, D. G. J. Electroanal. Chem. 1976, 74, 85. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

12



12. BOTULINSKI ET AL. Iron and Cobalt Porphodimethenes 277 

29. Fuhrhop, J. H.; Kadish, Κ. M.; Davis, D. G. J. Am. Chem. Soc. 1973, 95, 
5140. 

30. Buchler, J. W.; Kokisch, W.; Smith, P. D. Struct. Bonding (Berlin) 1978, 
34, 80-134. 

31. Scheidt, W. R. In "The Porphyrins"; Dolphin, D., Ed.; Academic: New 
York, 1978; Vol. 3, pp. 463-511. 

32. Inhoffen, H. H.; Buchler, J. W. Tetrahedron Lett. 1968, 2057. 
33. Buchler, J. W.; Puppe, L., unpublished data. 
34. Lueken, H., unpublished data. 
35. Billecke, J.; Buchler, J. W.; Lay, K. L.; Twilfer, H. Biophys. Struct. Mech. 

1980, 6(Suppl.), 26. 
36. Ibid., 27. 
37. Overkamp, M.; Twilfer, H.; Gersonde, Κ. Z. Naturforsch. 1976, 31c, 524. 
38. Twilfer, H., Ph.D. Dissertation, Technische Hochschule Aachen, 1979. 
39. Wayland, Β. B.; Olson, L. W. J. Am. Chem. Soc. 1974, 96, 6037. 
40. Walker, F. A. J. Am. Chem. Soc. 1970, 92, 4235. 
41. Walker, F. A. J. Magn. Res. 1974, 15, 201. 
42. Jones, R. D.; Summerville, D. Α.; Basolo, F. Chem. Rev. 1979, 79, 139-

179. 
43. Hambright, P.; Bearden, A. J. In "Porphyrins and Metalloporphyrins"; 

Smith, K. M., Ed.; Elsevier: Amsterdam, 1975; pp. 539-553. 
44. Sams, J. R.; Tsin, T. B. In "The Porphyrins"; Dolphin, D., Ed.; Academic: 

New York, 1979; Vol. 4, pp. 425-478. 
45. Dolphin, D. H.; Sams, J. S.; Tsin, T. B.; Wong, K. L. J. Am. Chem. Soc. 

1978, 100, 1711. 
46. Tang, S. C.; Koch, S.; Papaefthymiou, G. C.; Foner, S.; Frankel, R. B.; 

Ibers, J. Α.; Holm, R. H. J. Am. Chem. Soc. 1976, 98, 2414. 
47. La Mar, G. N.; Walker (Jensen), F. A. In "The Porphyrins"; Dolphin, D., 

Ed.; Academic: New York, 1979; pp. 61-157. 
48. Skyte, P. D., Ph.D. Dissertation, University of Oxford, 1978. 
49. Scheidt, W. R., personal communication; Buchler, J. W.; Lay, K. L.; Lee, 

Y. J.; Scheidt, W. R. Angew. Chem. Suppl. 1982, in press. 
RECEIVED for review June 2, 1981. ACCEPTED August 17, 1981 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

12



13 

Redox Tuning of Iron Porphyrins 

LAWRENCE A. BOTTOMLEY 

Florida State University, Department of Chemistry, Tallahassee, F L 32306 

LARRY OLSON 1 and KARL M. KADISH 

University of Houston, Department of Chemistry, Houston, TX 77004 

A detailed description of the most important factors that 
influence synthetic iron porphyrin electron transfer 
reactions at electrodes is reported. Quantitative rela
tionships that describe (1) the standard potential in 
terms of the porphyrin ring structure; (2) axial coordina
tion of the central metal ion by nitrogenous bases, mono
valent counterions, and diatomic ligands; and (3) the sol
vent in which the electron transfer is studied are pre
sented. Combinations of these factors can be utilized to 
plan the synthesis of the appropriate iron porphyrin that 
will possess the desired standard potential (E°), the de
sired number of electrons in the redox reaction, as well 
as the desired ultimate reaction site (whether metal cen
tered or porphyrin ring centered). 

The e l e c t r o n transfer p rope r t i e s o f h u n d r e d s o f m e t a l l o p o r p h y r i n s 
h a v e b e e n r e p o r t e d ( 1 - 5 ) . P o r p h y r i n s w i t h d o z e n s o f con juga t ed 

r i n g s t ruc tures c o n t a i n i n g o v e r t h i r t y d i f ferent c e n t r a l m e t a l ions h a v e 
b e e n p r o b e d e l e c t r o c h e m i c a l l y to d e t e r m i n e the r e d o x b e h a v i o r o f the 
pa ren t c o m p o u n d a n d its o x i d i z e d or r e d u c e d forms. C e n t r a l m e t a l i o n 
v a l e n c e o f the p a r e n t c o m p l e x e s v a r i e d b e t w e e n + 4 a n d + 1 , d e p e n d 
i n g o n the spec i f i c m e t a l a n d the s u r r o u n d i n g p o r p h y r i n r i n g s t ruc tu re . 
E l e c t r o o x i d a t i o n or r e d u c t i o n c a n y i e l d e i the r a c h a n g e i n the v a l e n c e 
o f the c e n t r a l m e t a l i on or a m e t a l l o p o r p h y r i n w i t h a n i n c r e a s e d or 
d e c r e a s e d n u m b e r o f 7r-electrons o n the p o r p h y r i n r i n g . T h e u l t i m a t e 
p r o d u c t f o r m e d at the e l e c t r o d e d e p e n d s o n the s p e c i f i c m e t a l i o n , the 
p o r p h y r i n r i n g s t ruc tu re , a n d the m e d i u m i n w h i c h the e l e c t r o d e reac
t i o n is i n v e s t i g a t e d . 

1 On leave of absence from Grand Canyon College, Phoenix, AZ 85017 

0065-2393/82/0201-0279$09.25/0 
© 1982 Amer ican C h e m i c a l Society 
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T h i s c h a p t e r p r o v i d e s a d e t a i l e d d e s c r i p t i o n o f the m o s t i m p o r t a n t 
factors that i n f l u e n c e s y n t h e t i c i r o n p o r p h y r i n r e d o x reac t ions . F r o m 
the b i o m i m e t i c p o i n t o f v i e w , a f u n d a m e n t a l u n d e r s t a n d i n g o f m o d e l 
c o m p o u n d r e a c t i v i t y is e ssen t ia l for a c o m p l e t e d e s c r i p t i o n o f the e l e c 
t ron transfer reac t ions that ex i s t i n v i v o . F o c u s i n g o n the s t r u c t u r a l l y 
r e l a t e d p o r p h y r i n s I -HI , w e w i l l demons t r a t e s y s t e m a t i c a l l y h o w to 
t u n e m o d e l c o m p o u n d r e a c t i v i t y to o b t a i n a d e s i r e d s t anda rd p o t e n t i a l 
( E ° ) , a d e s i r e d n u m b e r ( s ) o f e l ec t rons t ransfer red i n the r e a c t i o n se
q u e n c e , or a d e s i r e d u l t i m a t e p r o d u c t (e.g. , c h a n g e i n the v a l e n c e o f 
the c e n t r a l m e t a l or gene ra t ion o f a π - c a t i o n or π - a n i o n r a d i c a l ) . S u c h 
t u n i n g c a n b e a c c o m p l i s h e d b y a s y s t e m a t i c v a r i a t i o n o f one or m o r e o f 
the f o l l o w i n g : p o r p h y r i n r i n g s t ruc tu re ; a x i a l c o o r d i n a t i o n o f the c e n 
t ra l m e t a l i o n b y n i t r o g e n o u s bases, m o n o v a l e n t c o u n t e r i o n s and /o r 
d i a t o m i c l i g a n d s ; a n d the s p e c i f i c s o l v e n t i n w h i c h the e l e c t r o n t rans
fer r e a c t i o n is c a r r i e d out . W h e n e v e r p o s s i b l e , w e w i l l q u a n t i f y the 
i n f l u e n c e o f e a c h factor o n the r e d o x pa ramete r s s t u d i e d . 

I n s u b s t i t u t e d m e t a l l o p o r p h y r i n s I-III, ( m , p - R ) T P P denotes 
meta- or p a r a - s u b s t i t u e n t s o n the p h e n y l r i n g s o f 5 ,10 ,15 ,20-
t e t r a p h e n y l p o r p h y r i n ; ( r a e s o - R ) O E P denotes subs t i tuen t s o n the 
5 -pos i t i on o f 2 , 3 , 7 , 8 , 1 2 , 1 3 , 1 7 , 1 8 - o c t a e t h y l p o r p h y r i n ; ( R ) T P P M d e 
notes a s u b s t i t u e n t p l a c e d o n the 3-, 8-, 13-, or 18 -pos i t i on o f 
5 , 1 0 , 1 5 , 2 0 - t e t r a p h e n y l p o r p h y r i n ; a n d M denotes a t r ans i t ion m e t a l or 
h y d r o g e n c o v a l e n t l y b o u n d to the fou r core n i t rogens . 

R 

R 

R 

R [ ( R ) T P P M ] III 

[ ( p , m - R ) T P P M ] I 

R 

[ ( m e s o - R ) O E P M ] II 
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13. B O T T O M L E Y E T A L . Redox Tuning of Iron Porphyrins 281 

Effect of Porphyrin Structure 

T h e d e g r e e a n d m o d e o f t r ansmis s ion o f e l e c t r o n d e n s i t y f r o m 
v a r i o u s p o i n t s o n the p o r p h y r i n r i n g t h r o u g h the σ - a n d π -o rb i ta l s o f 
the fou r n i t rogens to the c e n t r a l m e t a l has i n t e r e s t e d researchers i n v e s 
t i g a t i n g the p h y s i c a l p rope r t i e s a n d c h e m i c a l r e a c t i v i t y o f m e t a l l o p o r -
p h y r i n s ( J , 6-11). B e c a u s e o f the c o n j u g a t e d na tu re o f the p o r p h y r i n 
r i n g sys tems , e l e c t r o n - d o n a t i n g or e l e c t r o n - w i t h d r a w i n g g roups o n the 
p e r i p h e r y o f the m o l e c u l e s i g n i f i c a n t l y m o d i f y the b a s i c i t y o f the por 
p h y r i n n i t rogens . T h i s effect is m a n i f e s t e d b y a s y s t e m a t i c c h a n g e i n a 
n u m b e r o f p h y s i c a l p roper t i e s o f m e t a l l o p o r p h y r i n s i n c l u d i n g t h e i r 
r e d o x b e h a v i o r . I n this r e g a r d , the c e n t r a l t hemes o f th is s ec t ion w i l l 
b e first, to a n a l y z e the ex ten t to w h i c h p o r p h y r i n r i n g s t ruc tu re de ter 
m i n e s the r e d o x p o t e n t i a l a n d , s e c o n d , to demons t r a t e the d e s i g n o f a 
s y n t h e t i c p o r p h y r i n w i t h a p p r o p r i a t e r e d o x p rope r t i e s , for e x a m p l e , a 
m e t a l l o p o r p h y r i n that possesses a d e s i r e d E° for c e n t r a l m e t a l i o n o x i 
d a t i o n a n d a s e c o n d d e s i r e d £ ° for e l e c t r o g e n e r a t i o n o f the p o r p h y r i n 
7r -anion r a d i c a l . S u c h a p r e d i c t i o n r e q u i r e s a f u n d a m e n t a l u n d e r s t a n d 
i n g o f the i m p a c t that e a c h p a r t i c u l a r p o r p h y r i n s u b s t i t u e n t has o n the 
r e d o x p o t e n t i a l for e a c h t y p e o f e l e c t r o n transfer a m e t a l l o p o r p h y r i n 
c a n u n d e r g o . 

E a r l i e r w o r k on s u b s t i t u e n t effects o f p o r p h y r i n r e d o x processes 
i n v o l v e d c o m p a r i s o n s o f the d i f ferences i n p o t e n t i a l b e t w e e n the 
m e t a l - c e n t e r e d reac t ions for i r o n c o m p l e x e s o f n a t u r a l p o r p h y r i n s a n d 
those reac t ions o f the s y n t h e t i c p o r p h y r i n s , 2 ,3 ,7 ,8 ,12 ,13 ,17 ,18-octa-
e t h y l p o r p h i n a t o i r o n c h l o r i d e ( O E P F e C l ) a n d 5 ,10 ,15 ,20- t e t r apheny l -
p o r p h i n a t o i r o n c h l o r i d e ( T P P F e C l ) . F o r a series o f n a t u r a l l y o c c u r r i n g 
p o r p h y r i n s i n a q u e o u s m e d i a c o n t a i n i n g p y r i d i n e , the m o s t p o s i 
t i v e r e d u c t i o n p o t e n t i a l w a s f o u n d for i r o n p r o t o p o r p h y r i n I X , 
w h i l e i r o n m e s o p o r p h y r i n or i r o n c o p r o p o r p h y r i n gave the m o s t 
n e g a t i v e p o t e n t i a l . H o w e v e r , the di f ferences i n E° w e r e less t h a n 100 
m V (J ). F o r e x a m p l e , i n a q u e o u s m e d i a bu f f e red at p H 9.6, p o t e n t i a l s 
o f +0 .015 a n d - 0 . 0 6 3 V w e r e m e a s u r e d for the i ron ( I I I ) / i ron ( I I ) 
c o u p l e o f the p y r i d i n e c o m p l e x e s o f i r o n p r o t o p o r p h y r i n I X a n d i r o n 
m e s o p o r p h y r i n , r e s p e c t i v e l y . [ A l l po t en t i a l s are r e f e r e n c e d to the satu
r a t e d c a l o m e l e l e c t r o d e ( S C E ) . ] S i m i l a r l y , p o t e n t i a l s o f - 0 . 1 8 3 a n d 
- 0 . 2 4 7 V w e r e m e a s u r e d for the same c o u p l e w i t h c y a n i d e c o m p l e x e s 
o f i r o n p r o t o p o r p h y r i n I X a n d i r o n c o p r o p o r p h y r i n , r e s p e c t i v e l y . I n 
the n o n a q u e o u s so lven t d i m e t h y l s u l f o x i d e , M c 2 S O , s i m i l a r d i f ferences 
i n p o t e n t i a l w e r e m e a s u r e d (12) for the h y d r o x i d e c o m p l e x e s o f a 
ser ies o f n a t u r a l l y o c c u r r i n g p o r p h y r i n s . 

T o c o m p a r e q u a n t i t a t i v e l y the effect o f subs t i tuen t s b e t w e e n 
n a t u r a l l y o c c u r r i n g a n d s y n t h e t i c i r o n c o m p l e x e s , h a l f - w a v e p o t e n t i a l s 
for a series o f i r o n p o r p h y r i n s w e r e m e a s u r e d (13) i n 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 the same e x p e r i m e n t a l c o n d i t i o n s (see T a b l e I) . 
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282 B I O L O G I C A L R E D O X C O M P O N E N T S 

Table I. Half-Wave Potentials for Reduction of Ferric 
Porphyrins in D M F 

Fe(III)/ 
Fe(II) 

Fe(II)/ 
Fe(I) 

Refer-
Complexa ence 

T P P F e C l 
P r o t o F e C l 

( C N ) 4 T P P F e C l 

D e u t e r o F e C l 

- 0 . 1 2 
- 0 . 1 8 
- 0 . 2 7 
- 0 . 3 0 
- 0 . 3 4 
- 0 . 3 4 

- 0 . 2 6 
- 1 . 0 3 
- 1 . 1 9 
- 1 . 2 0 
- 1 . 2 5 
- 1 . 2 4 

- 0 . 7 3 
- 1 . 6 5 
- 1 . 6 8 
- 1 . 7 9 
- 1 . 9 1 
- 1 . 9 0 

27 
26, 27, 86 
12,13, 52 
13, 51 

E t i o F e C l 
O E P F e C l 

13 
13 

Note: Potentials are referenced to the SCE, uncorrected for liquid junction 
potentials. 

α For complex names, see Structures I-III and accompanying description in text. 
Other abbreviations are protoFeCl for protoporphyrin IX iron chloride and deutero-
FeCl for deuteroporphyrin iron chloride. 

T h e m o s t p o s i t i v e p o t e n t i a l was o b t a i n e d for the reac t ions o f 
T P P F e C l , a n d the m o s t n e g a t i v e p o t e n t i a l was o b t a i n e d for the reac
t ions o f O E P F e C l or e t i o p o r p h i n a t o i r o n c h l o r i d e ( E t i o F e C l ) . T h i s re 
su l t was t rue for a l l th ree e l e c t r o r e d u c t i o n s o f e a c h c o m p l e x . B e c a u s e 
a b s o l u t e p o r p h y r i n r i n g ba s i c i t i e s w e r e not k n o w n for the c o m p l e x e s 
i n v e s t i g a t e d , an a rb i t r a ry sca le o f r i n g b a s i c i t y w a s c o n s t r u c t e d f r o m 
p o t e n t i a l data . U s i n g the po t en t i a l s o b t a i n e d for the r e d u c t i o n o f the 
i ron(I ) f o rm o f e a c h c o m p l e x i n T a b l e I , e x c e p t 5 ,10,15,20- te t ra(p-
c y a n o p h e n y l ) p o r p h i n a t o i r o n c h l o r i d e [ ( C N 4 ) T P P F e C l ] , to the 7r-anion 
r a d i c a l , a p l o t was c o n s t r u c t e d w i t h a n a rb i t r a ry s lope o f 1.0. T h i s p l o t 
p e r m i t t e d the a s s ignmen t o f a n a d h o c p o r p h y r i n b a s i c i t y . U s i n g th is 
b a s i c i t y , s lopes o f 0 .88 a n d 0 .53 w e r e o b t a i n e d for the i ron( I I ) / i ron( I ) 
a n d i ron ( I I I ) / i ron ( I I ) c o u p l e s , r e s p e c t i v e l y . T h e s e da ta s h o w e d that the 
effect o f subs t i tuen t s on the p o r p h y r i n r i n g i n c r e a s e d w i t h i n c r e a s i n g 
n e g a t i v e cha rge a n d is a b o u t 1 6 0 - 1 8 0 % greater for reac t ions i n v o l v i n g 
the π - s y s t e m t h a n for react ions i n v o l v i n g the F e ( I I I ) ^ F e ( I I ) reac
t ions . 

T h e p r o b l e m o f q u a n t i t a t i v e l y c o r r e l a t i n g the h a l f - w a v e p o t e n t i a l 
(E1/2) v a l u e s o f m a n y n a t u r a l l y o c c u r r i n g p o r p h y r i n s w i t h t h e i r b a s i c i t y 
was s o l v e d r e c e n t l y (14,15). R e d u c t i o n p o t e n t i a l s for o v e r seven ty - f ive 
p y r r o l e - s u b s t i t u t e d free base p o r p h y r i n s w e r e m e a s u r e d u n d e r i d e n t i 
c a l c o n d i t i o n s . W h e n e v e r p o s s i b l e , p o r p h y r i n b a s i c i t i e s w e r e de ter 
m i n e d e m p i r i c a l l y . I n a l l cases, the p o r p h y r i n s that are m o r e d i f f i cu l t 
to r e d u c e a lso h a v e h i g h e r ρΚχ v a l u e s ( d e f i n e d as the n e g a t i v e l o g o f 
the e q u i l i b r i u m cons tant for the f o l l o w i n g reac t ion) : 

( p o r p h y r i n ) H 2 + H + ^ ( p o r p h y r i n ) H 3

+ (1) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

13
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F i g u r e 1 d e p i c t s the e x c e l l e n t l i n e a r r e l a t i o n s h i p o b t a i n e d b e t w e e n 
pK3 a n d E m for a series o f 3 , 8 - d i s u b s t i t u t e d d e u t e r o p o r p h y r i n m e t h y l 
esters. T h e pK3 or £1/2 v a l u e s for a n y n e w p o r p h y r i n s o f th is t y p e c a n 
b e p r e d i c t e d b y the f o l l o w i n g m o d e l : 

p K 3 = - 5 . 9 ( £ 1 / 2 ) - 5.2 (2) 

C h r o n o l o g i c a l l y , h o w e v e r , the i m p a c t o f m i n o r changes i n p o r p h y 
r i n s t ruc ture o n E1/2 w e r e e l u c i d a t e d u s i n g s y m m e t r i c a l l y s u b s t i t u t e d 
s y n t h e t i c m e t a l l o p o r p h y r i n c o m p l e x e s . P o r p h y r i n m o l e c u l e s c o n t a i n 
i n g a spec i f i c e l e c t r o n - d o n a t i n g or e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t 
w e r e s y n t h e s i z e d s y s t e m a t i c a l l y . H a l f - w a v e p o t e n t i a l va l ue s t h e n 
w e r e d e t e r m i n e d for the r e d o x reac t ions o f in te res t a n d c o m p a r e d w i t h 
those d e t e r m i n e d for the u n s u b s t i t u t e d p o r p h y r i n . 

T h e effect o f p o r p h y r i n r i n g subs t i tuen t s o n the p h y s i c o c h e m i c a l 
p rope r t i e s o f m e t a l l o p o r p h y r i n s c a n b e q u a n t i t a t e d r e a d i l y b y the use 
o f the H a m m e t t - T a f t l i n e a r f ree-energy r e l a t i o n s h i p (16) : 

Δ l o g Κ = l o g | ^ = σ ρ (3) 

I n th is e q u a t i o n , Κ is e i t he r a n e q u i l i b r i u m or rate constant ; cr, the 

_ l I I I 1 — 

-0.9 -1.1 -1.3 
£1/2 

Figure 1. Correlation between pK3 and E , / 2 for electror eduction of 
3,8-disubstituted deuteroporphyrin dimethyl esters in DMF. Substitu
ents: 1, COzCH3; 2, CHO; 3, H,NOz; 4, CHCH2,CHO; 5, H,CHO; 
6, COCH3; 7, Br; 8, H,C02CH3; 9, CHNOH; 10, CHCH2; 11, Η ; 12, 
(CH2)2C02CH3; and 13, CH2CH3. Adapted from results presented in 

Refs. 14, 15, and 40. 
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284 B I O L O G I C A L R E D O X C O M P O N E N T S 

H a m m e t t s u b s t i t u e n t cons tant , is a m e a s u r e o f the e l e c t r o n - d o n a t i n g 
or e l e c t r o n - w i t h d r a w i n g charac te r i s t i c s o f the p a r t i c u l a r s u b s t i t u e n t 
R ; a n d p , the l i n e a r f ree-energy r eac t i on pa rame te r , m e a s u r e s the 
s e n s i t i v i t y o f the r eac t ion u n d e r s t u d y to the effect o f subs t i t uen t s . 
E q u a t i o n 3 c a n b e a p p l i e d to e l e c t r o c h e m i c a l da ta b y s u b s t i t u t i o n o f 
the f o l l o w i n g r e l a t i o n s h i p s 

/±G° = - n F E ° = -RT In Κ (4) 

E m - £ ° = In Κ = 2 .303 l o g Κ (5) 

y i e l d i n g E q u a t i o n 6 

Δ Ε 1 / 2 = Ei/2(R> — Ei/2(H) = crp EMF (6) 

w h e r e Ε M F represents the e l e c t r o m o t i v e force . T h e s e n s i t i v i t y o f the 
r e d o x p o t e n t i a l to the p o r p h y r i n r i n g subs t i t uen t c a n b e c o m p a r e d 
w i t h r eac t ion sens i t iv i t i e s as m e a s u r e d b y other p h y s i c o c h e m i c a l 
p roper t i e s or pa ramete r s v i a E q u a t i o n 7 

np E MF = 0.0591 ρ (7) 

w h e r e η e q u a l s the n u m b e r o f e lec t rons t r ans fe r red i n the r e d o x reac
t i o n a s s u m i n g b o t h ρ a n d p E M F are d e t e r m i n e d at 2 5 ° C . S t a n d a r d v a l u e s 
o f σ for a l a rge n u m b e r o f a r y l a n d a l k y l subs t i tuen t s h a v e b e e n c o m 
p i l e d a n d t a b u l a t e d (16-21 ). T h e s e tab les s h o w that d i f ferent v a l u e s o f 
σ for a p a r t i c u l a r s u b s t i t u e n t are a v a i l a b l e . S e l e c t i o n o f the a p p r o p r i a t e 
v a l u e d e p e n d s on the d e g r e e o f i n d u c t i v e , r e sonance , a n d s te r ic i n 
t e rac t ion o f the subs t i t uen t w i t h the m o l e c u l a r r e a c t i o n s i te . 

T h e v a l i d i t y o f E q u a t i o n s 3 a n d 6, i n g e n e r a l , has b e e n d e m o n 
s t ra ted for t h o u s a n d s o f o r g a n i c a n d i n o r g a n i c c o m p o u n d s . H o w e v e r , 
for m e t a l l o p o r p h y r i n e l e c t r o d e reac t ions , l i n e a r f ree-energy r e l a t i o n 
s h i p s i n v o l v i n g h a l f - w a v e po t en t i a l s w e r e p u b l i s h e d i n the m i d 
1970 's . T h e e l e c t r o d e reac t ions o f meta- a n d para-phenyl-substituted 
t e t r a p h e n y l p o r p h y r i n s o f the g e n e r a l f o r m u l a ( p - R ) T P P M a n d ( m -
R ) T P P M (I) w e r e s t u d i e d (22-26). E l e c t r o d e reac t ions o f t e t r a p h e n y l 
p o r p h y r i n s w h e r e the s u b s t i t u e n t was p l a c e d d i r e c t l y o n the p o r p h y r i n 
r i n g h a v e b e e n d e s c r i b e d (27-30). Syntheses o f p y r r o l e - s u b s t i t u t e d 
p o r p h y r i n s h a v e b e e n d e s c r i b e d (31 , 32). E l e c t r o n - w i t h d r a w i n g s u b 
s t i tuents , w h e t h e r a t t ached d i r e c t l y to the p o r p h y r i n r i n g or o n the 
p h e n y l g r o u p , p r o d u c e d eas ie r r e d u c t i o n s a n d m o r e d i f f i cu l t o x i d a 
t ions . 

I n i t i a l s tud ies o f the fou r e l e c t r o d e reac t ions o f ( p - R ) T P P H 2 i n a 
v a r i e t y o f n o n a q u e o u s so lven t s y i e l d e d l i n e a r f ree-energy r e l a t i o n -
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13. B O T T O M L E Y E T A L . Redox Tuning of Iron Porphyrins 285 

sh ip s (23). V a l u e s o f ρ for the e l e c t r o g e n e r a t i o n o f the π - a n i o n r a d i c a l , 
[ ( p - R ) T P P H 2 ] - , d e c r e a s e d f rom 7 3 m V i n C H 2 C 1 2 to 53 m V i n d i 
m e t h y l s u l f o x i d e ( D M S O ) . S t u d i e s (24, 25) o f s u b s t i t u e n t effects i n 
v o l v i n g m e t a l l o p o r p h y r i n c o m p l e x e s w h e r e the c e n t r a l m e t a l i o n w a s 
C o , M n , N i , F e , V O , C u , a n d Z n s h o w e d that the m a g n i t u d e o f ρ w a s 
spec i f i c for the t y p e o f e l e c t r o n transfer. A n average p - v a l u e o f 70 ± 10 
m V was o b t a i n e d for o x i d a t i o n o f the p o r p h y r i n r i n g to y i e l d a π - c a t i o n 
r a d i c a l or d i c a t i o n . A v e r a g e p - v a l u e s o f 60 ± 10 m V w e r e r e p o r t e d for 
the first p o r p h y r i n r i n g r e d u c t i o n to y i e l d the π - a n i o n r a d i c a l a n d 70 ± 
10 m V for the s e c o n d p o r p h y r i n r i n g r e d u c t i o n to y i e l d the d i a n i o n o f a 
ser ies o f first r o w t rans i t ion m e t a l c o m p l e x e s o f ( p - R ) T P P M . C o m p a r 
a b l e p - v a l u e s w e r e m e a s u r e d for ( p - R ) T P P C o (33) a n d for ( p -
R ) T P P R u ( C o ) ( p y r i d i n e ) (34). 

P l a c e m e n t o f a g i v e n s u b s t i t u e n t d i r e c t l y onto the p o r p h y r i n r i n g 
resu l t s i n a m u c h l a rge r shif t i n p o t e n t i a l c o m p a r e d to that o b s e r v e d for 
the p h e n y l - s u b s t i t u t e d c o m p l e x e s . F o r p o r p h y r i n c o m p l e x e s o f the 
g e n e r a l f o r m u l a ( R ) T P P H 2 , E m for gene ra t ion o f the p o r p h y r i n π - a n i o n 
sh i f t ed l i n e a r l y w i t h subs t i tuen t , y i e l d i n g a p - v a l u e o f 2 8 0 m V . W h e n 
c o n t r a s t e d w i t h p h e n y l - s u b s t i t u t e d p o r p h y r i n c o m p l e x e s w h e r e four 
subs t i tuen t s on the s a m e m o l e c u l e a c c o u n t e d for a p - v a l u e o f b e t w e e n 
53 a n d 73 m V , d e p e n d i n g o n so lven t , a f o u r f o l d to fivefold i nc rease i n 
s u b s t i t u e n t s e n s i t i v i t y was o b t a i n e d ju s t b y m o v i n g the subs t i t uen t 
on to the p o r p h y r i n , four b o n d s c lo se r to the core n i t rogens . T h i s effect 
is d e m o n s t r a t e d fur ther b y c o m p a r i s o n o f subs t i t uen t s ens i t i v i t i e s for 
o x i d a t i o n to fo rm π - c a t i o n r a d i c a l s (see F i g u r e 2). P y r r o l e r i n g -
s u b s t i t u t e d p o r p h y r i n s gave a p - v a l u e o f 170 m V w h e n E m was p l o t t e d 
ve r sus σρ. T h e p - v a l u e o b t a i n e d for a series o f raeso-substituted oc-
t a e t h y l p o r p h y r i n s o f the g e n e r a l f o r m u l a ( m £ S O - R ) O E P H 2 , w a s 510 
m V , e i g h t t imes l a rge r t h a n the c o r r e s p o n d i n g v a l u e o b t a i n e d for the 
p h e n y l - s u b s t i t u t e d c o m p l e x e s (3). 

S e q u e n t i a l s u b s t i t u t i o n o f R d i r e c t l y on to the p o r p h y r i n r i n g re
s u l t e d i n s o m e w h a t u n e x p e c t e d resu l t s (28, 29). H a l f - w a v e p o t e n t i a l s 
for r e d u c t i o n o f ( C N ) n T P P H 2 v a r i e d l i n e a r l y , s h i f t i n g a n o d i c a l l y b y 
2 5 0 m V p e r c y a n o g r o u p . W h e n the b r o m o g r o u p w a s s u b s t i t u t e d 
s e q u e n t i a l l y onto the r i n g i n s t e a d o f the c y a n o g r o u p , h a l f - w a v e 
p o t e n t i a l s v a r i e d n o n l i n e a r l y w i t h n . T h e n o n a d d i t i v i t y o f b r o m i n e 
s u b s t i t u t i o n was a t t r i b u t e d (27) to s te r ic in te rac t ions b e t w e e n b r o m i n e s 
a n d the p h e n y l r i n g s i n peri pos i t i ons . T h i s s te r ic i n t e r a c t i o n resu l t s 
i n a n inc rease i n the a c t i v a t i o n b a r r i e r for p h e n y l r i n g ro ta t ion , 
r e d u c i n g a n y resonance c o n t r i b u t i o n f rom the p h e n y l g r o u p s to the 
c o n j u g a t e d p o r p h y r i n r i n g s y s t e m . A n o t h e r man i f e s t a t i on o f the 
b r o m i n e - p h e n y l r i n g s te r ic i n t e r a c t i o n is the gene ra t ion o f a s t r uc tu r a l 
d e f o r m a t i o n , e s p e c i a l l y w i t h r e spec t to the p l a n a r i t y o f the p y r r o l e 
a n d raeso-carbon a toms . I n e i the r case , the effects o f s te r ic h i n d r a n c e 
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286 B I O L O G I C A L R E D O X C O M P O N E N T S 

Figure 2. Comparison of linear free-energy relationships for electro-
oxidation of substituted free base porphyrins. Key: Δ , (R)TPPH2; • , 
(meso-R)OEPH2; and · , (p-R)TPPH2. Adapted from Refs. 3, 25, and 28. 

t e n d to inc rease w i t h i n c r e a s i n g n u m b e r o f b r o m i n e a toms, g r a d u a l l y 
offset t ing the i n d u c t i v e effects o f the e l e c t r o n - w i t h d r a w i n g subs t i tuen t . 

H a l f - w a v e po t en t i a l s for o x i d a t i o n o f ( C N ) n T P P H 2 w e r e r e l a t e d 
c u r v i l i n e a r l y to η (28). I n fact, the p o t e n t i a l d i f fe rence b e t w e e n the 
first a n d s e c o n d o x i d a t i o n w a v e s d e c r e a s e d f rom 2 7 0 m V , w h e n the 
p o r p h y r i n w a s u n s u b s t i t u t e d , to 180 m V for m o n o s u b s t i t u t i o n , to 0 m V 
for the t e t r a subs t i tu t ed c o m p l e x . 

T h e i n f l u e n c e o f the p o r p h y r i n subs t i t uen t is not l i m i t e d to r e d o x 
reac t ions i n v o l v i n g the p o r p h y r i n 7r-system. F o r a series o f t r ans i t i on 
m e t a l c o m p l e x e s o f the f o r m ( p - R ) T P P M , ρ for the e l e c t r o d e r eac t i on 
M ( I I I ) ^ M ( I I ) a p p a r e n t l y d e p e n d e d (25) o n the n u m b e r o f 
d -e l ec t rons o f the cen t r a l m e t a l . A s the n u m b e r o f rf-electrons d e 
c r e a s e d f rom d8 ( N i ) to rf5 ( F e ) to d4 ( Μ η ) , ρ i n c r e a s e d f rom 18 to 38 to 
54 m V , r e s p e c t i v e l y , w h e n d e t e r m i n e d i n C H 2 C 1 2 . H o w e v e r , dec reas 
i n g the n u m b e r o f d -e l ec t rons o n the same m e t a l does not y i e l d a 
c o r r e s p o n d i n g inc rease i n p . T h i s fact is r e a d i l y s h o w n f r o m the resu l t s 
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13. B O T T O M L E Y E T A L . Redox Tuning of Iron Porphyrins 287 

p r e s e n t e d i n T a b l e I I . F o r ( p - R ) T P P C o , as the n u m b e r o f d -e lee t rons 
is r e d u c e d , p - v a l u e s a l so d e c r e a s e w h e n E 1 / 2 is m e a s u r e d i n e i the r 
M e 2 S O or b u t y r o n i t r i l e ( P r C N ) . I n b e n z o n i t r i l e , ρ appea r s to b e i n d e 
p e n d e n t o f the n u m b e r o f d - e l ec t rons . F o r ( p - R ) T P P F e C l , ρ decreases 
w i t h d e c r e a s i n g n u m b e r o f d -e l ec t rons w h e n the E 1 / 2 m e a s u r e m e n t is 
m a d e i n C H 2 C 1 2 , D M F , a n d D M S O . I n d i m e t h y l a c e t a m i d e ( D M A ) , ρ 
appea r s i n d e p e n d e n t o f the n u m b e r o f d - e l ec t rons . F i n a l l y , i n 
b u t y r o n i t r i l e , t w o v a l u e s o f ρ are o b s e r v e d for the d6 to d5 t r ans i t ion . 
T h i s o b s e r v a t i o n suggests the l a ck o f a n y c l e a r - c u t t r e n d b e t w e e n ρ 
a n d the n u m b e r o f c e n t r a l m e t a l i o n d -e l ec t rons . O n e e x p l a n a t i o n 
g i v e n is that ρ is m u c h m o r e sens i t ive to the o v e r a l l cha rge o n the 
m o l e c u l e t h a n to the n u m b e r s o f d -e l ec t rons . T h e o v e r a l l c h a r g e o n 
p o s i t i v e l y c h a r g e d m e t a l l o p o r p h y r i n c o m p l e x e s r a n g e d (26) f r o m + 1 
to - 1 . A l t e r n a t i v e l y , the l a c k o f a n y o b s e r v e d d e p e n d e n c e o f ρ o n 
n u m b e r s o f d-e lee t rons i n the ( p - R ) T P P C o a n d ( p - R ) T f P F e s tud ies 
a n d the m a r k e d d e p e n d e n c e o f ρ on the p a r t i c u l a r s o l v e n t u s e d sug 
gests that a c h a n g e i n the c e n t r a l m e t a l i o n c o o r d i n a t i o n t ends to offset 
the i m p a c t o f p h e n y l r i n g subs t i t uen t s o n the o b s e r v e d E 1 / 2 v a l u e s . 
T h i s la t te r e x p l a n a t i o n is s u p p o r t e d b y the s t rong d e p e n d e n c e of<E 1 / 2 

for b o t h T P P C o a n d T P P F e o n s o l v e n t d o n i c i t y ( v i d e infra) . 
O n e o f the m o s t s u r p r i s i n g resu l t s e m e r g i n g f r o m the s tud ies o f 

m e t a l l o p o r p h y r i n subs t i t uen t effects is the o c c u r r e n c e o f u n p r e d i c t a 
b l e changes i n the m e c h a n i s m , or rou te ô f e l e c t r o n transfer . F o r m o s t o f 
the sys t ems i n v e s t i g a t e d , m e t a l - c e n t e r e d reac t ions w e r e w e l l -
s epa ra t ed i n p o t e n t i a l f rom l i g a n d - c e n t e r e d e l e c t r o n transfers. A l 
t h o u g h p - v a l u e s for m e t a l - c e n t e r e d reac t ions w e r e t y p i c a l l y o n e - h a l f 
the m a g n i t u d e o f the p - v a l u e s m e a s u r e d for l i g a n d - c e n t e r e d e l e c t r o n 
transfers, r e ac t i on site c rossovers w e r e o b s e r v e d o n l y for ( p - R ) T ' P P N i . 

T a b l e I I . T h e D e p e n d e n c e o f ρ o n the N u m b e r o f d - E l e c t r o n s o f the 
C e n t r a l M e t a l for S e v e r a l C o m p l e x e s o f the F o r m ( p - R ) T P P M 

„ Λ Ί Oxidation Processa 

Central 
Metal Solvent d * ^ d 7 d 7 ^ d 6 

C o D M S O 38 18 — 
b u t y r o n i t r i l e 41 34 — 
b e n z o n i t r i l e 4 4 44 — 

F e C H 2 C 1 2 — 6 8 38 
b u t y r o n i t r i l e — 24 0 .0 , 51* 
D M F — 3 7 3 0 
D M S O — 3 5 2 5 
D M A — 2 0 2 0 

a p-values are listed in millivolts. 
6 See Ref. 26 for details. 
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288 B I O L O G I C A L R E D O X C O M P O N E N T S 

T h e p o t e n t i a l d i f fe rence b e t w e e n the first a n d s e c o n d o x i d a t i o n 
processes d e c r e a s e d (22) w i t h i n c r e a s e d s u b s t i t u e n t e l e c t r o n -
w i t h d r a w i n g s t r eng th (150 m V for R = OCHg; 100 m V for R = H ; a n d 0 
m V for R = CI, COOCHa, a n d N 0 2 w h e n m e a s u r e d i n C H 2 C 1 2 / 0 . 1 M 
t e t r a b u t y l a m m o n i u m p e r c h l o r a t e ( T B A P ) . P r e v i o u s e x p e r i m e n t s (35) 
s h o w e d that e l e c t r o o x i d a t i o n o f T P P N i i n b e n z o n i t r i l e i n i t i a l l y p r o 
d u c e d a n i c k e l ( I I I ) spec i e s , [ T P P N i ( I I I ) ] + , w h i c h , w i t h t i m e , i n t e r -
c o n v e r t e d to a r a d i c a l s p e c i e s [ T P P N i ( I I ) ] + ' F o r m o s t m e t a l l o p o r p h y -
r ins , the p o t e n t i a l separa t ion b e t w e e n the first a n d s e c o n d o x i d a t i o n 
processes is 2 9 0 ± 50 m V for r i n g - c e n t e r e d e l e c t r o n transfers. P o t e n t i a l 
separat ions m u c h less t h a n this v a l u e are o b s e r v e d w h e n one o f the 
processes i n v o l v e s a c h a n g e i n the c e n t r a l m e t a l v a l e n c e . T h e r e f o r e , 
the p o t e n t i a l separat ions o b s e r v e d for ( p - R ) T P P N i s e e m e d to i n d i c a t e 
that the first o x i d a t i o n process w a s r i n g c e n t e r e d . E l e c t r o n -
w i t h d r a w i n g g r o u p s p l a c e d o n the p h e n y l r i n g s s t a b i l i z e d the n i c -
k e l ( I I ) to s u c h a l e v e l that the m e t a l - c e n t e r e d o x i d a t i o n o v e r l a p p e d the 
ca t ion r a d i c a l g e n e r a t i n g process . 

Ε P R da ta s h o w e d (36) that for T P P N i i n C H 2 C 1 2 , b o t h e l e c t r o n 
transfers w e r e r i n g c e n t e r e d . H o w e v e r , o n c o o l i n g , a n i n t e r n a l in te r -
c o n v e r s i o n f r o m [ T P P + l N i i l l ) to [ T P P N i ( I I I ) ] + o c c u r s . T h e p o t e n t i a l s 
for b o t h o x i d a t i o n processes a l so w e r e s u p p o r t i n g e l e c t r o l y t e d e p e n 
d e n t ( Δ Ε 1 / 2 = 100 m V for T B A P a n d 3 2 0 m V for T B A P F 6 ) . I n t e r c o n v e r 
s ion f r o m a ca t ion r a d i c a l to the m e t a l - c e n t e r e d s p e c i e s h a d b e e n sug 
ges t ed p r e v i o u s l y for l e a d p o r p h y r i n s (37) . T h u s , e v e n t h o u g h the 
e l e c t r o n i c c o n f i g u r a t i o n o f a m e t a l l o p o r p h y r i n c a n b e d e t e r m i n e d , the 
rou te o f e l e c t r o n transfer is s t i l l a sub jec t o f s p e c u l a t i o n . T h e v a r i a t i o n 
i n o x i d a t i o n p o t e n t i a l d i f ferences for n i c k e l p o r p h y r i n s w i t h c h a n g e s i n 
subs t i t uen t , so lven t , a n d s u p p o r t i n g e l e c t r o l y t e suggests that the i n 
t e r c o n v e r s i o n p h e n o m e n o n m u s t d e p e n d on a n u m b e r o f c l o s e l y b a l 
a n c e d , i n t e r a c t i v e factors. 

V a r i a t i o n o f the n u m b e r o f e l ec t rons t rans fe r red b y changes i n 
p o r p h y r i n s u b s t i t u e n t has not b e e n l i m i t e d to ( p - R ) T P P N i w h e r e R 
was the e l e c t r o n - w i t h d r a w i n g f u n c t i o n a l g roups C l , COOCH3, a n d 
N 0 2 . B i e l e c t r o n i c r e d u c t i o n s h a v e b e e n o b s e r v e d for p o r p h y r i n s c o n 
t a i n i n g f rom one to four N - m e t h y l - 4 - p y r i d i n i u m g roups (15). T h e 
p y r r o l e - s u b s t i t u t e d c o m p l e x ( C N ) 4 T P P H 2 is d o u b l y o x i d i z e d at 1.43 V 
i n C H 2 C 1 2 (28). A n i d e n t i c a l b i e l e c t r o n i c o x i d a t i o n process w a s o b 
s e r v e d (38) for [ p - ( C H 3 C H 2 ) 2 N ] T P P H 2 at 0.40 V . R e m a r k a b l y , m e t a l 
i n se r t i on i n t o the la t ter c o m p l e x reso lves the b i e l e c t r o n i c process i n t o 
t w o , w e l l - r e s o l v e d , o n e - e l e c t r o n transfers. W i t h ( C N ) 4 T P P H 2 , 
e l e c t r o n - w i t h d r a w i n g subs t i tuen t s o n the p o r p h y r i n p e r i p h e r y p r o 
d u c e the s ame m e c h a n i s t i c c h a n g e as [p -ÎCHjîCHa^N] , a n e l e c t r o n -
d o n a t i n g subs t i tuen t . C l e a r l y , d i f ferent h i g h e s t o c c u p i e d m o l e c u l a r 
o r b i t a l ( H O M O ) v a l u e s are i n v o l v e d a n d the n e e d for m o l e c u l a r o r b i t a l 
c a l c u l a t i o n s to r e so lve this a n o m a l y seems apparen t . 
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13. B O T T O M L E Y E T A L . Redox Tuning of Iron Porphyrins 289 

Effect of Axial Ligation 

D y n a m i c c o o r d i n a t i o n o f m e t a l l o p o r p h y r i n s has b e e n a v e r y a c t i v e 
field o f s t u d y (39-41). T h e p r o f o u n d i m p a c t that c h a n g e s i n the por 
p h y r i n c o o r d i n a t i o n sphere h a v e o n the m e a s u r e d r e d o x p o t e n t i a l s has 
b e e n w e l l - d o c u m e n t e d (3-5,42). T h e f o r t h c o m i n g d i s c u s s i o n does no t 
a t t empt to p r o v i d e y e t ano ther r e v i e w o f th is area. I n s t e a d , the e m 
phas i s is p l a c e d o n h o w to m a k e use o f 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 ry o f m e t a l l o p o r p h y r i n s i n the d e s i g n o f n e w m o l e c u l e s that w i l l pos 
sess a d e s i r e d r e d o x po ten t ia l ( s ) . F o r c l a r i t y , w e d i v i d e d the d i s c u s s i o n 
i n t o fou r a r t i f i c i a l ca tegor ies : a x i a l c o o r d i n a t i o n b y c o u n t e r i o n s , b y 
s o l v e n t m o l e c u l e s , b y s u b s t i t u t e d p y r i d i n e s , a n d b y d i a t o m i c m o l e 
cu l e s . E m p h a s i s is p l a c e d o n the reac t ions o f i r o n p o r p h y r i n s w i t h the 
i n c l u s i o n s o f c o b a l t , m a n g a n e s e , a n d c h r o m i u m p o r p h y r i n r e a c t i v i t i e s 
for c o m p a r i s o n . 

C o u n t e r i o n Ef fec t s . S u r p r i s i n g l y , e l u c i d a t i o n o f the p o t e n t i a l 
d e p e n d e n c e o n the i r on ( I I I ) p o r p h y r i n c o u n t e r i o n w a s d e t e r m i n e d 
o n l y r e c e n t l y , d e s p i t e the ease w i t h w h i c h s u c h m o l e c u l e s c a n b e 
p r e p a r e d . T r e a t m e n t o f a n y h e m a t i n d i m e r w i t h the d i l u t e a c i d H X , i n 
excess , q u a n t i t a t i v e l y y i e l d s m o n o m e r i c m a t e r i a l w i t h X a x i a l l y coor 
d i n a t e d to the i r o n cen te r (43). 

B o t t o m l e y a n d K a d i s h (44) r e c e n t l y c o m p l e t e d a s y s t e m a t i c 
s t u d y o f the i n f l u e n c e o f c o u n t e r i o n o n the o b s e r v e d E 1 / 2 . I n noncoor -
d i n a t i n g , n o n a q u e o u s so lven t s , the first r e d u c t i o n o f T P P F e X 
[ F e ( I I I ) —» F e ( I I ) ] b e c o m e s m u c h m o r e d i f f i cu l t (shifts c a t h o d i c a l l y b y 
u p to 7 2 0 m V ) as the c o u n t e r i o n va r i e s f r o m the w e a k l y c o o r d i n a t i n g 
C 1 0 4 ~ a n i o n to the t i g h t l y b o u n d F ~ a n i o n . T h i s b e h a v i o r i n d i c a t e s the 
p r e f e r e n t i a l s t a b i l i z a t i o n o f the i ron ( I I I ) s p e c i e s o v e r the i ron( I I ) f o r m . 
T h e i ron ( I I I ) p o r p h y r i n - c o u n t e r i o n b i n d i n g s t r eng th increases i n the 
o rde r C 1 0 4 ~ < B r ~ < N 3 ~ < F " a n d th is o r d e r is r e f l ec t ed i n the half -
w a v e p o t e n t i a l s . I n these ins tances , the i r o n - c o u n t e r i o n b o n d c a n b e 
d e s c r i b e d bes t as h i g h l y c o v a l e n t i n charac te r . F o r c o m p a r i s o n , F i g u r e 
3 d e p i c t s h a l f - w a v e po t en t i a l s for e l e c t r o r e d u c t i o n o f T P P F e X a n d 
T P P M n X i n C H 2 C 1 2 . M a n g a n e s e ( I I I ) is s t a b i l i z e d p r e f e r e n t i a l l y (45) 
o v e r manganese ( I I ) , b u t b y o n l y 180 m V as the c o u n t e r i o n is v a r i e d 
b e t w e e n C 1 0 4 ~ a n d the t i g h t l y c o o r d i n a t e d N 3 ~ . O v e r the same range 
o f coun t e r i ons , i r on ( I I I ) r e d u c t i o n po t en t i a l s v a r y b y 5 1 0 m V . C l e a r l y , 
the m e t a l ( I I I ) r e d u c t i o n c a n b e t u n e d , b u t the p o t e n t i a l r ange o v e r 
w h i c h th is effect is ope ra t i ve d e p e n d s g r e a t l y o n the na tu re o f the 
c e n t r a l m e t a l . 

T h e c h a r a c t e r i z a t i o n o f the f o r m a l c e n t r a l m e t a l i o n v a l e n c e p r o 
d u c e d b y o x i d a t i o n o f s y n t h e t i c i r o n ( I I I ) p o r p h y r i n m o n o m e r s has 
b e e n a p o i n t o f con t rove r sy . B o t h T P P F e C l a n d O E P F e C l w e r e 
o x i d i z e d (46, 47) i n C H 2 C 1 2 at a p l a t i n u m b u t t o n . F r o m the m e a s u r e d 
m a g n e t i c s u s c e p t i b i l i t i e s a n d the o b s e r v e d v i s i b l e spec t r a , the first 
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I I I I 

0.2 0.0 -0.2 -0.4 

Em ( V vs . S C E ) 

Figure 3. Plot of half wave potentials for electr or eduction of TPPFeX 
(·) and TPPMnX (O) in CH2Cl2 containing 0.1 M TBAP. 

e l e c t r o o x i d a t i o n process w a s a s s i g n e d as m e t a l - c e n t e r e d , f o r m a l l y 
p r o d u c i n g a n i r o n ( I V ) s p e c i e s . O x i d a t i o n o f T P P F e C 1 0 4 , T P P F e B r , 
a n d T P P F e C l i n C H 2 C 1 2 a l l o c c u r r e d (33) at a p p r o x i m a t e l y the s ame 
p o t e n t i a l (1.08 ± 0.3 V ) . R e c e n t m e a s u r e m e n t s (48) on t w e l v e d i f ferent 
T P P F e X c o m p l e x e s c o n f i r m e d these resu l t s . T h e T P P F e X o x i d a t i o n 
p o t e n t i a l d i d not v a r y w i t h changes i n X w h e n E i / 2 was m e a s u r e d i n 
C H 2 C 1 2 (44, 49). S i m i l a r resu l t s w e r e o b t a i n e d i n s ix d i f ferent 
n o n a q u e o u s so lven t s . T h e s e da ta are s u m m a r i z e d i n T a b l e I I I a n d c a l l 
i n t o q u e s t i o n the i r o n ( I V ) a s s ignmen t . T h e s t rong d e p e n d e n c e o f the 
i r o n ( I I I ) r e d u c t i o n p o t e n t i a l , a n d the i n d e p e n d e n c e o f the i r o n ( I I I ) 
o x i d a t i o n p o t e n t i a l , o n the t y p e o f c o u n t e r i o n s t r o n g l y suggests that the 
si te o f o x i d a t i o n is r i n g c e n t e r e d . B e c a u s e r e d o x p o t e n t i a l s a l o n e are 
insu f f i c i en t to d i f ferent ia te b e t w e e n the a s s ignmen t , a r e i n v e s t i g a t i o n 
o f th is s y s t e m was n e e d e d . T h i s task i n d i c a t e d (50) that , for T P P F e X at 
leas t , o x i d a t i o n i n d e e d y i e l d s a n i ron ( I I I ) r a d i c a l . 

S o l v e n t E f f ec t s . H a l f - w a v e p o t e n t i a l s for the r e d u c t i o n o f a 
n u m b e r o f T P P F e X c o m p l e x e s at a p l a t i n u m e l e c t r o d e w e r e r e p o r t e d 
(51). W h e n X = C I " , O A c " , a n d S C N " , the p o t e n t i a l s o b s e r v e d i n 
D M F w e r e - 0 . 2 0 , - 0 . 2 0 , a n d +0 .04 V , r e s p e c t i v e l y . P o t e n t i a l s o f 
- 0 . 3 4 , - 0 . 2 1 , a n d +0 .14 V w e r e r e p o r t e d (33) for r e d u c t i o n o f 
T P P F e X i n C H 2 C 1 2 , w h e r e X = C I " , B r " , a n d C 1 0 4 " . W h e n X = C I " , 
T P P F e X w a s r e d u c e d at - 0 . 0 9 V i n D M S O (12). B a s e d o n these i n i t i a l 
s tud ies , i t w a s c o n c l u d e d that c o o r d i n a t i n g so lven t s s h i f t e d the 
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292 B I O L O G I C A L R E D O X C O M P O N E N T S 

i r on ( I I I ) r e d u c t i o n p o t e n t i a l i n a p o s i t i v e (anodic ) d i r e c t i o n , w h e r e a s 
s t r o n g l y c o o r d i n a t i n g an ions sh i f t ed the p o t e n t i a l i n a n e g a t i v e 
( ca thod ic ) d i r e c t i o n . L a t e r s tud ies (26, 44, 49, 52-54) c o n c e n t r a t e d o n 
the r e d u c t i o n o f ( p - R ) T P P F e C l i n v a r i o u s so lven t s . T h e u n s u b s t i t u t e d 
c o m p l e x was r e d u c e d (26) at - 0 . 1 1 , - 0 . 1 1 , a n d - 0 . 1 5 V i n D M S O , 
D M A , a n d D M F , r e s p e c t i v e l y . I n v e r y w e a k l y c o o r d i n a t i n g so lven ts 
s u c h as C H 2 C 1 2 or b u t y r o n i t r i l e , the h a l f - w a v e p o t e n t i a l s s h i f t e d to 
- 0 . 2 9 a n d - 0 . 3 2 V . T h e s e resu l t s s e e m e d to c o n f i r m the e a r l i e r p o s t u 
la te that c o o r d i n a t i n g so lven t s sh i f t ed h a l f - w a v e p o t e n t i a l s i n a p o s i 
t i v e d i r e c t i o n . I n th is i n s t ance , s o l v e n t c o o r d i n a t i o n to the i ron ( I I ) 
c en t e r was p r e s u m e d r e s p o n s i b l e for the d i r e c t i o n o f the p o t e n t i a l shif t 
r e s u l t i n g i n p r e f e r e n t i a l s t a b i l i z a t i o n o f the i ron ( I I ) f o rm o v e r i r o n ( I I I ) . 

R e c e n t s tud ies (44, 49, 54) c l e a r l y d e m o n s t r a t e d the i n t e r a c t i n g 
effects o f a x i a l l y b o u n d s o l v e n t m o l e c u l e s a n d a x i a l l y c o o r d i n a t e d 
m o n o v a l e n t an ions a n d t h e i r i n f l u e n c e on the i r o n ( I I I ) r e d o x p o t e n t i a l . 
T h i s i n t e r a c t i o n was e l u c i d a t e d w i t h a sy s t ema t i c v a r i a t i o n o f five d i f 
ferent an ions b o u n d to O E P F e X a n d T P P F e X a n d m e a s u r e m e n t o f 
t he i r r e s p e c t i v e r e d o x reac t ions i n t w e l v e di f ferent n o n a q u e o u s s o l 
ven t s . 

T a b l e I V l ists the p o t e n t i a l s o b s e r v e d for r e d u c t i o n o f T P P F e X i n 
n o n a q u e o u s m e d i a . I n a l l b u t t w o so lven ts , the p o t e n t i a l shifts i n a 
n e g a t i v e d i r e c t i o n as the s t reng th o f the i r o n - c o u n t e r i o n b o n d i n 
creases . H o w e v e r , the m a g n i t u d e o f the p o t e n t i a l shif t is s o l v e n t de 
p e n d e n t . T h e p o t e n t i a l d i f fe rence ( Δ Ε 1 / 2 ) b e t w e e n r e d u c t i o n o f 
T P P F e F a n d T P P F e C 1 0 4 is 7 2 0 m V i n C H 2 C 1 2 , 5 8 0 m V i n P r C N , 4 5 0 
m V i n D M F , a n d 0.0 V i n D M S O a n d p y r i d i n e . T h i s b e h a v i o r is a 
f unc t i on o f the i n h e r e n t a b i l i t y o f the so lven t to c o o r d i n a t e to the 
i ron( I I ) c en t e r (the r e d u c t i o n p r o d u c t ) a n d the so lven t ' s a b i l i t y to d i s 
p l a c e the c o u n t e r i o n f rom the i r o n ( I I I ) center . T h e s e p h e n o m e n a are 
ope ra t i ve s i m u l t a n e o u s l y . F o r e x a m p l e , i n D M F the r e d u c e d i ron ( I I ) 
spec i e s is c o o r d i n a t e d w e a k l y b y one so lven t m o l e c u l e . O n e w o u l d 
e x p e c t a s m a l l p o s i t i v e p o t e n t i a l shi f t as a resu l t . H o w e v e r , D M F a lso 
is a b l e to d i s p l a c e C l O i f r om the i r on ( I I I ) c e n t e r (β2 = 9 x 1 0 4 M " 2 ) 
(44), s h i f t i n g the r e d u c t i o n p o t e n t i a l o f th is spec i e s i n a n e g a t i v e p o 
t e n t i a l d i r e c t i o n . T h e ne t r e su l t is a dec rease i n Δ Ε 1 / 2 (as c o m p a r e d to 
C H 2 C 1 2 ) a n d reflects a c h a n g e i n the s t ruc ture o f b o t h the reac tan t a n d 
p r o d u c t . I n D M F , Δ Ε 1 / 2 b e t w e e n the s t a r t ing spec i e s , w h e n X = F ~ 
a n d CIO4, is a c t u a l l y the p o t e n t i a l d i f fe rence b e t w e e n r e d u c t i o n 
o f T P P F e F a n d T P P F e ( D M F ) 2

+ C 1 0 4 - to the c o m m o n p r o d u c t 
T P P F e ( D M F ) . I n d e p t h eva lua t i ons h a v e b e e n w o r k e d o u t for e a c h 
s o l v e n t (44, 49, 54). 

T h e so lven t d e p e n d e n c e on E 1 / 2 for a g i v e n X also is not as s t ra ight
f o r w a r d as i m p l i e d f r o m e a r l i e r s tud ie s . F i g u r e 4 is a p l o t o f the r e d u c 
t i o n p o t e n t i a l o f T P P F e X vs . the G u t m a n n d o n o r n u m b e r (55) for e a c h 
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294 BIOLOGICAL REDOX COMPONENTS 

D o n o r N u m b e r 

Figure 4. Half-wave potential dependence on the solvent donicity 
for TPPFeX. Key: · , X = C104; • , X = Br~; A , X = N3~; and 0,X = F~. 
(Reproduced from Ref 44. Copyright 1981, American Chemical Soci

ety.) 

s o l v e n t for X = C l O i , B r " , N 3 " , or F " . T o e l i m i n a t e d i f ferences i n 
l i q u i d j u n c t i o n p o t e n t i a l c o n t r i b u t i o n s (56, 57) ( l . j .p.) a r i s i n g b e t w e e n 
one so lven t a n d another , the p o t e n t i a l s w e r e r e f e r e n c e d agains t the 
m e a s u r e d v a l u e o f the f e r r o c e n e / f e r r o c i n i u m i o n c o u p l e (58, 59) i n 
e a c h so lven t . T h e resu l t s o b t a i n e d , a n d the di f ferences b e t w e e n c o m 
p l e x e s w h e r e X = C K X a n d X = B r " , N 3 , or F " , l u c i d l y demons t r a t e 
the i n t e r a c t i n g effects o f s o l v e n t a n d c o u n t e r i o n o n the e l e c t r o d e reac
t ions o f i ron ( I I I ) a n d i ron( I I ) p o r p h y r i n s . 
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I n so lven t s o f d o n i c i t y u p to ~ 1 5 , the p o t e n t i a l for r e d u c t i o n o f 
T P P F e C 1 0 4 ( F i g u r e 4) r e m a i n e d e s sen t i a l l y constant . T h i s finding 
suggests that i n these so lven t s , C l O l is b o u n d to the i r on ( I I I ) c en t e r 
a n d that there is e i t he r w e a k or no d i r e c t i n t e r a c t i o n b e t w e e n the 
s o l v e n t a n d the i r o n . I n d e p e n d e n t N M R e x p e r i m e n t s (60) c o n f i r m e d 
that C l O i " is a x i a l l y c o o r d i n a t e d i n CH2CI2. A s the s o l v e n t d o n i c i t y 
increases f rom 15, the i ron ( I I I ) / i ron ( I I ) p o t e n t i a l shifts n e g a t i v e l y w i t h 
i n c r e a s e d donor n u m b e r . P y r i d i n e is a n e x c e p t i o n to th is t r e n d , w i t h a n 
o b s e r v e d p o t e n t i a l 2 5 0 m V m o r e p o s i t i v e t h a n w o u l d b e p r e d i c t e d . 

I n m a r k e d contras t to the effect o f so lven t on T P P F e C l 0 4 r e d u c 
t i o n , p o t e n t i a l s o f T P P F e X r e d u c t i o n ( w h e r e X = B r " , C l ~ , N 3 ~ , a n d F " ) 
are s h i f t e d i n a p o s i t i v e p o t e n t i a l d i r e c t i o n b y c o o r d i n a t i n g so lven t s . 
A s is d e p i c t e d i n F i g u r e 4 for X = B r " , N i " , a n d F " , the m o s t n e g a t i v e 
p o t e n t i a l s o c c u r r e d i n n o n b o n d i n g so lven t s [ t e t r ahydro fu ran ( T H F ) 
e x c e p t e d ] a n d the mos t p o s i t i v e r e d o x p o t e n t i a l w a s o b s e r v e d i n 
p y r i d i n e . T h e m a g n i t u d e a n d d i r e c t i o n o f the p o t e n t i a l shif t w i t h s o l 
v e n t i n d i c a t e a s t rong s t a b i l i z a t i o n o f i ron ( I I ) r e l a t i v e to i r on ( I I I ) . 
S t a b i l i t y cons tant m e a s u r e m e n t s o f T P P F e a n d T P P F e C l c o n f i r m th i s 
obse rva t i on . T h e v a l u e o f l o g / 3 2 for a x i a l l i g a n d b i n d i n g to i r o n ( f l ) i n 
C H 2 C 1 2 is 7.45 (61) to 7.8 (62) for p y r i d i n e a n d 0.53 for D M F (61). I n 
contrast , T P P F e C l b i n d s p y r i d i n e w e a k l y a n d D M F does not b i n d 
p y r i d i n e at a l l . 

T h e l a c k o f fit b y p y r i d i n e to the t r ends o b s e r v e d for a l l o f the 
c o m p l e x e s i n v e s t i g a t e d m a y b e a n i n h e r e n t p r o p e r t y o f the m e t a l -
d o n o r a t o m i n t e r a c t i o n or i t m a y re su l t f r om a c h a n g e i n c o o r d i n a t i o n 
sphere that is d i f fe rent i n p y r i d i n e f rom a l l o f the o ther so lven t s i n v e s 
t i g a t e d . It is no t d u e to errors i n l i q u i d j u n c t i o n p o t e n t i a l c o r r e c t i o n 
b e c a u s e d e v i a t i o n s f rom the p r e d i c t e d p o t e n t i a l a lso are o b s e r v e d for 
the r e a c t i o n T P P C o ( I I I ) ^ T P P C o ( I I ) . I n the la t ter case , the p o t e n t i a l 
o b s e r v e d i n p y r i d i n e is greater t h a n 3 5 0 m V m o r e n e g a t i v e t h a n w o u l d 
b e p r e d i c t e d f r o m a n E m v s . d o n o r n u m b e r p lo t . T h e d e v i a t i o n o f 
p o t e n t i a l i n T H F for X = B r " , C l " , N ï , a n d F " , b u t not for C l O i " , a l so 
has b e e n d i s c u s s e d . S u c h d e v i a t i o n s f r o m l i n e a r i t y i n d i c a t e p o s s i b l e 
d i f ferences i n c h e m i s t r y for a g i v e n c o m p o u n d a n d sugges t fur ther 
e x p e r i m e n t s r e g a r d i n g its c h a r a c t e r i z a t i o n . 

T h e i n t e r d e p e n d e n c e o f t y p e o f s o l v e n t a n d c o u n t e r i o n o n the i r o n 
p o r p h y r i n r e d o x po t en t i a l s d e p e n d s also o n the b a s i c i t y o f the p o r p h y 
r i n r i n g . T h i s effect r e a d i l y is seen f rom a c o m p a r i s o n o f the r e d o x 
p o t e n t i a l s o f O E P F e X a n d T P P F e X as a func t ion o f s o l v e n t (see T a b l e 
V ) . I n CH2CI2, the inc rease i n the p r e f e r e n t i a l s t a b i l i z a t i o n o f i r on ( I I I ) 
b y v a r i a t i o n i n X for O E P F e X p a r a l l e l s that o b s e r v e d for T P P F e X . T h e 
r e d u c t i o n o f O E P F e F is 730 m V m o r e c a t h o d i c t h a n the r e d u c t i o n o f 
O E P F e C 1 0 4 , w h i c h c o m p a r e s f a v o r a b l y w i t h a p o t e n t i a l d i f fe rence o f 
720 m V o b s e r v e d for T P P F e X . T h e abso lu t e d i f fe rence o f p o t e n t i a l 
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b e t w e e n T P P F e X a n d O E P F e X for a g i v e n c o u n t e r i o n is a cons tan t 
0.12 ± 0.01 V i n th is so lven t . 

I n p y r i d i n e , s o l v e n t m o l e c u l e s d i s p l a c e the c o u n t e r i o n , y i e l d i n g 
h e x a c o o r d i n a t e d i r on ( I I I ) reactants a n d i ron ( I I ) p r o d u c t s at the e l e c 
t rode . I d e n t i c a l p o t e n t i a l s are o b s e r v e d for a l l c o u n t e r i o n s for a g i v e n 
p o r p h y r i n m o i e t y . T h e a b s o l u t e p o t e n t i a l d i f fe rence b e t w e e n 
T P P F e ( p y ) 2

+ X " a n d O E P F e f o y ) ^ X " for a g i v e n X is a cons tan t 0 . 1 9 ± 
0.01 V . I n C H 2 C 1 2 , a l l s p e c i e s o f O E P F e X or T P P F e X h a v e pen tacoor -
d i n a t e d i r o n centers . I n p y r i d i n e , a l l s pec i e s o f O E P F e C p y ) ^ X ~ a n d 
T P P F e ( p y ) 2 X ~ h a v e h e x a c o o r d i n a t e d , i n - p l a n e i r o n cen te r s . B e c a u s e 
O E P is a m o r e b a s i c p o r p h y r i n m o i e t y , the i n c r e a s e d e l e c t r o n d e n s i t y 
at the co re n i t rogens w o u l d b e e x p e c t e d to r e su l t i n m o r e d i f f i cu l t 
r e d u c t i o n s t h a n for T P P . A l s o , n i t r o g e n σ - o r b i t a l o v e r l a p w i t h i r o n 
d -o rb i t a l s is s u b s t a n t i a l l y h i g h e r w i t h i n - p l a n e i r o n centers as c o m 
p a r e d to t h e i r ou t -o f -p lane coun te rpa r t s . T h e r e f o r e , a n e n h a n c e m e n t o f 
the effect o f p o r p h y r i n r i n g b a s i c i t y o n the r e d o x p o t e n t i a l w o u l d b e 
e x p e c t e d for m e t a l - c e n t e r e d e l e c t r o n transfers w i t h a n i n - p l a n e i r o n 
c o m p a r e d to a n ou t -o f -p lane i r o n cen te r . T h e abso lu t e p o t e n t i a l differ
ences (0.12 V i n C H 2 C 1 2 a n d 0 .19 V i n p y r i d i n e ) a p p a r e n t l y b e a r 
th is out . 

I n the w e a k l y c o o r d i n a t i n g so lven t D M F , the p o t e n t i a l shi f t o f 
O E P F e F w i t h r e spec t to O E P F e C 1 0 4 is 4 6 0 m V , 110 m V l a rge r t h a n 
o b s e r v e d for the T P P F e X coun te rpa r t s . A d i m i n i s h e d l o g j3 2 for a d d i 
t i on o f t w o D M F m o l e c u l e s to O E P F e C 1 0 4 c o u l d a c c o u n t e a s i l y for 
the p o t e n t i a l d i f ferences o b s e r v e d b e t w e e n the t w o p o r p h y r i n 
m o i e t i e s . I n cont ras t to the t r ends o b s e r v e d i n C H 2 C l 2 a n d p y r i d i n e , 
the a b s o l u t e p o t e n t i a l d i f ferences ( Δ Ε 1 / 2 ) b e t w e e n T P P F e X a n d O E P 
F e X for a g i v e n c o u n t e r i o n d e p e n d o n X a n d ranges f r o m 0.13 to 0.24 V . 
A t th is t i m e , i t is not c l e a r i f the v a r i a b i l i t y i n Δ £ 1 / 2 is d u e to changes i n 
m e t a l s p i n state, changes i n a x i a l l i g a t i o n , or changes i n the i r o n -
p o r p h y r i n p l a n e d i s t ance . H o w e v e r , these resu l t s c l e a r l y demons t r a t e 
that the effects o f c o u n t e r i o n , so lven t , a n d p o r p h y r i n s t ruc ture m u s t 
be c o n s i d e r e d c o l l e c t i v e l y whjen d e s i g n i n g a n e w m o l e c u l e w i t h d e 
s i r e d r e d o x p o t e n t i a l s . 

N i t r o g e n o u s B a s e E f f ec t s . T h e t y p e a n d d e g r e e o f a x i a l l i g a t i o n 
h a v e a d r a m a t i c effect on the r e d o x p o t e n t i a l o f i r o n p o r p h y r i n s ( 3 - 5 , 
42, 44, 49, 54, 62, 63). T h e na tu re a n d m a g n i t u d e o f th i s effect a l so 
d e p e n d o n the p o r p h y r i n r i n g s t ruc tu re , the so lven t s y s t e m , the v a l 
ence a n d s p i n states o f the i r o n center , a n d o n the p re sence or absence 
o f a n y c o o r d i n a t i n g an ions . H i s t o r i c a l l y , t w o app roaches h a v e b e e n 
u s e d to s t u d y the d e p e n d e n c e o f E i / 2 o n m e t a l l o p o r p h y r i n c o m p l e x a -
t i o n . F i r s t , a d e s i r e d a d d u c t is i s o l a t e d a n d t h e n E i / 2 is d e t e r m i n e d for 
th is spec i e s u n d e r a set o f r i g i d l y c o n t r o l l e d e x p e r i m e n t a l c o n d i t i o n s . 
C a r e m u s t b e t aken to ensu re that the spec i e s b e i n g o x i d i z e d or re-
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298 B I O L O G I C A L R E D O X C O M P O N E N T S 

d u c e d at the e l e c t r o d e is the a d d u c t a n d not a n e w spec i e s g e n e r a t e d 
b y r eac t i on o f the e l e c t r o l y t e m e d i u m a n d the so lu t e . T h i s m e t h o d 
o n l y p e r m i t s the d e t e r m i n a t i o n o f Ε1/2 a n d the e l e c t r o n transfer r evers 
i b i l i t y . A n a l t e rna t i ve a p p r o a c h is to genera te the d e s i r e d a d d u c t i n 
s i tu . A s e l e c t e d m e t a l l o p o r p h y r i n reagen t is t r a n s f o r m e d i n t o the de 
s i r e d a d d u c t v i a a set o f c o n t i n u o u s l y v a r y i n g e x p e r i m e n t a l c o n d i t i o n s 
(e.g. , i n c r e a s i n g the concen t r a t i on o f the l i g a n d ) . Shi f t s i n the r e d o x 
p o t e n t i a l o v e r the r ange o f e x p e r i m e n t a l c o n d i t i o n s p e r m i t the deter
m i n a t i o n o f r eac t i on s t o i c h i o m e t r i e s for a l l spec i e s e n c o u n t e r e d . I n 
a d d i t i o n , fo rma t ion constants often c a n b e c o m p u t e d d i r e c t l y f rom the 
p o t e n t i a l data . T h i s s e c o n d a p p r o a c h , a l t h o u g h m u c h m o r e c o m p l i 
c a t e d t h a n the first m e t h o d , a l l o w s the i nves t i ga to r to d e t e r m i n e the 
c h e m i s t r y o f the m e t a l l o p o r p h y r i n i n the absence o f a n e l e c t r o n trans
fer. N u m e r o u s equa t ions r e l a t i n g c o m p l e x s t ab i l i t i e s to p o t e n t i a l da ta 
h a v e b e e n d e r i v e d (64). T h e L i n g a n e s o l u t i o n , h o w e v e r , is the e q u a 
t ion m o s t of ten u s e d i n the m e t a l l o p o r p h y r i n a rea a n d is o u t l i n e d as 
f o l l o w s . 

F o r the g e n e r a l i z e d m e t a l l o p o r p h y r i n e l e c t r o n transfer 

[ P M ] m + + ne ^ [ P M ] ( m " n ) (8) 

c o m p l e x a t i o n reac t ions of ten are o b s e r v e d for the o x i d i z e d spec i e s , the 
r e d u c e d spec i e s , or b o t h . C h a n g e s i n a x i a l c o o r d i n a t i o n c o n c o m i t a n t 
w i t h e l e c t r o n transfer c a n b e e v a l u a t e d f rom p o t e n t i a l shifts as the 
l i g a n d concen t r a t i on is v a r i e d . A n o d i c or c a t h o d i c shifts i n p o t e n t i a l 
f r om that o b s e r v e d for the u n c o m p l e x e d spec i e s d e p e n d o n the 
s t o i c h i o m e t r y o f the o x i d i z e d a n d / o r r e d u c e d c o m p l e x , the concen t r a 
t i o n o f free l i g a n d i n s o l u t i o n , a n d the m a g n i t u d e s o f the fo rma t ion 
constants o f the o x i d i z e d a n d / o r r e d u c e d c o m p l e x ( e s ) . W h e r e the 
o x i d i z e d spec i e s forms a c o m p l e x w h e n the r e d u c e d fo rm does not , the 
m a g n i t u d e o f the p o t e n t i a l shif t c a n b e p r e d i c t e d b y 

Δ £ 1 / 2 = (Em)c - (Em)8 = - logβox - (p) l o g [ L ] (9) 

at 2 5 ° C w h e r e (Ei / 2 ) c a n d (Em)8 are the h a l f - w a v e p o t e n t i a l s o f the 
c o m p l e x e d a n d u n c o m p l e x e d o x i d i z e d spec ies , r e s p e c t i v e l y ; / 3 0 X is the 
fo rma t ion cons tan t o f the o x i d i z e d c o m p l e x ; [ L ] is the free concen t r a 
t i on o f the c o m p l e x i n g l i g a n d ; ρ is the n u m b e r o f l i g a n d s b o u n d to the 
o x i d i z e d s p e c i e s ; a n d η is the n u m b e r o f e l ec t rons t r ans fe r red i n the 
d i f f u s i o n - c o n t r o l l e d r eac t i on , ox + ne r e d . 

S i m i l a r l y , w h e n the r e d u c e d fo rm reacts w i t h l i g a n d a n d the 
o x i d i z e d fo rm does not, a m o r e e a s i l y r e d u c i b l e spec i e s resu l t s . T h e 
m a g n i t u d e o f the p o t e n t i a l shifts i n th is case are p r e d i c t e d b y 
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Δ £ 1 / 2 = l o g / 3 r e d + { q ) l o g [ L ] ( 1 0 ) 

at 2 5 ° C w h e r e / 3 r e d is the fo rma t ion cons tan t o f the c o m p l e x a n d q 
e q u a l s the n u m b e r o f l i g a n d s that are c o o r d i n a t e d i n the c o m p l e x . 
F i n a l l y , w h e r e b o t h spec i e s at the e l e c t r o d e are c o m p l e x e d , the 
p o t e n t i a l shifts are p r e d i c t e d b y 

A „ 0 . 0 5 9 , / f l o x \ 0 . 0 5 9 , ν , Γ τ 1 

Δ Ε 1 / 2 = — l o g [f*) — (p - q ) l o g [ L ] (11) 

Inves t iga t ions o f l i g a n d b i n d i n g to the h i g h l y a i r - sens i t ive i ron ( I I ) 
p o r p h y r i n s c a n b e p e r f o r m e d r e a d i l y b y e m p l o y m e n t o f e l e c t r o c h e m i 
c a l m e t h o d o l o g i e s . T h e i ron( I I ) spec i e s m a y b e g e n e r a t e d at the e l e c 
t r o d e a n d its c o o r d i n a t i o n c h e m i s t r y m a y be e x p l o r e d w i t h the o n l y 
necessa ry p r e c a u t i o n b e i n g m a i n t e n a n c e o f a d e o x y g e n a t e d s o l u t i o n . 
W h e n i ron(I ) p o r p h y r i n s d o not b i n d a x i a l l i g a n d s (51, 65), p r o d u c t 
s t o i c h i o m e t r y a n d the a d d u c t fo rma t ion cons tan t c a n b e d e t e r m i n e d 
r e a d i l y f rom p o t e n t i a l shifts as d e f i n e d i n E q u a t i o n 9. D e t e r m i n a t i o n 
o f the l i g a n d b i n d i n g charac te r i s t i c s o f i r o n ( I I I ) p o r p h y r i n s w i t h e l e c 
t r o c h e m i c a l m e t h o d o l o g i e s are g e n e r a l l y s l i g h t l y m o r e c o m p l i c a t e d . 
M o s t l i g a n d s that c o o r d i n a t e to i ron ( I I I ) a l so c o o r d i n a t e to i ron ( I I ) , b u t 
i n m a n y ins tances the s t o i c h i o m e t r y d e p e n d s o n the l i g a n d concen t r a 
t i o n . W h e n la rge di f ferences i n fo rma t ion constants for i r on ( I I I ) a n d 
i ron( I I ) ex is t , E q u a t i o n s 9 a n d 10 m a y b e u t i l i z e d o v e r a l i m i t e d r ange 
o f l i g a n d concen t ra t ions . I n the m o s t e x t r e m e case, d e t e r m i n a t i o n o f 
the b i n d i n g p roper t i e s o f i r on ( I I I ) e l e c t r o c h e m i c a l l y necessi ta tes a 
p r i o r s t u d y o f the r e a c t i v i t y o f the c o r r e s p o n d i n g i ron ( I I ) spec ie s w i t h 
the l i g a n d u n d e r s t u d y (see E q u a t i o n 11). 

I r o n p o r p h y r i n s fo rm b o t h m o n o a x i a l a n d d i a x i a l adduc t s w i t h 
n i t r o g e n o u s bases. I n mos t ins tances , the fo rma t ion cons tant for a d d i 
t i o n o f the first a x i a l l i g a n d is one to t w o orders o f m a g n i t u d e less t h a n 
for a d d i t i o n o f the s e c o n d a x i a l l i g a n d (66). T h e obse rva t i on o f o n l y 
d i a d d u c t fo rma t ion mani fes t s th is c o n d i t i o n . H o w e v e r , m o n o a d d u c t s 
h a v e b e e n o b s e r v e d i n some ins tances , e s p e c i a l l y w i t h s t e r i c a l l y h i n 
d e r e d l i g a n d s ( s u c h as 2 - m e t h y l i m i d a z o l e ) . A d d u c t fo rma t ion w i t h th is 
t y p e o f l i g a n d causes b o t h the i ron ( I I I ) a n d i ron( I I ) centers to b e 
p u l l e d u p to 0.5 À o u t o f the p o r p h y r i n p l a n e (67). I r o n i c a l l y , the l a b e l 
" s t e r i c a l l y h i n d e r e d " a p p l i e s o n l y to the i ron( I I ) a d d u c t w h e r e o n l y 
p e n t a c o o r d i n a t e d c o m p l e x e s h a v e b e e n o b s e r v e d . B o t h p e n t a c o o r d i -
n a t e d a n d h e x a c o o r d i n a t e d c o m p l e x e s are o b s e r v e d for i r o n ( I I I ) , b u t 
w i t h d e c r e a s e d fo rma t ion constants as c o m p a r e d to t h e i r u n h i n d e r e d 
coun te rpa r t s . 

M o d e r n e l e c t r o c h e m i c a l t e c h n i q u e s to m e a s u r e the r e l a t i v e sta-
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300 B I O L O G I C A L R E D O X C O M P O N E N T S 

b i l i t y constants a n d h a l f - w a v e po t en t i a l s for i ron ( I I I ) / i ron ( I I ) c o n t a i n 
i n g a x i a l l y c o m p l e x e d n i t r o g e n o u s bases i n n o n a q u e o u s m e d i a w e r e 
first u s e d (51) i n 1974. I n th is s t u d y , T P P F e X a n d the i r on ( I I I ) c o m 
p l e x o f d e u t e r o p o r p h y r i n I X d i m e t h y l ester w e r e u t i l i z e d as the start
i n g p o r p h y r i n . D i ( l i g a n d ) a d d u c t s w e r e f o r m e d w i t h e i t he r s i m p l e i m 
i d a z o l e ( Im) a d d i t i o n or b y p r e p a r a t i o n o f a h e m e p e p t i d e c o n t a i n i n g 
d i - Z - h i s t i d i n e . T h e resu l t s d e p e n d e d o n the c o u n t e r i o n . W h e n Ο A c " or 
C l ~ w e r e the coun t e r i ons , c o m p l e x a t i o n b y i m i d a z o l e to b o t h i r on ( I I I ) 
a n d i ron ( I I ) p r o d u c e d a n a n o d i c shif t o f the s t a n d a r d p o t e n t i a l f r om 
that o f P F e X (P = p o r p h i n a t o ) b y a p p r o x i m a t e l y 8 0 to 120 m V . W h e n 
X = S C N ~ , h o w e v e r , the p o t e n t i a l w a s sh i f t ed i n a c a t h o d i c d i r e c t i o n 
b y a p p r o x i m a t e l y 100 m V f rom the s t a r t ing p o t e n t i a l . T h i s shif t , w h i c h 
was no t e x p l a i n e d at the t i m e , is n o w be t te r u n d e r s t o o d i n t e rms o f the 
c o u n t e r i o n effect for P F e X p o t e n t i a l s . P o t e n t i a l s for r e d u c t i o n o f 
FFe(L)£ X " w i l l b e r e l a t i v e l y cons tant for a g i v e n v a l u e o f X a n d those 
for P F e X c a n v a r y b y u p to 720 m V . T h e d i r e c t i o n o f the shif t for X = 
C l ~ a n d Ο A c " i n d i c a t e s a grea ter s t a b i l i t y for i ron ( I I ) t h a n for i r o n ( I I I ) , 
a n d the p o t e n t i a l shif t for X = S C N " i n d i c a t e s a n oppos i t e r e l a t i v e 
s t a b i l i t y . T h e v a l u e o f l o g j S 2 for T P P Fe(Im)2 v i r t u a l l y is i n d e p e n d e n t 
o f c o u n t e r i o n ( l o g / 3 2 = 7.1 ± 0.3 i n D M F ) . B e c a u s e the i ron ( I I I ) c o m 
p l e x a t i o n r eac t ion i n v o l v e s h a l i d e d i s p l a c e m e n t , 

P F e X + 2 L ^ P Fe(L)Î X " (12) 

l o g β2 for th is spec i e s w i l l v a r y as a func t ion o f b o t h X a n d the b i n d i n g 
s t r eng th o f the l i g a n d . 

C h a n g e s i n a x i a l l i g a t i o n w i t h a n a i m t o w a r d m o d i f i c a t i o n o f r e d o x 
b e h a v i o r c a n b e a c c o m p l i s h e d i n a s t r a igh t fo rward fash ion once the 
b i n d i n g s t r eng th o f a l l c o o r d i n a t i n g spec i e s i n s o l u t i o n is k n o w n . T h e 
r e l a t i o n s h i p b e t w e e n l i g a n d b i n d i n g s t r eng th a n d E m was bes t s h o w n 
i n a r e c e n t p a p e r (62) . C u r r e n t - v o l t a g e cu rves w e r e o b t a i n e d for a x i a l 
a d d u c t s o f T P P F e w i t h e l e v e n s u b s t i t u t e d p y r i d i n e s r a n g i n g i n pKa 

f r o m 0.67 to 9 .71 . F o r a l l o f the l i g a n d s , the p o t e n t i a l s o f the i r on ( I I I ) 
r e d u c t i o n a n d the i ron( I I ) r e d u c t i o n w e r e r e l a t e d l i n e a r l y to the ρΚα o f 
the l i g a n d . F o r so lu t ions o f T P P F e c o n t a i n i n g 1.0 M l i g a n d , the m o s t 
p o s i t i v e r e d u c t i o n p o t e n t i a l o c c u r r e d for T P P F e ( L ) 2 w h e r e L = 3,5-
d i c h l o r o p y r i d i n e (Em = 1.38 V , l o g β2 = 5.5) a n d the m o s t n e g a t i v e 
p o t e n t i a l o c c u r r e d for L = 4 - p i c o l i n e ( E 1 / 2 = - 1 . 5 5 V , l o g β2 = 8.3). 
T h e mos t p o s i t i v e i r on ( I I I ) r e d u c t i o n p o t e n t i a l o c c u r r e d for 
T P P F e ( L ) 2

+ w h e r e L = 3 , 5 - d i c h l o r o p y r i d i n e (Eil2 = 0.31 V , l o g 
β2 = 3.4) a n d the m o s t n e g a t i v e p o t e n t i a l o c c u r r e d for L = 4-
( d i m e t h y l a m i n o ) p y r i d i n e ( E 1 / 2 = - 0 . 1 7 V , l o g β2 = 16.3). T h u s , b y 
v a r i a t i o n o f the s u b s t i t u t e d p y r i d i n e a x i a l l y b o u n d to the i r o n cen te r 
the r e d u c t i o n w a s t u n e d o v e r a 4 8 0 - m V range for i r on ( I I I ) a n d grea ter 
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13. B O T T O M L E Y E T A L . Redox Tuning of Iron Porphyrins 301 

t h a n 170 m V for i ron ( I I ) . S i m i l a r p o t e n t i a l shifts w e r e o b t a i n e d (62, 68) 
for O E P F e , b u t the po t en t i a l s for a g i v e n p y r i d i n e a d d u c t w e r e s h i f t e d 
as a r e s u l t o f p o r p h y r i n b a s i c i t y effects. 

D i a t o m i c L i g a n d E f f ec t s . A x i a l l i g a n d s that possess π - accep to r 
p rope r t i e s h a v e r e c e i v e d c o m p a r a t i v e l y l i m i t e d a t t en t ion f rom e l e c -
t rochemis t s e v e n t h o u g h c a r b o n y l (68-70), n i t r o s y l (71-75), c y a n i d e 
( J ) , d i o x y g e n (76-78), a n d t h i o c a r b o n y l (79,80) c o m p l e x e s h a v e b e e n 
s t u d i e d i n t e n s i v e l y s p e c t r o s c o p i c a l l y . T h i s n e g l e c t is s u r p r i s i n g b e 
cause the o n l y r e q u i s i t e for the s t u d y o f the r e d o x c h e m i s t r y o f i r o n 
p o r p h y r i n s i n the p resence o f gaseous d i a t o m i c s is the c h a n g i n g o f the 
c o m p o s i t i o n o f the a tmosphe re a b o v e the s o l u t i o n . T h e a b i l i t y o f these 
7T-acceptor l i g a n d s to a l ter d r a m a t i c a l l y the energ ies o f m e t a l d -o rb i t a l s 
c a n r e s u l t i n o x i d a t i o n - r e d u c t i o n reac t ions q u i t e d i f ferent f rom co r re 
s p o n d i n g h a l i d e o r n i t r o g e n o u s base c o m p l e x e s . A n o t a b l e e x a m p l e o f 
th is l i g a n d effect was the obse rva t ion (81, 82) tha t c o o r d i n a t i o n o f 
c a r b o n m o n o x i d e c a n c h a n g e the site o f o x i d a t i o n f r o m m e t a l c e n t e r e d 
i n the d i p y r i d i n e c o m p l e x o f r u t h e n i u m ( I I ) t e t r a p h e n y l p o r p h y r i n to a 
r i n g - c e n t e r e d o x i d a t i o n i n the c a r b o n y l c o m p l e x . T h e f o l l o w i n g d i s 
c u s s i o n presents a n o v e r v i e w o f those factors that affect o x i d a t i o n -
r e d u c t i o n p o t e n t i a l s a n d e l e c t r o n transfer m e c h a n i s m s i n π - a c c e p t o r 
c o m p l e x e s o f m e t a l l o p o r p h y r i n s a n d the i m p l i c a t i o n for r e d o x t u n i n g 
i n i r o n sys t ems . 

N i t r o s y l ( N O ) c o m p l e x e s o f i ron( I I ) p o r p h y r i n s a re a m o n g the 
best c h a r a c t e r i z e d a n d m o s t s t ab le o f the d i a t o m i c a d d u c t s . B o t h 
T P P F e N O a n d O E P F e N O are l o w s p i n S = I sys tems that are p e n -
t a e o o r d i n a t e d i n C H 2 C 1 2 . R e v e r s i b l e o n e - e l e c t r o n ox ida t ions a n d re
duc t ions are o b s e r v e d i n c y c l i c v o l t a m m e t r y w i t h a p p r o x i m a t e l y the 
same p o t e n t i a l d i f ferences b e t w e e n the O E P a n d T P P r i n g s as f o u n d 
i n o ther d e r i v a t i v e s (83, 84). S t a b i l i z a t i o n o f the + 2 o x i d a t i o n state b y 
n i t r i c o x i d e is e v i d e n t f r om c o m p a r i s o n w i t h i ron( I I I ) / i ron( I I ) p o t e n 
t ia l s for h a l i d e or d i p y r i d i n e c o m p l e x e s ( T a b l e V I ) . T h i s p r o p e r t y is 
r e f l e c t e d i n the r e l a t i v e ine r tness t o w a r d a i r o x i d a t i o n o f the n i t r o s y l . 
N i t r i c o x i d e a n d t h i o c a r b o n y l c o m p l e x e s h a v e the m o s t p o s i t i v e o x i d a 
t i o n p o t e n t i a l s o f a n y r e p o r t e d ferrous p o r p h y r i n s . 

I r o n c a r b o n y l ( C O ) c o m p l e x e s are o x i d i z e d i r r e v e r s i b l y w h e t h e r 
h e x a c o o r d i n a t e d as i n E t i o F e ( C O ) ( I m ) a n d O E P F e ( C O ) ( p y ) or p e n -
t a c o o r d i n a t e d as i n T P P F e C O . T h e [ F e C O ] + u n i t is t hus c o n s i d e r a b l y 
m o r e l a b i l e t h a n [ F e N O ] + a n d e v e n w e a k l y c o o r d i n a t i n g an ions s u c h 
as C 1 0 4 ~ c a n d i s p l a c e C O . A t - 3 7 ° C a n d scan rates o f 10 V / s , h o w e v e r , 
r e v e r s i b l e o x i d a t i o n - r e d u c t i o n w a v e s are seen a n d the e q u i l i b r i u m 
b e t w e e n the m o n o - a n d d i c a r b o n y l c a n b e d e t e c t e d (84, 85). 

A l t h o u g h a x i a l c o o r d i n a t i o n o f one o f the d i a t o m i c π - a c c e p t o r 
l i g a n d s shifts the i r o n ( I I ) / i ron(I I I ) o x i d a t i o n a n o d i c a l l y f rom 5 0 0 to 
1270 m V , no p a r a l l e l t r ends are appa ren t for r e d u c t i o n o f the d i a t o m i c 
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T a b l e V I . H a l f - W a v e P o t e n t i a l s for O x i d a t i o n a n d R e d u c t i o n o f 
S e v e r a l F e r r o u s P o r p h y r i n C o m p l e x e s w i t h D i a t o m i c M o l e c u l e s , 

i n D i c h l o r o m e t h a n e 

Diatomic T r a n s -
Complex Ligand Ligand Ei/2(ox) Ei/2<red) 

T P P F e N O 0.74a>b - 0 . 9 3 » 
C O — 0 . 6 0 ^ - 1 . 2 2 6 

N O p y 0.54 a * c - 0 . 9 8 » 
C O p y 0 .50° '* — 
C O I m 0 . 3 8 a ' c — 

O E P F e N O — 0.60b'd - 1 . 1 0 » 
C S — 0 . 7 3 d — 
N O p y 0 . 5 7 c ' d — 
C O p y 0 . 4 3 ^ — 
C S p y 0.58* — 
C S N - M e l m 0.52* — 
C S p i p 0 . 5 8 ^ — 

E t i o F e C O I m 0.32°·* — 
Note: All potentials vs. SCE. 
° Taken from Ref. 3. 
b Taken from Refs. 83 and 84. 
c Irreversible reduction. The value presented in the anodic peak potential, Ep,a. 
d Taken from Ref. 79. 
e Taken from Ref. 82. 

c o m p l e x e s . I n the c a r b o n y l a d d u c t , the i ron( I I ) / i ron( I ) p o t e n t i a l is 
s h i f t e d c a t h o d i c a l l y b y 160 m V f rom u n c o m p l e x e d T P P F e ( I I ) , r e f lec t 
i n g a s t a b i l i z a t i o n o f i ron ( I I ) o v e r i ron( I ) . I n the n i t r o s y l adduc t , h o w 
eve r , r e d u c t i o n o c c u r s at - 0 . 9 3 vs . - 1 . 0 7 V for T P P F e ( I I ) a n d - 1 . 5 2 V 
for T P P F e ( p y ) 2 . T h e r e l a t i v e ease o f r e d u c t i o n i n d i c a t e s that not o n l y 
is i ron( I I ) s t a b i l i z e d b y c o o r d i n a t i o n to N O , b u t that w h a t is at leas t 
f o r m a l l y a n i ron( I ) state is s t a b i l i z e d to a n e v e n grea ter extent . T h i s 
b e h a v i o r is h i g h l y u n u s u a l b e c a u s e i ron( I ) p o r p h y r i n s n o r m a l l y d o not 
c o o r d i n a t e a x i a l l i g a n d s . T h i s obse rva t ion is not too s u r p r i s i n g , h o w 
eve r , b e c a u s e o ther rf7-ions [ s u c h as C o ( I I ) ] b i n d n i t r i c o x i d e ex
t r e m e l y w e l l . F u r t h e r efforts to i so la te a n d c h a r a c t e r i z e the [ F e N O ] " 
a n d [ F e C O ] ~ s p e c i e s are n o w i n progress . 

T h e o d d e l e c t r o n i n T P P F e N O is k n o w n f rom e l e c t r o n s p i n reso
n a n c e ( E S R ) to o c c u p y a b o n d i n g o r b i t a l w i t h b o t h Fedz2 a n d σ Ν 

charac te r (71). O c c u p a t i o n o f th is o r b i t a l r e q u i r e s a b e n t F e - N - O 
f ragment to r e m o v e the d e g e n e r a c y o f the l i g a n d 7r*-orbitals a n d 
p r o v i d e an o r b i t a l s u i t a b l e for o v e r l a p w i t h the dz2. T h e F e - N - O b o n d 
a n g l e is a p p r o x i m a t e l y 140° i n s e v e r a l c r y s t a l s t ructures o f i ron( I I ) 
n i t r o s y l s (73, 74). 

R e d u c t i o n o f T P P F e N O s h o u l d p l a c e a s e c o n d e l e c t r o n i n this 
σ - b o n d i n g o r b i t a l , w h i c h w i l l b e d e l o c a l i z e d s u b s t a n t i a l l y onto the 
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13. B O T T O M L E Y E T A L . Redox Tuning of Iron Porphyrins 303 

l i g a n d . E v i d e n c e from c y c l i c v o l t a m m e t r y is cons i s ten t w i t h th is v i e w 
i n tha t n i t r i c o x i d e r e m a i n s b o u n d to the m e t a l a n d [ F e N O ] ~ is 
s t a b i l i z e d r e l a t i v e to T P P F e ( I ) . O x i d a t i o n o f T P P F e N O r e m o v e s the 
s i n g l e u n p a i r e d b o n d i n g e l e c t r o n to g i v e s p i n - p a i r e d [ F e N O ] + , w h i c h 
is i s o e l e c t r o n i c w i t h F e ( I I ) C O . B o t h o f these c o m p l e x e s are l a b i l e a n d 
r e q u i r e a p o s i t i v e p ressure o f N O or C O to ensure c o o r d i n a t i o n i n 
s o l u t i o n . 

T h e c o n s i d e r a b l y greater s t a b i l i t y o f d i a t o m i c m o l e c u l e a d d u c t s 
o f s e c o n d a n d t h i r d r o w t r ans i t ion me ta l s is d u e to e n h a n c e d 
τ τ - b a c k b o n d i n g . M ( I I ) / M ( I I I ) p o t e n t i a l s for r u t h e n i u m a n d o s m i u m 
n i t r o s y l p o r p h y r i n s are a b o u t +1 .0 V a n d the o x i d i z e d p r o d u c t s e v e n 
c a n b e c h r o m a t o g r a p h e d a n d r e c r y s t a l l i z e d i n a i r (79). C y c l i c v o l t a m 
m e t r y o f r u t h e n i u m a n d o s m i u m c a r b o n y l p o r p h y r i n s y i e l d s r e v e r s i b l e , 
o n e - e l e c t r o n ox ida t ions , u n l i k e t h e i r i r o n coun te rpa r t s . T h i o é a r b o n y l 
a d d u c t s o f F e , R u , a n d o s m i u m p o r p h y r i n s are o x i d i z e d r e v e r s i b l y at a 
p l a t i n u m e l e c t r o d e , m a n i f e s t i n g the i n c r e a s e d σ - d o n o r , π - a c c e p t o r 
p rope r t i e s o f C S c o m p a r e d w i t h C O . 

T h e use o f e l e c t r o c h e m i c a l m e a n s to genera te n e w o x i d a t i o n 
states o f d i a t o m i c m o l e c u l e c o m p l e x e s o f m e t a l l o p o r p h y r i n s c a n p r o 
v i d e v a l u a b l e i n s igh t s i n t o s t r u c t u r e - b o n d i n g r e l a t i o n s h i p s . A series 
s u c h as [ F e N O ] + , F e N O , a n d [ F e N O ] " p o r p h y r i n s is u n i q u e l y s u i t e d 
to p r o b i n g the m e t a l - l i g a n d o x i d a t i o n states that l i e b e t w e e n those o f 
the p o r p h y r i n r i n g . 

Tuning of E 1 / 2 

P r e v i o u s a t tempts at d e v e l o p i n g q u a n t i t a t i v e r e l a t i o n s h i p s b e 
t w e e n a g i v e n factor a n d the o b s e r v e d E 1 / 2 h a v e b e e n s o m e w h a t suc
cess fu l , as j u s t d e t a i l e d . T h e r e d o x p o t e n t i a l o f a n e w i r o n p o r p h y r i n 
c a n b e p r e d i c t e d w i t h a r e a s o n a b l e d e g r e e o f a c c u r a c y u s i n g these 
r e l a t i o n s h i p s , i f a n d o n l y i f the e x p e r i m e n t a l c o n d i t i o n s o r i g i n a l l y u s e d 
i n d e v e l o p i n g the m o d e l are m a i n t a i n e d r i g o r o u s l y . T h i s cons t ra in t 
has l i m i t e d use o f these r e l a t i o n s h i p s b e c a u s e often the n e w c o m 
p o u n d canno t b e s t u d i e d u n d e r the p r e s c r i b e d c o n d i t i o n s (e.g., d u e to 
i n s o l u b i l i t y or i n s t a b i l i t y ) . A s e c o n d l i m i t a t i o n is that m o s t r e l a t i o n 
s h i p s d e v e l o p e d here tofore w e r e h i g h l y spec i f i c . R e d o x p o t e n t i a l p r e 
d i c t i o n s for n e w m o l e c u l e s w e r e i n a c c u r a t e b e c a u s e the c o m p l e x d i d 
not b e l o n g to the l i m i t e d class g o v e r n e d b y the m o d e l . F i n a l l y , the 
m o d e l s w e r e c o n s t r u c t e d b a s e d o n the a s s u m p t i o n that t h e i r i n f l u e n c e 
o n E i / 2 was u n r e l a t e d to a l l o ther factors. T h e p r e v i o u s d i s c u s s i o n 
c l e a r l y demons t ra tes the f a l l acy o f th is a p p r o a c h . 

M o d e l s that w o u l d inco rpora t e the in f luences o f a l l s ign i f i can t 
factors a n d t h e i r in te rac t ions on the o b s e r v e d p o t e n t i a l w o u l d b e 
h i g h l y d e s i r a b l e . W e h a v e u n d e r t a k e n the c o n s t r u c t i o n o f s u c h m o d e l s . 
O u r i n i t i a l g o a l is to d e v e l o p 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 i n f l u e n c e 
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304 BIOLOGICAL REDOX COMPONENTS 

o f a x i a l l i g a t i o n , so lven t c o o r d i n a t i o n , a n d p o r p h y r i n r i n g s t ruc tu re o n 
ferrous p o r p h y r i n s . T h i s c h o i c e is b a s e d i n par t o n the b i o l o g i c a l i m 
p l i c a t i o n s o f e l e c t r o n t ransfer reac t ions i n v o l v i n g i ron( I I ) p o r p h y r i n s 
a n d i n par t on the w e a l t h o f i n f o r m a t i o n p r e s e n t l y a v a i l a b l e o n its 
r e d o x c h e m i s t r y . 

A p r e v i o u s s t u d y (62) r e p o r t e d a l i n e a r r e l a t i o n s h i p b e t w e e n the 
pKa o f the n i t r o g e n d o n o r a t o m for s e v e r a l s u b s t i t u t e d p y r i d i n e s 
a x i a l l y l i g a t e d to T P P F e ( I I ) a n d the r e d u c t i o n p o t e n t i a l o b s e r v e d i n 
C H 2 C 1 2 w h i c h w a s 1.0 M i n l i g a n d . T h e l i n e a r leas t -squares best-f i t 
e q u a t i o n w a s 

E 1 / 2 = 0 . 0 2 6 0 ( ρ Κ α ) - 1.38 (13) 

A d d i t i o n a l l y , fo rma t ion constants for a d d i t i o n o f t w o s u c h l i g a n d s w e r e 
c o m p u t e d a n d a lso w e r e r e l a t e d l i n e a r l y to ρ Κ α 

l o g β2 = 0 . 4 4 0 ( ρ Κ α ) + 5.40 (14) 

Inse r t ion o f the la t ter r e l a t i o n s h i p a n d (Ευ2)8 i n t o E q u a t i o n 9 y i e l d s 

( E 1 / 2 ) = - 0 . 0 2 6 0 ( ρ Κ α ) - 0 .118 l o g C L - 1.38 (15) 

T h i s express ion q u a n t i t a t i v e l y d e s c r i b e s the p o t e n t i a l r ange o v e r 
w h i c h the r e d u c t i o n o f T P P F e ( L ) 2 c a n b e t u n e d s i m p l y b y v a r y i n g the 
t y p e o f s u b s t i t u t e d p y r i d i n e a n d its concen t r a t i on . T h e cons t ra in t s o n 
th i s e q u a t i o n are first, that the l i g a n d u s e d m u s t b e a n o n s t e r i c a l l y 
h i n d e r e d s u b s t i t u t e d p y r i d i n e (as w e l l as p i p e r i d i n e or a n i l i n e ) w i t h 
l i m i t e d 77-donor or a c c e p t o r a b i l i t y ; s e c o n d , that the l i g a n d concen t r a 
t i o n r ange m u s t b e b e t w e e n 3 x 1 0 " 3 a n d 3.0 x 1 0 ° M . F i g u r e 5 d e p i c t s 
these r e l a t i o n s h i p s w i t h the " t u n a b l e r e g i o n " c o n t a i n e d i n s i d e the 
d o t t e d p o r t i o n . A c c e s s i b l e p o t e n t i a l s l i e b e t w e e n - 1 . 0 6 [the p o t e n t i a l 
o f the u n c o m p l e x e d T P P F e ( I I ) ] a n d - 1 . 6 3 V [the r e d u c t i o n o f the F e ( I ) 
spec i e s to the r a d i c a l ] . T h i s p l o t s h o w s the l a rge n u m b e r o f l i g a n d - t y p e 
a n d c o n c e n t r a t i o n c o m b i n a t i o n s that m i g h t b e u s e d to o b t a i n a n i r o n 
p o r p h y r i n w i t h a d e s i r e d i ron( I I ) r e d u c t i o n p o t e n t i a l . 

F o r e x a m p l e , s u p p o s e a n i ron ( I I ) p o r p h y r i n c o m p l e x that has a 
r e d u c t i o n p o t e n t i a l o f - 1 . 4 0 V is d e s i r e d . T h e i s o p o t e n t i a l l i n e seg
m e n t l a b e l e d - 1 . 4 0 i n F i g u r e 5 re la tes a l l p o s s i b l e l i g a n d ρ Κ α v a l u e s 
a n d b u l k l i g a n d concen t ra t ions that w i l l p r o d u c e a n i ron ( I I ) c o m p l e x 
e l e c t r o r e d u c i b l e i n C H 2 C 1 2 at a p l a t i n u m e l e c t r o d e at - 1 . 4 0 V . T h i s 
c o n d i t i o n c a n b e a c h i e v e d b y m a k i n g a 1.0 m M T P P F e s o l u t i o n 0 .632 
M i n 3 - b r o m o p y r i d i n e (pKa = 2 . 8 4 ) , 0 .102 M i n p y r i d i n e (pKa = 5 .28) , 
or 0 .011 M i n 4 - ( d i m e t h y l a m i n o ) p y r i d i n e (ρΚα = 9 .71) . 

E x p a n s i o n o f th is m o d e l to i n c l u d e the i n f l u e n c e o f changes i n 
p o r p h y r i n r i n g b a s i c i t y on the o b s e r v e d r e d u c t i o n p o t e n t i a l is a c c o m -
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Figure 5. Plot depicting the tunable potential range for electroreduc-
tion of TPPFe(L)2 in CH2Cl2 as a function of the type of substituted 
pyridine as measured by its p K a value and its bulk concentration. 
Numbered line segments correspond to p K a , log CL combinations, 

which result in the indicated potential. 

p l i s h e d i n a s t r a i gh t fo rwa rd f a sh ion . P r e v i o u s s tud ies o n p o r p h y r i n 
s u b s t i t u e n t effects s h o w e d that the f o l l o w i n g e q u a t i o n c a n b e u s e d to 
p r e d i c t the p o t e n t i a l o f ( p - R ) T P P F e r e d u c t i o n i n C H 2 C 1 2 : 

£ 1 / 2 r = 0 . 0 6 8 ( 4 σ ) + E 1 / 2 h (16) 

I n c o r p o r a t i o n o f th is r e l a t i o n s h i p i n t o the m o d e l y i e l d s 

£I/2R.C = 0 . 0 6 8 ( 4 σ ) - 0 . 0 2 6 0 ( ρ Κ α ) - 0 .118 l o g C L - 1.38 (17) 

w h e r e E i /2 R i C denotes the h a l f - w a v e p o t e n t i a l for r e d u c t i o n o f the 
a x i a l l y c o m p l e x e d , p h e n y l ring s u b s t i t u t e d T P P F e ( I I ) c o m p l e x . T h e 
cons t ra in t s i m p o s e d o n th is m o d e l are i d e n t i c a l to those p r e v i o u s l y 
e n c o u n t e r e d a n d a s s u m e that changes i n p o r p h y r i n b a s i c i t y i m p a c t s 
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306 BIOLOGICAL REDOX COMPONENTS 

Ε112 a n d the fo rma t ion o f a x i a l a d d u c t s e q u a l l y . F i g u r e s 6 a n d 7 d e p i c t 
t w o representa t ions o f E q u a t i o n 17. I n F i g u r e 6, the t u n a b l e r e g i o n is 
s h o w n o v e r w h i c h the p o t e n t i a l for r e d u c t i o n o f ( p - R ) T P P F e ( p y ) 2 c a n 
b e v a r i e d b y a p p r o p r i a t e s e l e c t i o n o f p h e n y l r i n g subs t i t uen t a n d b u l k 
p y r i d i n e concen t r a t i on . F i g u r e 7 d e p i c t s the t u n a b l e r e g i o n o v e r 
w h i c h the p o t e n t i a l for r e d u c t i o n o f ( p - R ) T P P F e ( L ) 2 c a n b e v a r i e d at 
a l i g a n d c o n c e n t r a t i o n o f 1.0 M b y a p p r o p r i a t e s e l e c t i o n o f p h e n y l 
r i n g subs t i t uen t a n d t y p e o f l i g a n d . 

Summary 
T h e resu l t s p r e s e n t e d i n this c h a p t e r s h o w that h a l f - w a v e p o t e n 

t i a l s for T P P F e X r e d u c t i o n d e p e n d o n the na tu re o f the c o u n t e r i o n , the 
p o r p h y r i n r i n g s t ruc tu re , the p re sence o f c o o r d i n a t i n g l i g a n d s , a n d the 
d o n i c i t y o f the so lven t . T h e t y p e o f c o u n t e r i o n assoc ia ted w i t h i ron ( I I I ) 
a n d i ron( I I ) is the mos t p r e d o m i n a n t factor g o v e r n i n g the t y p e o f e l e c -

I ι ι ι 1 1 

-3.0 -2.0 -1.0 0.0 

L O G CL 

Figure 6. Plot depicting the tunable potential range for electroreduc-
tion of (p-R)TPPFe(py)2 in CH2Cl2 as a function of the phenyl ring 
substituent, R (as measured by the Hammett σ-value) and the bulk 
concentration of pyridine. Numbered line segments correspond to the 
substituent constant (σ), log CL combinations, which result in the 

indicated potentials. 
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-1.0 0.0 1.0 2 .0 3.0 

Figure 7. Plot of the tunable potential range for electr or eduction of 
(p-R)TPPFe(L)2 in CH2Cl2 as a function of the type of substituted 
pyridine (as measured by its pKJ and the phenyl ring substituent 
(as measured by the Hammett σ-value) at a bulk ligand concentration 
of 1.0 M . Numbered line segments correspond to the ligand p K a , 
substituent constant combinations, which result in the indicated 

potentials. 

t ron t ransfer m e c h a n i s m o b s e r v e d for e l e c t r o r e d u c t i o n o f i r o n p o r p h y 
r ins (44). I n a n o n b o n d i n g so lven t , the r e d o x p o t e n t i a l o f the i ron ( I I I ) / 
i ron ( I I ) c o u p l e c a n b e t u n e d o v e r a 7 2 0 - m V p o t e n t i a l r ange b y a p p r o 
p r i a t e s e l e c t i o n o f the i ron ( I I I ) c o u n t e r i o n . T h i s r ange , as w e l l as the 
s t o i c h i o m e t r y o f b o t h the e l e c t r o d e reac tant a n d p r o d u c t , c a n b e m o d 
i f i e d b y c h a n g i n g the s o l v e n t i n w h i c h the r e d o x reac t ions are c a r r i e d 
out . C o m p l e x a t i o n b y an ions or n i t r o g e n o u s bases p r o d u c e s a 1 4 0 0 - m V 
t u n a b l e p o t e n t i a l r ange b y m o d i f i c a t i o n o f the e l e c t r o d e reactant a n d 
p r o d u c t . 

F o r 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 i n f l u e n c e o f e a c h factor, the 
e l e c t r o d e m e c h a n i s m m u s t b e d e f i n e d c l e a r l y i n e a c h so lven t . A g e n 
e ra l r e d o x m e c h a n i s m , w h i c h s h o w s a l l o b s e r v e d c o u n t e r i o n a n d s o l 
v e n t assoc ia t ion to i r on ( I I I ) a n d i ron ( I I ) , is d e p i c t e d i n F i g u r e 8 w h e r e 
L denotes e i the r a n i t r o g e n o u s base or s o l v e n t m o l e c u l e . I n so lven t s o f 
dono r n u m b e r less t h a n 12, the e l e c t r o d e reac tant is T P P F e X , w h i c h 
m a y b e r e d u c e d to e i the r [ T P P F e X ] " or T P P F e d e p e n d i n g o n the 
na tu re o f X . I n so lven t s w i t h d o n o r n u m b e r b e t w e e n 12 a n d 2 9 , the 
p r o d u c t is [ T P P F e X ] " , T P P F e L , or [ T P P F e X ( L ) ] ~ . T h e s e p r o d u c t s 
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308 BIOLOGICAL REDOX COMPONENTS 

ι 
Fe 

Figure 8. Schematic of electron transfer pathways for electroreduc-
tion ofFe(III) porphyrin. 

may be transient intermediates depending on the nature of X and can 
convert to TPPFe(L) as the ultimate product. In solvents with a donor 
number greater than 29 (such as py) disolvent adducts as well as the 
mixed ligand adducts are formed for both the reactant and product. 
In D M S O , when the counterion is F~, the electrode reactant is 
[TPPFeX 2]". This species can be reduced to [TPPFeX]" and ulti
mately to [TPPFe]". In the presence of nitrogenous bases, anion and 
solvent molecules may be displaced yielding monoadducts and diad-
ducts for both iron(II) and iron(III). In all cases (except perhaps NO), 
electroreduction of ferrous porphyrins yielded the tetracoordinated 
iron(I) anion. More specific details are described elsewhere (44, 49). 

Ultimately, we seek to characterize, predict, and control synthetic 
metalloporphyrin reactivity. The successful redox tuning of iron(II) 
porphyrin potentials encourages us to pursue expansion of our model 
to include additional redox factors. Current efforts are being directed 
toward modeling the reactions of ferric porphyrins as well as other 
first-row transition metalloporphyrins. 
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14 
Electrochemistry of Protoporphyrin 
IX Compared to Synthetic Models 

KAREY L. H O L L A N D 1 and JOSEPH JORDAN 

Pennsylvania State University, Department of Chemistry, University 
Park, PA 16802 

Normal pulse polarography and cyclic voltammetry of 
the free base protoporphyrin IX (PP) yielded well
-defined reduction waves in aqueous solutions in the 
presence of tetramethylammonium hydroxide. Elec
troreduction occurred in three discrete steps, which were 
each coulometrically identified as two-electron trans
fers. Each step was characterized as an EC'-type mecha
nism, with proton transfer as the rate-determining reac
tion. All reduction sites on PP were methine bridges 
yielding, successively, phlorin, porphomethene, and por
phyrinogen structures. Remarkably, these products are 
entirely analogous to the electroreduction products of 
porphyrin c and differ significantly from the chlorin-type 
products obtained from Collman's picket fence porphy
rin. The picket fence porphyrin is a vital component of a 
synthetic myoglobin model, but undergoes electroreduc
tion at different acceptor sites, viz., at pyrrolic double 
bonds. 

h e e l e c t r o n transfer k i n e t i c s o f c y t o c h r o m e c are r e m a r k a b l y fast: 
the rate cons tant o f c e l l u l a r r e s p i r a t i o n is o n the o r d e r o f 10 7 to 

1 0 9 L / m o l · s ( I ) a n d the rate o f the cross r e a c t i o n 

f e r r o c y t o c h r o m e c 4- F e ( C N ) i ~ = f e r r i c y t o c h r o m e c + F e ( C N ) e ~ (1) 

is c o m p a r a b l e (k = 1 0 7 L / m o l · s) (2, 3). O n the other h a n d , the a n a l o 
gous r eac t ion o f h e m o g l o b i n : 

h e m o g l o b i n + F e ( C N ) i " = m e t h e m o g l o b i n + F e ( C N ) J " (2) 

1 Current address : International Business Machines, Inc., General Technology Divi
sion, Essex Junction, VT 05452 

0065-2393/82/0201-0313$06.00/0 
© 1982 Amer ican C h e m i c a l Society 
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314 BIOLOGICAL REDOX COMPONENTS 

is th ree orders o f m a g n i t u d e s l o w e r (4). T h e v i e w is w i d e s p r e a d that 
the e l e c t r o n transfer, w h i c h conver t s the c e n t r a l i r o n a t o m f rom the 
d i v a l e n t to the t r i v a l e n t (formal) o x i d a t i o n state v i a Reac t ions 1 a n d 2, 
o c c u r s t h r o u g h the p l a n e o f the e q u a t o r i a l p o r p h y r i n l i g a n d s o f the 
p r o s t h e t i c g r o u p s (5). I n th i s context , the e l e c t r o o x i d a t i o n - r e d u c t i o n 
p rope r t i e s o f p o r p h y r i n s are o f o b v i o u s r e l e v a n c e . I n a p r e v i o u s s t u d y 
(6, 7) , w e r e p o r t e d that the e l e c t r o r e d u c t i o n o f p o r p h y r i n c p r o c e e d e d 
v i a a n E C m e c h a n i s m i n v o l v i n g a t w o - e l e c t r o n transfer f o l l o w e d b y 
p ro tona t i on . T h e p r o d u c t was a p h l o r i n , I , that is , the r e d u c t i v e at tack 
o c c u r r e d at a m e t h i n e b r i d g e . A t m o r e n e g a t i v e po ten t i a l s , the s ame 
e l e c t r o r e d u c t i v e pa t t e rn r e c u r r e d i m p l i c a t i n g success ive m e t h i n e 
b r i d g e s y i e l d i n g , i n t u r n , a p o r p h o m e t h e n e , I I , a n d a p o r p h y r i n o g e n , 
I I I . T h i s t y p e o f b e h a v i o r , that is , e l e c t r o r e d u c t i v e at tack at m e t h i n e 
b r i d g e pos i t ions , is c o m m o n to n u m e r o u s p o r p h y r i n s (8-12) a n d w a s 
i n f e r r e d (9) , b y a n a l o g y , for p r o t o p o r p h y r i n I X (the p r o s t h e t i c g r o u p o f 
h e m o g l o b i n a n d m y o g l o b i n ) . O n the o ther h a n d , i n c h e m i c a l r e d u c 
t ions o f p o r p h y r i n s (13) the i n i t i a l e l e c t r o n accep to r si te is a p y r r o l e 
d o u b l e b o n d (rather t h a n a m e t h i n e b r i d g e ) , a n d the p r o d u c t is a c h l o -
rin, I V , (rather t h a n a p h l o r i n ) . R e m a r k a b l y , r ecen t s tud ies (12 , 14) 
r e v e a l e d that C o l l m a n ' s p i c k e t fence p o r p h y r i n (15) [ t e t ra (a ,a ,a ,a -o-

I ( p h l o r i n ) Π ( p o r p h o m e t h e n e ) 

I I I ( p o r p h y r i n o g e n ) I V ( c h l o r i n ) 
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14. HOLLAND AND JORDAN Protoporphyrin IX 315 

p o r p h i n 

p r o t o p o r p h y r i n : 1,3,5,8 C H 3 ; 2 ,4 C H = C H 2 ; 6,7 C H 2 C H 2 C O O H 

p o r p h y r i n c: 1,3,5,8 C H 3 ; 2,4 C H ( C H 3 ) S C H 2 C H ( N H 2 ) C O O H ; 6,7 
C H 2 C H 2 C O O H 

h e m a t o p o r p h y r i n : 1,3,5,8 C H 3 ; 2,4 C H 2 C H 2 O H ; 6,7 C H 2 C H 2 C O O H 

p i c k e t fence p o r p h y r i n : t e t r a ( a , a , a , a - o - p i v a l a m i d o p h e n y l ) p o r p h i n 

p i v a l a m i d o p h e n y l ) p o r p h i n ] , w h i c h is the e q u a t o r i a l l i g a n d o f i r o n 
i n a s y n t h e t i c m y o g l o b i n m o d e l , w a s e x c e p t i o n a l i n that i t y i e l d e d a 
c h l o r i n b y e l e c t r o r e d u c t i o n ( v i a an E C E m e c h a n i s m d e s c r i b e d e l se 
w h e r e ) . T h i s u n e x p e c t e d finding suggests that the e l e c t r o r e d u c t i o n 
o f p r o t o p o r p h y r i n m a y p r o c e e d b y a m e c h a n i s m a n a l o g o u s to that 
o f the p i c k e t fence p o r p h y r i n ( y i e l d i n g a c h l o r i n ) . A l t e r n a t i v e l y , 
p r o t o p o r p h y r i n m a y p r o d u c e a p h l o r i n i n a m a n n e r s i m i l a r to the 
t y p i c a l b e h a v i o r o f m o s t o ther p o r p h y r i n s . S u r p r i s i n g l y , no d e f i n i 
t i v e v o l t a m m e t r i c i n v e s t i g a t i o n o f the p r o t o p o r p h y r i n free base has 
b e e n r e p o r t e d i n a q u e o u s s o l u t i o n to date , a l t h o u g h the a q u e o u s p r o 
t o p o r p h y r i n d i a c i d w a s the sub jec t o f one p a p e r (16). T h e k i n e t i c s a n d 
m e c h a n i s m s o f e l e c t r o r e d u c t i o n o f the a q u e o u s p r o t o p o r p h y r i n free 
base , as r e v e a l e d t h r o u g h p o l a r o g r a p h y , c y c l i c v o l t a m m e t r y , a n d 
c o u l o m e t r y , are r e p o r t e d a n d d i s c u s s e d i n th is chap te r . 

Experimental 
General . A l l potentials reported in this chapter were referred to the 

aqueous saturated calomel reference electrode, whose potential is +0.2412 V 
vs. the normal hydrogen electrode ( N H E ) at 25°C. The sign convention of the 
International U n i o n of Pure and A p p l i e d Chemist ry ( I U P A C ) is used through
out, that is, the more anodic (oxidizing) a potential, the more posit ive the 
assignment. A l l current values reported were corrected for residual current. 
Uncompensated IR drops were negl ig ible under the experimental conditions. 
Numer ica l assignments for electrochemical rate parameters are "apparent val 
ues," that is, they were not corrected for double layer effects (even though 
these may have been appreciable due to specific adsorption). Precision is ex
pressed as the standard deviation of the mean [s/(n)112]. 
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316 BIOLOGICAL REDOX COMPONENTS 

Chemicals . Protoporphyrin I X disodium salt, obtained from I C N Bio 
chemical , was converted to the free acid by ether extraction (17) and crystal
l i z e d by solvent evaporation. Puri ty was ascertained by spectrophotometry 
and by elemental analysis (Schwartzkopf Analyt ical) . Tetramethylammonium 
hydroxide ( T M A H ) ( 1 M ) was purchased from Southwestern Analy t ica l C h e m 
icals, Inc. A l l water was deionized and tr iply d is t i l led . 

Instrumentation. The reference half-cell was an aqueous saturated 
calomel electrode ( S C E ) . The work ing electrode used for pulse polarography 
was a conventional dropping mercury electrode ( D M E ) , equ ipped w i t h a drop 
knocker M o d e l 172 [supplied by E G & G Princeton A p p l i e d Research Corp. 
(PAR)]. A stirred mercury pool was employed for coulometry and a Kemula 's 
hanging drop mercury electrode ( H D M E ) (Metrohm M o d e l B M 5 - 0 3 , distrib
uted by Br inkmann Instruments Inc.) was employed for cyc l ic voltammetry. 
Aux i l i a ry electrodes were mercury pools for polarography and cyc l ic voltam
metry and pla t inum gauze for coulometry. C y c l i c voltammetry and polarog
raphy were performed i n a 15-ml water-jacketed c e l l ; water circulat ing 
through the water jacket was thermostated at (25.0 ± 0.1)°C. Normal pulse 
polarography (drop t ime, 0.5 s; pulse wid th , 57 ms; current sampling t ime, 17 
ms, mercury flow rate, 2.3 mg/s) was performed on P A R Mode l s 170 and 174 
Elect rochemical Systems. The P A R M o d e l 170 also was u t i l i zed for cyc l ic 
voltammetry, and data acquisition at h igh scan rates was expedited by a 
minicomputer . Coulomet r ic experiments were carried out on both the P A R 
M o d e l 170 and a Wenking potentiostat (supplied by Br inkmann Instruments, 
Inc.) i n combination wi th a P A R M o d e l 379 coulometer and a P A R 175 univer
sal programmer. V i s ib l e spectra were obtained on a Gary M o d e l 118 (Varian 
Associates) as w e l l as a Hewle t t -Packard M o d e l 8450A Spectrophotometer 
(Hewle t t -Packard Co.) . 

Results 

P r o t o p o r p h y r i n I X ( P P ) is a n a m p h o t e r i c m o l e c u l e , s o l u b l e o n l y i n 
a c i d i c m e d i a (as the d i ca t i on ) o r b a s i c m e d i a (whe re the p r o p i o n a t e 
g roups are not p ro tona ted ) . T o s t u d y the e l e c t r o r e d u c t i o n o f the p r o 
t o p o r p h y r i n free base i n a n a q u e o u s e n v i r o n m e n t , a s t rong a l k a l i (0.5 
M T M A H ) was e m p l o y e d as the s u p p o r t i n g e l e c t r o l y t e . T h e s t a b i l i t y 
o f P P i n a q u e o u s T M A H w a s a s c e r t a 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 : P P 
was s tab le for at leas t 2 0 days . 

P o l a r o g r a p h y . C o n v e n t i o n a l p o l a r o g r a p h y ( u s i n g d r o p t i m e s o f 
2 - 4 s) o f P P r e v e a l e d th ree r e d u c t i o n w a v e s , o n l y the m o s t p o s i t i v e 
( anod ic ) b e i n g w e l l - d e f i n e d . O n the o the r h a n d , n o r m a l p u l s e p o l a r o g 
r a p h y u s i n g d rops k n o c k e d off at t = 0.5 s, p r o d u c e d th ree w e l l -
d e f i n e d w a v e s , p r e s u m a b l y b e c a u s e a d s o r p t i o n was m i n i m i z e d . T h e 
w a v e s are s h o w n i n F i g u r e 1 a n d are d e s i g n a t e d as W a v e s Χ , Ύ, a n d Z . 

T h e l i m i t i n g cu r ren t s o f W a v e s X , Y , a n d Ζ w e r e p r o p o r t i o n a l to 
concen t r a t i on i n the range o f 10" 4 to 10~ 2 M P P a n d iJC (whe re id is 
the d i f fus ion l i m i t e d c u r r e n t a n d C is the b u l k concen t ra t ion) w a s ap
p r o x i m a t e l y 1.5 μ Α / m m o l / L . S t u d i e s o f the l i m i t i n g cu r ren t s as a func
t i o n o f m e r c u r y c o l u m n h e i g h t (h, a p p r o p r i a t e l y c o r r e c t e d for b a c k 
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Potential (Vol t ) 

Figure 1. Normal pulse polarograms of 9.1 x 10^* M protoporphyrin. 
Supporting electrolytes: pH 13.3, 0.5 m aqueous TMAH; pH 12.4, mix
ture of TMAH + TMACl. Curves shifted arbitrarily along ordinate axis. 

pressure) s u b s t a n t i a t e d d i f fus ion as the p r e d o m i n a n t c o n t r o l m e c h a 
n i s m . A s l i g h t effect o f adso rp t ion w a s apparen t : the s lope o f the l o g -
l o g p l o t o f id vs. h was 0 .55 , w h i c h c o m p a r e d to 0 .50 for p u r e d i f fus ion 
c o n t r o l . T o assess w h e t h e r N e r n s t i a n r e v e r s i b i l i t y p r e v a i l e d a n d to 
es t ima te the n u m b e r o f F a r a d a y s t r ans fe r red p e r m o l e o f P P (i .e . , the 
η - v a l u e ) , the n o r m a l p u l s e p o l a r o g r a m s w e r e s u b j e c t e d to c o n v e n 
t i o n a l w a v e ana ly s i s . L o g [i/(id ~ 0 ] w a s p l o t t e d v s . p o t e n t i a l i n accor
d a n c e w i t h the e q u a t i o n 

T h e r e l e v a n t p lo t s for W a v e s X a n d Y are s h o w n i n F i g u r e 2 , w h e r e 

s ( s I o p e ) - d l o g [ < A < , - 0 ] 

( A n a l y s i s o f the a n a l y t i c a l g e o m e t r y o f W a v e Ζ w a s not a t t e m p t e d d u e 
to its p r o x i m i t y to the s o l u t i o n d e c o m p o s i t i o n po ten t i a l . ) A s is appar 
en t f r o m F i g u r e 2 , the w a v e ana lys i s p l o t o f W a v e X w a s not l i n e a r : 
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318 BIOLOGICAL REDOX COMPONENTS 

L o g ( i / i d - i ) 

Figure 2. Wave analysis plots. Waves X and Y identified in Figure 1. 

the initial slope was 0.029 V and the final slope was larger, which is 
consistent with a so-called quasi-reversible electroreduction where 
nx = 2. The wave analysis plot of Wave Y was rectilinear with a slope 
of 0.067 V, which is consistent with a totally irreversible two-electron 
transfer and ot = 0.4. 

Using η = 2, the diffusion coefficient, D 0 , of PP was computed 
from the appropriate normal pulse polarographic limiting current 
equation (18). 

id = 4.6 x 10 4nCDl, / 2m 2 / 3iu 6i8- 1 / 3(l + β/3) where β = j ^ T (4) 

where id is the diffusion limited current in microamperes; C is the 
millimolar bulk concentration; m is the flow rate of mercury; tm is the 
time elapsed between the start of the potential pulse application and 
the start of current sampling; tp is the time of growth of the mercury 
drop before the pulse is applied; and D 0 , £, and m are expressed in cgs 
units. A value of D 0 = (1.3 ± 0.1) x 10"6 cm2/s was obtained. This 
value was in good agreement with D 0 = 1.4 x 10~6 cm2/s estimated 
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f rom a c o n v e n t i o n a l p o l a r o g r a m o f the first w a v e o f P P u s i n g the 
c l a s s i c a l I l k o v i c E q u a t i o n . 

Coulometry and Spectroscopy. T o v e r i f y c o n c l u s i v e l y the n u m 
b e r o f e l ec t rons i n v o l v e d i n the e l e c t r o r e d u c t i o n reac t ions , w h i c h ac
c o u n t for W a v e s X a n d Y , c o u l o m e t r y w a s p e r f o r m e d at c o n t r o l l e d 
p o t e n t i a l s c o r r e s p o n d i n g to the p l a t e a u r e g i o n o f e a c h w a v e . T h e find
i n g s are s u m m a r i z e d i n T a b l e I . It e a s i l y is d e d u c e d f rom the da ta i n 
the t a b l e that nx = nY = 2 , w h i c h is cons is ten t w i t h the resu l t s o f the 
w a v e ana lys i s p l o t s . W e a lso ass ign n z = 2 , b e c a u s e idtX, i d , y , a n d idtZ 

w e r e e q u a l i n a n y g i v e n s o l u t i o n . T h e spec t r a o f the r e d u c t i o n p r o d 
ucts , w h i c h c o r r e s p o n d to W a v e s X , Y a n d Z , are s h o w n i n F i g u r e 3 . A 
c o m p a r i s o n w i t h au then t i c spec t r a o f a n a l o g o u s c o m p o u n d s (19) ( i .e . , 
o f o ther p o r p h y r i n s , c o r r e s p o n d i n g p h l o r i n s , p o r p h o m e t h e n e s , a n d 
p o r p h y r i n o g e n s ) , o b t a i n e d i n a q u e o u s s o l u t i o n at p H > 9, makes i t 
appa ren t that the r e d u c t i o n p r o d u c t o f W a v e X h a d a p h l o r i n s t ruc tu re . 
T h e ra t io , R, i n the Soret b a n d r e g i o n b e t w e e n the e x t i n c t i o n coeff i
c i e n t o f the p h l o r i n a n d the pa ren t p o r p h y r i n is o f p a r t i c u l a r in teres t , as 
i l l u s t r a t e d : 

T h e exact p o s i t i o n o f the p h l o r i n peaks is a func t ion o f p H , so lven t , a n d 
o ther t h i n g s (8, 19). H o w e v e r , i n a n y g i v e n so lven t the d r a m a t i c d e 
crease o f the Sore t b a n d ( fou r fo ld , R = 0.25!) is i n d i c a t i v e o f r e d u c t i o n 
h a v i n g o c c u r r e d at a m e t h i n e b r i d g e . A p e a k at l o n g e r w a v e l e n g t h , 

Wavelength of Phlorin R (at Wavelength 
Peak (nm) of First Column) 

F i g u r e 3 
R e f e r e n c e 19 

4 0 0 0 .25 
4 4 0 0 .25 

Table I. Coulometric Data 

Potential0 Micromoles PPb Q (coulombs) η (F/mol) 

W a v e X , - 1.35 V 1.19 
4 .22 
2.31 
5.05 
8.60 

2 .16 x 10" 2 1.88 
8.59 x H T 2 2 .11 
4.46 x 10" 2 2 .00 
9.90 x 10~ 2 2 .04 
1.75 x 10" 2 2 .10 

A v e r a g e nx = 2.0 ± 0 . 1 
W a v e Y , - 1 . 6 V 10.0 

5.0 
5.0 

37 .1 x 10" 2 3 .80 
20.1 x H T 2 4 .16 
19.2 x 10" 2 3.98 

A v e r a g e (nx + nY) = 4 .0 ± 0.2 
0 Selected to correspond to diffusion current plateau. 
6 In 5 mL of solution. 
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14. HOLLAND AND JORDAN Protoporphyrin IX 
321 

l i k e w i s e d e p e n d e n t o n s o l v e n t a n d p H , a l so subs tan t ia tes the fo rma
t i o n o f a p h l o r i n ( v i z . , F i g u r e 3: 648 n m ; R e f . 19: 645 n m ) . T h e s p e c t r a 
o f the p r o d u c t s c o r r e s p o n d i n g to W a v e s Y a n d Ζ w e r e cha rac t e r i s t i c o f 
p o r p h o m e t h e n e a n d p o r p h y r i n o g e n s t ruc tures , r e s p e c t i v e l y . 

C y c l i c V o l t a m m e t r y . T h e k i n e t i c s a n d m e c h a n i s m s o f e l e c 
t r o r e d u c t i o n o f the free base p r o t o p o r p h y r i n i n a q u e o u s T M A H w e r e 
i n v e s t i g a t e d b y c y c l i c v o l t a m m e t r y at s c a n rates v a r y i n g b e t w e e n 0.02 
a n d 500 V / s . C y c l i c v o l t a m m o g r a m s , w i t h a s w i t c h i n g p o t e n t i a l , Ε λ , o f 
- 1 . 9 V , y i e l d e d th ree c a t h o d i c p e a k s ( i l l u s t r a t e d i n F i g u r e 4): P e a k s XC 

a n d Y c ( c o r r e s p o n d i n g to W a v e s X a n d Y o f F i g u r e 1) a n d a n a d s o r p t i o n 
p r e p e a k . A t s c a n rates less t h a n 0.2 V / s , n o a n o d i c p e a k s w e r e o b 
s e r v e d . H o w e v e r , at scan rates faster t h a n 0.2 V / s , t w o a n o d i c peaks , X A 

a n d Υά, a p p e a r e d . F i g u r e 4 s h o w s that P e a k s XC a n d XA are g e n u i n e 
r e d o x coun te rpa r t s , s epa ra ted b y 0.03 V . O n the o ther h a n d , P e a k s Y c 

a n d Y a are s epa ra t ed b y a l m o s t 1 V . R e l a t e d p e a k pa i r s are e x a m i n e d 
i n d e t a i l b e l o w . 

PEAKS XC A N D X 0 . T h e m o r e n e g a t i v e (ca thodic ) o f the t w o a n o d i c 
p e a k s , P e a k X A , was i d e n t i f i e d as the d i r e c t c o u n t e r p a r t o f P e a k X C 

b e c a u s e i t w a s o b s e r v e d e v e n w h e n Ε λ w a s - 1 . 4 V ( i .e . , 0.1 V m o r e 
p o s i t i v e t h a n P e a k Y c ) . T h e d i a g n o s t i c c r i t e r i a o f S h a i n a n d c o w o r k e r s 
(20, 21 ) w e r e a p p l i e d to P e a k s X C a n d XA ( u s i n g Ε λ = - 1 . 4 V ) to e l u c i 
da te t he r e d u c t i o n m e c h a n i s m s . R e l e v a n t p lo t s a re s h o w n i n F i g u r e 
5. T h e p l o t o f the ra t io b e t w e e n a n o d i c a n d c a t h o d i c p e a k cur ren t s v s . 
s c a n rate (top c u r v e i n F i g u r e 5) s ubs t an t i a t ed (20) that the e l e c 
t r o r e d u c t i o n m e c h a n i s m was E C . T h e r e l a t i o n s h i p o f the c u r r e n t func
t i o n (ip,c/v112) to scan rate is r e v e a l e d i n the b o t t o m c u r v e o f F i g u r e 5. 
T h e r a p i d i nc r ea se i n the c u r r e n t f u n c t i o n at s can rates greater t h a n 2 
v/s was c a u s e d b y w e a k a d s o r p t i o n effects (21) a n d r e n d e r e d the d i a g 
n o s t i c p l o t i n c o n c l u s i v e . T h e s e a d s o r p t i o n effects a l so a c c o u n t for the 
p o o r l y d e f i n e d c l a s s i c a l p o l a r o g r a m s m e n t i o n e d e a r l i e r . 

T o d e t e r m i n e the rate o f t he C ( i r r e v e r s i b l e c h e m i c a l ) r e a c t i o n , 
the ra t io o f a n o d i c to c a t h o d i c p e a k cu r r en t s (iP,a/ip,c) was p l o t t e d , as 
s h o w n i n F i g u r e 6, as a f u n c t i o n o f the l e n g t h o f t i m e , r , r e q u i r e d to 
s c a n f rom E m to Ε λ ; τ is i n v e r s e l y p r o p o r t i o n a l to the scan rate. T h e 
ra t io ip,a /iPtC is a func t i on o f l o g kfr, w h e r e fc/is the f o r w a r d rate cons tan t 
o f r e ac t i on C . T h e rate cons tan t kf was c a l c u l a t e d ( u s i n g the da ta i n 
F i g u r e 6) b y a k n o w n m e t h o d (20). T h e da ta o b t a i n e d are l i s t e d i n 
T a b l e I I , y i e l d i n g 

fc/=(1.3±0.1)s-1 (5) 

a s s u m i n g pseudo- f i r s t -o rder k i n e t i c s . 
A t s can rates l a rge r t h a n 0.5 V / s , the p o t e n t i a l separa t ion , Δ Ε , 

b e t w e e n P e a k s X C a n d X A c a n b e m e a s u r e d , a n d Δ Ε is p l o t t e d vs . s can 
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14. HOLLAND AND JORDAN Protoporphyrin IX 
323 

S c a n Ra te (V/s) 

Figure 5. Experimental diagnostic plots (20) for Peaks X<. and X a 

(identified in Figure 4) based on cyclic voltammograms of ΙΟ'3 M pro
toporphyrin in 0.5 Μ Τ M AH. Switching potential: —1.4 V. Mechanisms 

identified as in Refs. 20 and 21. 

Figure 6. Experimentally determined ratio of anodic and cathodic 
peak currents of peaks X c and X a plotted vs. the time, τ, required to 

scan from Em to EK. Plot based on Refi 20. 
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324 BIOLOGICAL REDOX COMPONENTS 

T a b l e I I . E v a l u a t i o n o f the R a t e C o n s t a n t for the C C o m p o n e n t 
i n the E C S e q u e n c e o f P e a k s X c a n d X a 

ν (V/s) Τ (8) ip, a/ ip,c k f r k f (s-1) 

0.5 0 .430 0 .625 0.55 1.3 
1.0 0 .215 0 .769 0 .29 1.3 
2.0 0 .083 0 .909 0.11 1.3 
5.0 0 .043 0 .952 0 .059 1.2 

A v e r a g e = 1.3 ± 0.1 

Note: Calculations based on Ref. 21 and data plotted in Figure 6, where the 
variable τ is defined. 

rate i n F i g u r e 7. A t s can rates b e t w e e n 0.5 a n d 2 0 V / s the p o t e n t i a l 
separa t ion b e t w e e n P e a k s X c a n d X a w a s 0 .028 V , cons i s ten t w i t h a 
d i f f u s i o n - c o n t r o l l e d t w o - e l e c t r o n t ransfer process . A t s c a n rates grea ter 
t h a n 2 0 V / s , the p e a k p o t e n t i a l separa t ion i n c r e a s e d d u e to c o n t r o l b y 
e l e c t r o n t ransfer k i n e t i c s , as d o c u m e n t e d i n F i g u r e 7. F r o m the r e l e 
v a n t data , the s t a n d a r d e l e c t r o c h e m i c a l rate cons tan t o f the co r re 
s p o n d i n g t w o - e l e c t r o n t ransfer process was c a l c u l a t e d u s i n g the 
m e t h o d d e v e l o p e d b y N i c h o l s o n (22) . R e s u l t s are s h o w n i n T a b l e I I I , 
y i e l d i n g a n a s s i g n m e n t o f ks = 3 x 10~ 2 cm/s e f fec t ive at Ε = - 1 . 2 4 8 
V . O n the o the r h a n d , a p l o t o f the c a t h o d i c p e a k p o t e n t i a l vs . s c a n rate 
a l l o w s c a l c u l a t i o n o f the t ransfer coef f ic ien t , a , b e c a u s e theo ry r e q u i r e s 

Δ Ε Ρ , 0 2 . 3 R T 0 .030 
Δ l o g ι ο ϋ 2 a n a F ana 

at 2 5 ° C (6) 

T h e c o r r e s p o n d i n g e m p i r i c a l s l ope o f 0.031 is u n i q u e l y cons is ten t 
w i t h na = 2 a n d a = 0 .5 . T o v e r i f y fur ther these ass ignments , ana w a s 
c a l c u l a t e d b y a p p l i c a t i o n o f the r e l a t i o n s h i p b e t w e e n the p e a k p o t e n 
t i a l , Ep, c, a n d the p o t e n t i a l at ha l f -peak cu r r en t , E p / 2 , 

Ep,c - Epl2 = 0 .0477 (ana)-1 (7) 

for a t o t a l l y i r r e v e r s i b l e s y s t e m . A t h i g h s can rates (200 V / s ) , P e a k Xc 

app roaches t o t a l l y i r r e v e r s i b l e b e h a v i o r . U n d e r these c o n d i t i o n s 
(Ep,c - Ep,2) w a s f o u n d to b e 0 .050 , w h i c h is i n a g r e e m e n t w i t h na = 2 
a n d a = 0 .5. T h e p o s s i b i l i t i e s that a c h e m i c a l s tep m i g h t b e i n t e r p o s e d 
b e t w e e n t w o - e l e c t r o n transfers, or that a d i s p r o p o r t i o n a t i o n m e c h a 
n i s m m i g h t b e i n v o l v e d , w e r e e x p l o r e d c a r e f u l l y at s c a n rates u p to 
5 0 0 V / s . A p p r o p r i a t e d i a g n o s t i c c r i t e r i a (20 , 22) f a i l e d to r e v e a l a n y 
E C E 1 or E C E 2 m e c h a n i s m s . 

PEAKS Y C AND YA. N o o x i d a t i o n p e a k c o r r e s p o n d i n g d i r e c t l y to 
P e a k Y C e v e r w a s o b s e r v e d at a n y s c a n rate . H o w e v e r , a n o x i d a t i o n 
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14. HOLLAND AND JORDAN Protoporphyrin IX 325 

0.0 L i I I I I I I I I I I 
1.0 10 100 1000 

S c a n R a t e (Vis) 

Figure 7. Experimentally determined potential separation, Δ Ε Ρ , be
tween Peaks Xc and X a as a function of scan rate. 

peak , Υ a, a p p e a r e d at - 0 . 6 V (see F i g u r e 4) , that is , a p p r o x i m a t e l y 1 V 
m o r e p o s i t i v e t h a n P e a k Y c , a n d w a s o b s e r v e d o n l y w h e n Ε λ was nega 
t i v e (ca thodic ) o f P e a k Y c . T h e p resence o f P e a k Y ^ i m p l i e s that the 
e l e c t r o d e r e a c t i o n , w h i c h o c c u r r e d at P e a k Y c , h a d a n E C m e c h a n i s m . 
T h e a p p r o p r i a t e d i a g n o s t i c c r i t e r i a (20) w e r e a p p l i e d to P e a k Y c a n d 
the resu l t s s h o w n i n F i g u r e 8 s u b s t a n t i a t e d that the m e c h a n i s m w a s 
i n d e e d E C . H o w e v e r , the c h a n g e i n the c u r r e n t f u n c t i o n (iPtC/vll2C) 
w a s a p p r e c i a b l y l a rge r ( v i z . , a p p r o x i m a t e l y - 3 0 % ) t h a n the theo re t i 
c a l l y p r e d i c t e d - 1 0 % . T h i s d i s c r e p a n c y is a c c o u n t e d for b y adsorp
t i o n . T h e o p p o s i t e na tu re o f the effect c o m p a r e d to F i g u r e 5 (whe re the 
c u r r e n t f unc t i on i n c r e a s e d ra ther t h a n dec reased ) is d u e to the adsor-
ba te b e i n g a p r o d u c t i n F i g u r e 5 vs . a reac tant i n F i g u r e 8. 

p H EFFECT. AS is a p p a r e n t f r o m F i g u r e 1, n o r m a l p u l s e p o l a r o -
g r a p h i c w a v e s o f P P sh i f t ed n e g a t i v e l y ( c a t h o d i c a l l y ) w i t h i n c r e a s i n g 
b a s i c i t y . S i m i l a r shifts w e r e o b s e r v e d b y c y c l i c v o l t a m m e t r y o f P e a k 
Xc at s c a n rates w h e r e d i f fus ion c o n t r o l p r e v a i l e d . Q u a n t i t a t i v e l y , the 
shifts w e r e cons i s ten t w i t h a n a s s i g n m e n t o f 

^ = 0 . 5 ί ο Γ ρ * = 1 nx 

(8) 
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326 BIOLOGICAL REDOX COMPONENTS 

T a b l e I I I . R a t e C o n s t a n t for the T w o - E l e c t r o n T r a n s f e r S t e p o f the Ε 
C o m p o n e n t i n the E C S e q u e n c e o f P e a k s X c a n d X a 

y (V/s) η · Δ Ε ρ

α (V) ψ 6 k s

c (cm/s) 

20 0.058 
50 0 .136 

100 0 .202 
2 0 0 0 .228 

α See Figure 7. 
6 Function tabulated in Ref. 22. 
c Effective at -1.248 V. 

w h e r e nx = 2 a n d px denotes the n u m b e r o f e l ec t rons a n d pro tons 
i n v o l v e d i n the C s tep o f the E C s e q u e n c e o f W a v e X . A s e x p e c t e d , 
dEp/dpH d e c r e a s e d s i g n i f i c a n t l y at faster s can rates, as the f o l l o w - u p 
r eac t i on ( C ) was g r a d u a l l y " s h u t o u t " b y the d e c r e a s i n g " t i m e -
w i n d o w . " 

Discussion 

T h e e x p e r i m e n t a l findings i n s t r o n g l y b a s i c a q u e o u s so lu t ions are 
a c c o u n t e d for b y the r eac t ion s e q u e n c e o u t l i n e d i n S c h e m e I . I n the 
s h o r t h a n d des igna t ions seen i n S c h e m e I [e.g. , P(0) for p ro topor 
p h y r i n ] , the p a r e n t h e t i c n u m e r a l s (23) refer to an a rb i t r a ry o x i d a t i o n 
state sca le w h e r e the p o r p h y r i n m o l e c u l e is a s s i g n e d a f o r m a l o x i d a 
t i o n n u m b e r o f ze ro . 

T h e m o s t p o s i t i v e (anodic ) r e d u c t i o n w a v e o f p r o t o p o r p h y r i n 
( W a v e X i n F i g u r e 1 a n d S c h e m e I) i m p l i e s a t w o - e l e c t r o n transfer, 
v i z . , 

P(0) + 2e = [ P ( - I I ) ] 2 " (9) 

T h e t w o - e l e c t r o n transfer w a s not r e s o l v e d i n t o success ive one-
e l e c t r o n transfer s teps b y c y c l i c v o l t a m m e t r y e v e n at p o t e n t i a l s can 
rates as h i g h as 5 0 0 V / s . T h e p e a k separa t ion ( Δ Ε = 0.028 V ) w a s 
cons is ten t w i t h a N e r n s t r e v e r s i b l e t w o - e l e c t r o n transfer i n a range o f 
scan rates b e t w e e n 0 .50 a n d 20 V / s . T h e v a l u e o f Δ Ε i n c r e a s e d at s can 
rates faster t h a n 5 0 V / s , y i e l d i n g the rate cons tant ks = 3 x 10 " 2 cm/ s . 
T h e s p e c t r u m o f the t w o - e l e c t r o n r e d u c t i o n p r o d u c t , P ( - I I ) , was 
cha rac te r i s t i c o f a p h l o r i n s t ruc ture (see S t ruc tu re I) . T h e p h l o r i n d i a n -
i o n is o b v i o u s l y a m e n a b l e to p ro tona t i on v i a R e a c t i o n 10. 

0 .275 0 .030 
0.121 0 .020 
0 .10 0 .026 

A v e r a g e = 0 .025 ± 0 .005 

[ P ( - I I ) ] 2 " + H O H = [ P ( - I I ) H ] - + O H " (10) 
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Effec ts o f R e a c t i o n 10 w e r e i n d e e d o b s e r v e d a n d are d e s c r i b e d as 
f o l l o w s . 

1. C y c l i c v o l t a m m o g r a m s o f p r o t o p o r p h y r i n i n a q u e o u s 
base ( F i g u r e 4) r e v e a l e d that W a v e X i n v o l v e d a n E C 
m e c h a n i s m , that is , a t w o - e l e c t r o n t ransfer s tep ( R e a c t i o n 
9) s u c c e e d e d b y a s l o w c h e m i c a l r e a c t i o n for w h i c h the 
p r o t o n a t i o n process ( R e a c t i o n 10) is the o b v i o u s c h o i c 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 . T h e p o s s i b i l i t y that 
the free r a d i c a l a n i o n [P(—1)]~, ra ther t h a n the p h l o r i n 
d i a n i o n , w a s the p r o t o n a c c e p t o r w a s d i s c o u n t e d , b e c a u s e 
the e x p e r i m e n t a l e v i d e n c e i n d i c a t e d c o n c l u s i v e l y that a 
s ing le - s t age t w o - e l e c t r o n transfer p rocess p r e c e d e d the 
i r r e v e r s i b l e c h e m i c a l r e a c t i o n . State-of-the-art e x p e r i 
men t s r u l e d ou t a n y i n t e r v e n i n g E C E 1 or E C E 2 (dis-
p ropo r t i ona t i on ) m e c h a n i s m s . R e a c t i o n 10 w o u l d ac
c o u n t sa t i s fac tor i ly for the findings i n the top c u r v e o f 
F i g u r e 5, w h i c h s h o w that c u r r e n t rat ios for a n o d i c to 
c a t h o d i c p e a k s v a r i e d w i t h scan rate . A t v e r y s l o w scan 
speeds , no a n o d i c p e a k w a s o b s e r v e d at a l l b y c y c l i c 

S c a n R a t e (V/s) 

Figure 8. Experimental diagnostic plots for Peak Y c (identified in Fig
ure 4) based on cyclic voltammograms of 10~3 M protoporphyrin in 
0.5 M TMAH. Switching potential: -1.9 V. Mechanism identified as 

in Ref. 20. 
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328 BIOLOGICAL REDOX COMPONENTS 

v o l t a m m e t r y d u e to the p r o t o n a t i o n ( R e a c t i o n 10), w h i c h 
s c a v e n g e d [ P ( - I I ) ] 2 ~ before p o t e n t i a l s su f f i c i en t ly p o s i 
t i v e (anodic ) to r e o x i d i z e [ P ( - I I ) ] 2 - w e r e a t t a ined . H o w 
ever , at faster s c a n speeds a w e l l - d e f i n e d a n o d i c p e a k 
w a s o b s e r v e d w i t h | i p J = \ipJ a n d Δ Ε Ρ = 0 .028 V . A c 
c o r d i n g l y , w e pos tu l a t e that the h a l f - l i f e o f 0.5 s i n f e r r e d 
f r o m F i g u r e 6 pe r t a ins to the p h l o r i n d i a n i o n , [P (—II ) ] 2 " . 

2 . D e c r e a s i n g b a s i c i t y i n c r e a s e d the ease o f e l e c t r o r e d u c 
t i o n o f P(0) , as w a s e v i d e n c e d b y a p o s i t i v e (anod ic ) sh i f t 
o f the p o l a r o g r a p h i c h a l f - w a v e p o t e n t i a l a n d o f the p e a k 
p o t e n t i a l o b s e r v e d at the h a n g i n g d r o p m e r c u r y e l e c 
t rode . 

T h e e x p e r i m e n t a l findings for the s e c o n d p o l a r o g r a p h i c r e d u c t i o n 
s tep ( c o r r e s p o n d i n g to W a v e Y i n F i g u r e 1) i n d i c a t e that i t p r o c e e d e d 
b y a n E C m e c h a n i s m , a n a l o g o u s to that o f the first r e d u c t i o n s tep , 
y i e l d i n g the o v e r a l l r e a c t i o n 

[ P ( - I I ) H ] - + 2e + 2 H + = [ P ( - I V ) H 3 ] - (11) 

w h e r e the P ( - I V ) m o i e t y has a p o r p h o m e t h e n e s t ruc tu re . T h e ass ign
m e n t o f the t w o H + (rather t h a n one) i n E q u a t i o n 11 is p r e d i c a t e d o n 
cons ide ra t ions o f p l a u s i b l e B r o n s t e d base s t rengths o f the an ions 
[ P ( - I V ) H 2 ] 2 " a n d [ P ( - I V ) H 3 ] - . 

F o r W a v e Z , w e p o s t u l a t e a t w o - e l e c t r o n - t w o - p r o t o n transfer, 
w h i c h is a n a l o g o u s to R e a c t i o n 11 , v i z . , 

[ P ( - I V ) H 3 ] - + 2e + 2 H + = [ P ( - V I ) H 5 ] ~ (12) 

w h e r e the p r o d u c t has a p o r p h y r i n o g e n s t ruc tu re . 
T h i s w o r k represents the first k n o w n success fu l s t u d y o f the e l e c 

t r o c h e m i s t r y o f the p r o t o p o r p h y r i n free base i n a q u e o u s so lu t ions . T h e 
s t u d y w a s f e a s i b l e , b e c a u s e p u l s e d v o l t a m m e t r i c t e c h n i q u e s m i n i 
m i z e d adso rp t i on that i n t e r f e r e d w i t h c o n v e n t i o n a l d c p o l a r o g r a p h y . 
N e v e r t h e l e s s , a d s o r p t i o n d i d p r o d u c e some a n o m a l o u s c u r r e n t func
t ions i n F i g u r e s 5 a n d 8 a n d m a y h a v e affected the rate cons tan t ass ign
m e n t s r e p o r t e d i n T a b l e I I I . A l t h o u g h th is p o s s i b i l i t y does no t a l t e r the 
c e n t r a l c o n c l u s i o n s o f th i s c h a p t e r (p resen ted i n S c h e m e I) , i t m a y b e 
d e s i r a b l e to use d o u b l e p o t e n t i a l s t ep c h r o n o c o u l o m e t r y for v e r i f y i n g 
the n u m e r i c a l v a l u e s i n T a b l e I I I . O u r m o s t s a l i en t finding is the 
i n v o l v e m e n t o f th ree d i s c r e t e , t w o - e l e c t r o n r e d u c t i o n s teps . T w o o f 
these s teps w e r e c h a r a c t e r i z e d c o n c l u s i v e l y as t w o - e l e c t r o n transfers 
b y c o u l o m e t r y . T h e o n l y r e p o r t e d e l e c t r o c h e m i c a l i n v e s t i g a t i o n o f P P 
i n a q u e o u s s o l u t i o n (16) w a s c a r r i e d ou t i n the p r e sence o f 0.1 M 
H C l , w h e r e the e l e c t r o r e d u c i b l e spec i e s was u n d o u b t e d l y the p r o 
t o p o r p h y r i n d i c a t i o n (rather t h a n the p o r p h y r i n free base) . T h e find-
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P(O) 2 e » [ [ Ρ ( - Π ) ] 
2-

Wave X 

^ [ P ( - I I ) H J -

\ 2 H + \ 

Wave Y \ 

H + 

[ P ( - Œ ) H 3 ] ~ 

Wave Ζ [ P ( - 3 Z E ) H 6 ] ~ 

Scheme I. Proposed electr or eduction mechanisms for free-base proto
porphyrin in aqueous TMAH. Key: P(0)9 protoporphyrin; P(-II), pro-
tophlorin; P(-IV), protoporphomethene; P(-VI), protoporphyrinogen. 

i n g s o f that i n v e s t i g a t i o n ( s u m m a r i z e d i n T a b l e I V ) agree w i t h o u r 
resu l t s i n as m u c h as t w o t w o - e l e c t r o n transfers ( c o r r e s p o n d i n g to the 
first t w o r e d u c t i o n w a v e s ) w e r e subs t an t i a t ed . I n the s t u d y o f the d i c a -
t i o n (16) , the t h i r d w a v e w a s o b s c u r e d b y a c a t a l y t i c h y d r o g e n w a v e . 
T h e h a l f - w a v e po t en t i a l s o f the d i c a t i o n (see T a b l e I V ) w e r e c o n s i d 
e r a b l y m o r e p o s i t i v e t h a n the c o r r e s p o n d i n g h a l f - w a v e po t en t i a l s o f 
the free-base p o r p h y r i n i n s t rong a l k a l i ( this w o r k ) , w h i c h is cons is ten t 
w i t h t r ends r e p o r t e d e a r l i e r (6, 8, 16, 23). 

T h e e l e c t r o c h e m i s t r y o f p r o t o p o r p h y r i n i n d i m e t h y l f o r m a m i d e 
( D M F ) has b e e n d o c u m e n t e d i n t w o s tud ies o f e l e c t r o r e d u c t i o n (9,24) 
a n d one s t u d y o f e l e c t r o o x i d a t i o n (25) . S e q u e n c e s o f η - v a l u e s ( n u m b e r 
o f F a r a d a y s p e r m o l e ) r e p o r t e d for e l e c t r o r e d u c t i o n w e r e 1, 1, a n d 4 
a n d 1, 1 b a s e d s o l e l y on v o l t a m m e t r i c m e a s u r e m e n t s . C o u l o m e t r i c 
ve r i f i c a t i on o f these a s s ignmen t s has no t b e e n r e p o r t e d . O u r w o r k i n 
D M F y i e l d e d s u r p r i s i n g l y v a r i a b l e η - v a l u e s , w h i c h fluctuated f r o m 
η = 1 to η = 2 for W a v e s X a n d Y . T h e p o l a r o g r a p h y o f p r o t o p o r p h y r i n 
i n D M F r e q u i r e s fur ther s t u d y b e c a u s e resu l t s are c r i t i c a l l y d e p e n d e n t 
on a n u n k n o w n v a r i a b l e ( p o s s i b l y a t race i m p u r i t y that affects the 
r e l e v a n t k i n e t i c s a n d m e c h a n i s m s ) . 

F o r o x y g e n c a r r y i n g sys t ems , the o x y g e n t ranspor t a n d storage 
c a p a b i l i t i e s o f h e m o g l o b i n a n d m y o g l o b i n c o n c e i v a b l y m a y b e r e l a t e d 
to the e l e c t r o r e d u c t i o n m e c h a n i s m s that o c c u r i n p r o t o p o r p h y r i n . T h e 
r e c e n t l y r e p o r t e d (11,12,14) u n i q u e e l e c t r o r e d u c t i o n b e h a v i o r o f C o l l -
m a n ' s p i c k e t fence p o r p h y r i n ( l e a d i n g to a c h l o r i n ) w a s i n d e e d r a d i 
c a l l y d i f ferent f r o m the e l e c t r o r e d u c t i o n m e c h a n i s m s o f p o r p h y r i n c 
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330 BIOLOGICAL REDOX COMPONENTS 

Table IV. Comparison With Data Reported in the Literature for 
Protoporphyrin IX in Acidic and Basic Aqueous Solutions 

Wave" 

X 
Y 
Ze 

In 0.5 M 
TMAHC 

2 
2 
2 

In 0.1 M 
HCl" 

2 
2 

In 0.5 M 
TMAHC 

- 1 . 2 5 
- 1 . 4 9 
- 2 . 1 7 

In 0.1 M 
HCl" 

- 0 . 4 7 
- 0 . 7 0 
- 0 . 9 3 9 

a Waves identified as in Figure 1. 
b Vs. SCE. 
c Supporting electrolyte, TMAH; electroreducible moiety, protoporphyrin free 

base (this work). 
d Electroreactive moiety: protoporphyrin dication (16). 
e Wave Ζ identified as protoporphyrin reduction in TMAH only. 
f Not reported. 

9 Wave assigned to hydrogen evolution. 

Table V. Electroreduction and Oxygen Binding Characteristics 

Electroreduction Mechanism0 

\*> 
(1) 02 Carrying (3) (4) (5) 

Moiety Capability" Type Reaction Sequence Product 

Pro topor  + E C I . T w o - e l e c t r o n 
p h y r i n I X transfer p h l o r i n 

I I . P r o t o n a t i o n 
P i c k e t fence + E C E C I . E l e c t r o n 

p o r p h y r i n t ransfer 
I I . C o n f o r m a t i o n a l 

c h a n g e c h l o r i n 
I I I . E l e c t r o n 

t ransfer 
I V . P r o t o n a t i o n 

P o r p h y r i n c — E C I . T w o - e l e c t r o n 
t ransfer p h l o r i n 

I I . P r o t o n a t i o n 
H e m a t o p o r - E C E I . E l e c t r o n 

p h y r i n I X transfer 
I I . P r o t o n a t i o n p h l o r i n 

I I I . E l e c t r o n 
t ransfer 

a Of related hemoproteins or model compounds. 
6 Of first two-electron transfer step. 
c Hematoporphyrin IX is not a component of any natural hemoprotein, nor has it 

been incorporated in any synthetic hemoprotein model. 
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14. HOLLAND AND JORDAN Protoporphyrin IX 331 

(6, 7,11,12) and of hematoporphyrin (11,12, 23), both of which yield 
phlorins. These findings are summarized in Table V, Columns 3,4, and 
5. The oxygen carrying capabilities of corresponding hemoproteins are 
listed for comparison (Column 2). As evident from Table V, no obvious 
correlation exists between the electroreduction mechanisms of the 
porphyrin and the oxygen binding characteristics of the related 
hemoprotein or model compound. 

Acknowledgment 

This work was supported by the Solar Energy Research Institute 
(SERI) under Subcontract XP-9-8002-10 with The Pennsylvania 
State University. 

Literature Cited 

1. Chance, B.; Williams, G. R. Adv. Enzymol. 1956, 17, 65. 
2. Brandt, K. G.; Parks, P. C.; Czerlinski, G. H.; Hess, C. P. J. Biol. Chem. 

1966, 241, 4180. 
3. Sutin, N.; Christman, D. R. J. Am. Chem. Soc. 1961, 86, 1773. 
4. Antonini, E.; Brunori, M.; Wyman, J. Biochem. 1965, 114, 545. 
5. Feinberg, Β. Α.; Gross, M.; Kadish, K. M.; Marano, R. S.; Pace, S. J.; 

Jordan, J. Bioelectrochem. and Bioenerg. 1974, 1, 73. 
6. Ting, C. C. Y.; Jordan, J.; Gross, M. In "Electrochemical Studies of Biolog

ical Systems," Sawyer, D. T., Ed.; ACS SYMPOSIUM SERIES, No. 38, 
ACS: Washington, D.C., 1977; p. 26. 

7. Ting, C. C. Y., Ph. D. Thesis, Pennsylvania State University, University 
Park PA 1978. 

8. Peychal-Heiling, G.; Wilson, G. S. Anal. Chem. 1971, 43, 545, 550. 
9. Mairanovskii, V. G.; Mamaev, V. M.; Ponomarev, G. V.; Marinova, R. I.; 

Evstigneeva, R. P. Zh. Obshch. Khim. 1974, 44, 2508; J. Gen. Chem. 
USSR (Engl. Trans.) 1974, 44, 2468. 

10. Callot, H. J.; Giraudeau, Α.; Gross, M. J. Chem. Soc., Perkin Trans. 2, 1975, 
1321. 

11. Jordan, J.; Bump, C. M. Extended Abstracts, Electrochem. Soc., May 
1980, 80-81, 1146. 

12. Jordan, J. Proceedings, Heyrovsky Memorial Congress on Polarography, 
1980, I, 157. 

13. Whitlock, H. W., Jr.; Hanauer, R.; Oester, M. Y.; Bower, B. K. J. Am. Chem. 
Soc. 1969, 91, 7485. 

14. Bump, C. M., Ph. D. Thesis, Pennsylvania State University, University 
Park, PA, 1979. 

15. Collman, J. P.; Gagne, R. R.; Reed, C. Α.; Halbert, T. R.; Lang, G.; Robin
son, W. T. J. Am. Chem. Soc. 1975, 97, 1427. 

16. Ricci, Α.; Pinamonti, S.; Bellavita, V. Ric. Sci. 1960, 30, 2497. 
17. Fuhrhop, J.-H.; Smith, Κ. M. "Porphyrins and Metalloporphyrins"; Am. 

Elsevier: New York, 1975; p. 830. 
18. Bond, A. M. "Modern Polarographic Methods in Analytical Chemistry"; 

Dekker: New York, 1980; p. 244. 
19. Mauzerall, D. J. Am. Chem. Soc. 1962, 84, 2437. 
20. Nicholson, R. S.; Shain, I. Anal. Chem., 1964, 36, 706. 
21. Wopschall, R. H.; Shain, I. Anal. Chem., 1967, 39, 1514. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

14



332 BIOLOGICAL REDOX COMPONENTS 

22. Nicholson, R. S. Anal. Chem., 1965, 37, 1351. 
23. Spendel, V. A. Ph. D. Thesis, Pennsylvania State University, University 

Park, PA, 1978. 
24. Williams, R. F. X.; Hambright, P. Bioinorg. Chem., 1978, 9, 537. 
25. Stanienda, Α.; Biebl, G. Z. Phys. Chem. N.F., 1967, 52, 254. 
RECEIVED for review June 2, 1981. A C C E P T E D November 24, 1981. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

14



15 
Iron(I) and Iron(IV) Porphyrins 

CHRISTOPHER A. REED 

University of Southern California, Chemistry Department, Los Angeles, 
CA 90007 

Critical review of the literature on iron(I) and iron(IV) 
porphyrins reveals many ambiguities in the assigned 
spin and oxidation states. The question of whether a 
redox reaction has occurred at the iron atom or at the 
porphyrin ring in highly reduced or highly oxidized 
complexes is not semantic and can usually be decided 
collectively from UV-VIS spectroscopy, Mössbauer 
spectroscopy, and structural parameters derived from 
x-ray crystallography. The low spin iron(I) state has 
considerable validity in iron porphyrin complexes that 
are reduced below the iron(II) level. Complexes that 
are oxidized above the iron(III) level give rise to either 
iron(IV) porphyrins or, more often, iron(III) radical 
cations. The site of redox is largely dictated by the nature 
of the axial ligation. Highly reduced and highly oxidized 
iron porphyrin complexes provide a basis for understand
ing intermediates in the reactions of cytochrome P-450 
and the peroxidases. 

T r o n p o r p h y r i n c o m p l e x e s h a v e b e e n s t u d i e d i n t e n s i v e l y i n t h e i r 
c o m m o n l y o c c u r r i n g o x i d a t i o n states, i ron ( I I ) a n d i ron ( I I I ) . A l l pos 

s i b l e s p i n states are k n o w n a n d f r o m x-ray c r y s t a l s t ruc tu re d e t e r m i n a 
t ions a cons is ten t a n d r e l i a b l y p r e d i c t i v e r e l a t i o n s h i p b e t w e e n s p i n 
state a n d s t ruc ture has e v o l v e d (J ). A l o n g w i t h v a r i o u s m a g n e t i c c r i t e 
r i a , b o t h M ô s s b a u e r spec t r a (2) a n d p r o t o n N M R spec t r a (3) are n o t a b l y 
d i a g n o s t i c o f s p i n a n d o x i d a t i o n states. T h e sys t ema t i c s are su f f i c i en t ly 
w e l l - e s t a b l i s h e d s u c h that m o s t p rope r t i e s o f i ron( I I ) a n d i ron ( I I I ) 
p o r p h y r i n c o m p l e x e s are u n d e r s t o o d a n d c a n b e p r e d i c t e d w i t h a g o o d 
d e g r e e o f m e t r i c a l a c c u r a c y a n d c o n f i d e n c e . 

O n the other h a n d , c o m p a r a b l e d e f i n i t i v e c h a r a c t e r i z a t i o n o f 
h i g h l y r e d u c e d or 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 is l a c k i n g . T h e l i t 
e ra ture con ta ins m a n y incons i s t enc ie s o n i ron( I ) p o r p h y r i n s a n d m a n y 

0065-2393/82/0201-0333$07.00/0 
© 1982 Amer ican Chemica l Society 
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334 BIOLOGICAL REDOX COMPONENTS 

a m b i g u i t i e s i n the cha rac t e r i za t i on o f s o - c a l l e d i r o n ( I V ) p o r p h y r i n s . 
T h i s s i tua t ion s h o u l d b e c l a r i f i e d b e c a u s e s u c h p o r p h y r i n s m a y h a v e 
c o n s i d e r a b l e r e l e v a n c e to u n d e r s t a n d i n g the r e d o x m e c h a n i s m s b y 
w h i c h the h e m o p r o t e i n s p e r o x i d a s e , cata lase , a n d c y t o c h r o m e P - 4 5 0 
ca r ry ou t t h e i r c h e m i s t r y . O f t e n , the c h a r a c t e r i z a t i o n o f a n i r o n p o r p h y 
r i n c o m p l e x canno t b e c o n s i d e r e d d e f i n i t i v e u n t i l its x- ray c r y s t a l 
s t ruc tu re has b e e n d e t e r m i n e d a n d a f a i r l y c o m p l e t e ba t te ry o f spec 
t r o s c o p i c p r o b e s has b e e n a p p l i e d . E a r l y s o l u t i o n w o r k o n U V - V I S 
s p e c t r o s c o p y , e l e c t r o c h e m i s t r y , a n d m a g n e t i c m e a s u r e m e n t s has 
t u r n e d ou t to b e less t h a n adequa t e . I m p r o v e d syntheses a n d a m o r e 
ex t ens ive use o f M ô s s b a u e r a n d N M R s p e c t r o s c o p y a n d x-ray c r y s t a l 
s t ruc ture d e t e r m i n a t i o n has r e c e n t l y a l l o w e d the r e s o l u t i o n o f m a n y 
a m b i g u i t i e s . 

Iron(l) Porphyrins 

R e d u c t i o n o f an i r o n p o r p h y r i n c o m p l e x b e l o w the i ron( I I ) o x i d a 
t i o n state w a s first r e p o r t e d i n 1971 (4). S p e c t r o s c o p i c p rope r t i e s o f a 
r e d c o m p l e x p r e s u m e d to be [ F e ( T P P ) ] ~ w e r e d e t e r m i n e d . T h i s c o m 
p l e x w a s p r e p a r e d b y s o d i u m a m a l g a m r e d u c t i o n o f the μ - ο χ ο i ron( I I I ) 
c o m p l e x F e 2 ( T P P ) 2 0 i n t e t r a h y d r o f u r a n ( T H F ) s o l u t i o n ( T P P = tetra-
p h e n y l p o r p h y r i n a t e ) . A d i s t i n c t i v e l o w t e m p e r a t u r e E P R s p e c t r u m 
w i t h g± = 2 .30 a n d gn = 1.93 was o b s e r v e d . S u c h an i so t ropy is c o n 
sis tent w i t h a s i n g l e , m e t a l - l o c a l i z e d u n p a i r e d e l e c t r o n a n d b y c o m 
p a r i s o n w i t h rf7-cobalt(II) p o r p h y r i n c o m p l e x e s , a l o w s p i n i ron(I ) 
f o r m u l a t i o n w a s a s s igned . H o w e v e r , a n i ron( I I ) p o r p h y r i n r a d i c a l 
a n i o n f o r m u l a t i o n , w h e r e a n S = 1 i r o n is s t r o n g l y s p i n - c o u p l e d to the 
S = i r a d i c a l g i v i n g an o v e r a l l S = i state, w o u l d b e e q u a l l y cons is ten t 
w i t h the E P R s p e c t r u m . B u t , the m a g n e t i c m o m e n t , d e t e r m i n e d at 
h i g h e r t empera tu res , was c o n s i d e r a b l y i n excess o f that e x p e c t e d for 
a n S = \ i ron(I ) cen te r . T h i s finding l e d to the p r o p o s a l that the s p i n 
state c h a n g e d to a n S = f state o n t h a w i n g o f the f rozen t e t r ahyd ro fu ran 
s o l u t i o n . S p i n s t a t e - s t ruc tu re r e l a t i o n s h i p s i n i r o n p o r p h y r i n s sug 
gest that s u c h a h i g h s p i n i ron(I ) spec i e s is v e r y u n l i k e l y b e c a u s e 
u n r e a l i s t i c core e x p a n s i o n or ou t -of -p lane i r o n d i s p l a c e m e n t [greater 
t h a n for h i g h - s p i n i ron(I I ) ] w o u l d b e r e q u i r e d ( J ) . M o r e o v e r , the V I S 
s p e c t r a l m a x i m a at 540 a n d 6 0 5 n m r e p o r t e d for [ F e ( T P P ) ] - (4) are 
u n c o m f o r t a b l y c l o s e to those o f the r e d i ron( I I ) c o m p l e x F e ( T P P ) 
( T H F ) 2 (539 a n d 6 1 0 n m ) , w h i c h is a n S = 2 h i g h s p i n c o m p l e x (5) . 
M o s t l i k e l y the r e p o r t e d m a g n e t i c m o m e n t (μ = 5.2 B M ) is d u e not 
to [ F e ( T P P ) ] " b u t to a m i x t u r e c o n t a i n i n g m o s t l y h i g h s p i n i ron( I I ) . 
B e c a u s e i ron( I I ) p o r p h y r i n s are E P R s i l en t a n d the E P R t e c h n i q u e 
w a s not a p p l i e d q u a n t i t a t i v e l y , o n l y s m a l l a m o u n t s o f a u t h e n t i c 
[ F e ( T P P ) ] " w o u l d b e necessa ry to m a t c h the obse rva t ions . 
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A s u b s e q u e n t e l e c t r o c h e m i c a l s t u d y o f [ F e ( T P P ) ] ~ a n d r e l a t e d 
i r o n p o r p h y r i n s (6) s t r e n g t h e n e d the l o w s p i n a s s i g n m e n t i n f r o z e n 
s o l u t i o n , a n d fur ther E P R s tud ies w e r e c o n d u c t e d . [ F e ( T P P ) ] ~ m a y b e 
d e v o i d o f a x i a l l i g a t i o n , e v e n i n the p re sence o f g o o d donors s u c h as 
i m i d a z o l e or p y r i d i n e . T h e s l i g h t so lven t d e p e n d e n c e o f the E P R 
s p e c t r u m w a s i n t e r p r e t e d i n t e rms o f a (dZ2)1 c o n f i g u r a t i o n b y c o m p a r i 
son to coba l t ( I I ) p o r p h y r i n s . B o t h the (d^)1 con f igu ra t i on a n d the ove r 
a l l n e g a t i v e cha rge p r o v i d e a r a t iona le for the l a c k o f a x i a l c o o r d i n a t i o n 
b u t the g r o u n d state is b y n o means c e r t a i n . A (dxz)1 con f igu ra t i on is 
e q u a l l y v i a b l e . 

A t h i r d s t u d y (7) r e p o r t e d a s y n t h e t i c rou te that, for the first t i m e , 
a l l o w e d i so l a t i on o f a c r y s t a l l i n e s o d i u m salt, N a [ F e ( T P P ) ] . 

N a + n a p h t h a l i d e " + F e ( I I ) ( T P P ) ™ N a [ F e ( T P P ) ] + n a p h t h a l e n e 

A e r o b i c s e n s i t i v i t y c r e a t e d d i f f i cu l t i e s i n o b t a i n i n g e l e m e n t a l ana lyses , 
b u t a t o m rat ios w e r e sat isfactory for N a [ F e ( T P P ) ] , e x c e p t for c a r b o n . 
T h i s r e su l t o c c u r r e d p r o b a b l y b e c a u s e T H F s o l v a t i o n was not t a k e n 
i n t o accoun t . U n e x p l a i n e d , h o w e v e r , was the h i g h m a g n e t i c m o m e n t 
(μ = 5.0 B M ) . A l t h o u g h s u c h a v a l u e is s i m i l a r to that o b t a i n e d i n the 
o r i g i n a l s o l u t i o n w o r k , i t is a g a i n incons i s t en t w i t h a l o w s p i n S = i 
i ron( I ) c o m p l e x . T h e l i k e l y o r i g i n o f th is h i g h m a g n e t i c m o m e n t is 
a e r o b i c u p t a k e o f o x y g e n b y [ F e ( T P P ) ] ~ to fo rm the h i g h s p i n i r o n ( I I I ) 
spec i e s [ F e ( 0 2 ) ( T P P ) ] " . 

W h e n the synthes i s a n d c h a r a c t e r i z a t i o n are c a r r i e d ou t u n d e r 
s c r u p u l o u s l y a n a e r o b i c c o n d i t i o n s , p u r p l e c rys ta l s o f f o r m u l a t i o n 
[ N a ( T H F ) 3 ] [ F e ( T P P ) ] are p r o d u c e d (8). [Anal C a l c u l a t e d for 
C 5 6 H 5 2 0 3 N 4 F e N a : C , 74 .08 ; H , 5 .77; N , 6 .17. F o u n d : C , 74 .34 ; H , 5.94; 
N , 6.06. Q u a n t i t a t i v e G L C ana lys i s for T H F : c a l c u l a t e d : 2 3 . 8 % . 
F o u n d : 2 5 . 4 % ] T h i s i s o l a t e d p r o d u c t h a d a r o o m - t e m p e r a t u r e m a g n e 
t i c m o m e n t o f 2.3 B M , w h i c h is m u c h c l o s e r to that e x p e c t e d o f a n 
S = i s y s t e m . T h e c o m p l e x reacts i m m e d i a t e l y w i t h o x y g e n i n the 
s o l i d state w i t h a c o n c o m i t a n t i nc rea se i n m a g n e t i c m o m e n t , a p p r o a c h 
i n g 5.9 B M (8). 

T h e e a r l y s y n t h e t i c s t u d y (7) a l so r e p o r t e d that [ F e ( T P P ) ] " b i n d s 
c a r b o n m o n o x i d e to g i v e a n u n u s u a l " h y p e r " t y p e U V - V I S s p e c t r u m 
r e l a t e d to c y t o c h r o m e P - 4 5 0 . T h i s o b s e r v a t i o n is at o d d s w i t h the ear
l i e r r e p o r t e d i n a b i l i t y o f [ F e ( T P P ) l ~ to b i n d a x i a l l i g a n d s . R e p e a t i n g 
th is e x p e r i m e n t (8) i n d i c a t e d that C O has no effect o n the U V - V I S 
s p e c t r u m o f [ F e ( T P P ) r i n T H F (392 Sore t ,424 So re t , 512 ,576sh , 
6 0 5 s h , a n d 674 n m ) a n d that the s p e c t r u m r e p o r t e d for the p r o p o s e d 
C O a d d u c t (455 n m Soret) c a n be a c c o u n t e d for e i the r b y the p resence 
o f the d i a n i o n [ F e ( T P P ) ] 2 - (358 a n d 448 n m Soret) or b y the p re sence 
o f a n a p p a r e n t l y dif ferent fo rm o f [ F e ( T P P ) ] ~ , the s o - c a l l e d f o r m A (457 
n m Soret) . 
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336 BIOLOGICAL REDOX COMPONENTS 

T h u s , a l t e r n a t i v e e x p l a n a t i o n s c a n b e g i v e n for a l l the a n o m a l o u s 
p rope r t i e s r e p o r t e d for s o - c a l l e d i ron( I ) p o r p h y r i n s . B e c a u s e the s p i n 
state o f a n i r o n p o r p h y r i n is a l w a y s re f l ec ted i n i ts s t ruc tu re (I ), w e 
d e c i d e d to d e t e r m i n e the x- ray c r y s t a l s t ruc tu re o f [ F e ( T P P ) ] ~ to c h e c k 
for cons i s t ency w i t h the s p i n a n d a x i a l l i g a t i o n states d e d u c e d . C r y s t a l s 
s u i t a b l e for x- ray w e r e o b t a i n e d f r o m a p y r i d i n e - T H F s o l u t i o n o f 
N a [ F e ( T P P ) ] i n the p r e sence o f d i b e n z o - 1 8 - c r o w n - 6 (8) . T h e p r o d u c t 
has the f o r m u l a t i o n [ N a ( c r o w n ) ( T H F ) 2 ] [ F e ( T P P ) ] · T H F . P y r i d i n e l i 
ga t ion w a s absent , d e s p i t e its use as c o s o l v e n t . T h e a n i o n is te t racoor-
d i n a t e d a n d p l a n a r w i t h a n average F e - N d i s t ance o f 1.988 (1) Â (9) . 
T h i s d i s t ance is e n t i r e l y cons i s ten t w i t h the l a c k o f d&^p o c c u p a t i o n i n 
the l o w s p i n state. I t is s l i g h t l y l o n g e r t h a n that o f the i n t e r m e d i a t e -
s p i n i ron( I I ) c o m p l e x F e ( T P P ) (1.97 Â) as e x p e c t e d f r o m v a l e n c y 
c h a r g e cons ide ra t ions . It is s l i g h t l y shorter t h a n those o f l o w s p i n 
h e x a c o o r d i n a t e d i ron ( I I ) c o m p l e x e s (—2.00 Â) a n d is far r e m o v e d 
f r o m those o f h i g h s p i n i ron ( I I ) c o m p l e x e s (—2.08 Â ) . 

F i n a l l y , the M o s s b a u e r s p e c t r u m o f c r y s t a l l i n e [ N a ( T H F ) 3 ] -
[ F e ( T P P ) ] w a s d e t e r m i n e d a n d the i s o m e r sh i f t (δ) r e l a t i v e to m e t a l l i c 
i r o n is 0 .65 m m / s (JO). T h i s v a l u e is v e r y h i g h for a n i r o n p o r p h y r i n 
a n d is q u i t e cons i s ten t w i t h the h i g h e l e c t r o n d e n s i t y at the n u c l e u s 
o f i r o n i n the f o r m a l l y u n i v a l e n t o x i d a t i o n state. T a b l e I l i s t s s o m e 
r ep re sen t a t i ve e x a m p l e s that i l l u s t r a t e the u s u a l t r e n d o f i n c r e a s 
i n g δ w i t h d e c r e a s i n g o x i d a t i o n state. H o w e v e r , the a p p a r e n t l y 
s t r a i g h t f o r w a r d t r e n d i n δ is d e c e p t i v e . E x c e p t i o n s c a n e a s i l y b e 
f o u n d . I n the absence o f m a g n e t i c field i nves t i ga t i ons ( w h i c h d o not 
h e l p i n d i a m a g n e t i c c o m p o u n d s ) a s i m p l e t r e n d i n i s o m e r sh i f t s h o u l d 
b e a c c e p t e d w i t h c a u t i o n . S i m i l a r l y , the q u a d r u p o l e shif t m a y de fy a 
s i m p l e e x p l a n a t i o n . I n the p resen t case the l a rge v a l u e (ΔΕη = 2 .23 
m m / s ) is cons i s ten t w i t h the l a rge c h a r g e a s y m m e t r y e x p e c t e d o f this 
t e t r agona l i o n . 

I r o n (I) p o r p h y r i n s m i g h t a p p e a r to b e w e l l - b e h a v e d sys tems w i t h 
a l l p rope r t i e s cons i s ten t w i t h a n S = i d7 s y s t e m . O n c lo se i n s p e c t i o n , 
h o w e v e r , t w o p rope r t i e s are s o m e w h a t ou t o f l i n e w i t h the i ron(I ) 
p o r p h y r i n f o r m u l a t i o n a n d are m o r e cons is ten t w i t h a n i ron ( I I ) p o r p h y 
r i n r a d i c a l a n i o n f o r m u l a t i o n , [ F e ( T P P - ) ] ~ - F i r s t , the U V - V I S spec 
t r u m is q u i t e l i k e that o f a p o r p h y r i n r a d i c a l a n i o n h a v i n g b r o a d , l o w 
i n t e n s i t y Sore t m a x i m a a n d b r o a d m a x i m a i n the α , β - r e g i o n c o m p a r e d 
w i t h , for e x a m p l e , F e ( T P P ) i n T H F (see F i g u r e 1). A p a r t f r om s u c h 
b r o a d e n i n g , r e d - s h i f t e d Sore t b a n d s a lso are c o n s i d e r e d d i a g n o s t i c o f 
p o r p h y r i n r a d i c a l an ions (J9). H o w e v e r , the major Sore t b a n d s o f 
F e ( T P P ) a n d o f [ F e ( T P P ) ] ~ are e s sen t i a l l y the s ame w a v e l e n g t h i n 
T H F . S e c o n d , i n s p e c t i o n o f the b o n d l eng ths a n d ang le s o f the por-
p h i n a t o core i n [ F e ( T P P ) ] ~ s h o w t rends that m a y b e cons i s ten t w i t h 
o c c u p a t i o n o f the p o r p h y r i n l o w e s 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 
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( L U M O ) . I n F i g u r e 2 th ree s t ructures are c o m p a r e d : F e ( T P P ) ( T H T ) 2 

as a t y p i c a l l o w s p i n i ron( I I ) p o r p h y r i n o f w e l l - d e f i n e d v a l e n c y (20); 
[ F e ( T P P ) ] " as its s o d i u m c r o w n - T H F - s o l v a t e d salt (9); a n d 
[ F e ( T P P ) ] 2 " , the fur ther r e d u c e d spec i e s that q u i t e u n a m b i g u o u s l y 
has p o r p h y r i n r a d i c a l a n i o n charac te r (d i s cus sed later) (9). T h e b o n d 
d is tances are l i s t e d i n o rde r for these th ree c o m p o u n d s i n the u p p e r 
r i gh t q u a d r a n t o f F i g u r e 2 a n d the l a b e l i n g s c h e m e is i n the u p p e r left 
quad ran t . T h e l e n g t h e n i n g o f the a n d C a - N b o n d s a n d the 
s h o r t e n i n g o f the C a - C & b o n d i n [ F e ( T P P ) ] " r e l a t i v e to those o f a 
n o r m a l p l a n a r p o r p h y r i n are cons is ten t w i t h some p o p u l a t i o n o f the 
p o r p h y r i n L U M O , a n eg o r b i t a l that is a n t i b o n d i n g w i t h r e spec t to 
Cb-Cb a n d C a - N a n d b o n d i n g w i t h r e spec t to C a - C 6 (21). M o r e x- ray 
s t ruc tures o f u n a m b i g u o u s r a d i c a l a n i o n c o m p l e x e s are n e e d e d to 
c l a r i f y the f u l l effects o f L U M O p o p u l a t i o n . 

124.4(2) 

Figure 2. Porphyrin core dimensions for Fe(TPP)(THT)2, [Fe(TPP)]~, 
and [Na(THF)3]2[Fe(TPP)] (9). Each group of digits gives the dimen

sions for these three species in their respective order. 
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340 BIOLOGICAL REDOX COMPONENTS 

T h e c o n c l u s i o n is that s o m e c o n t r i b u t i o n o f a s p i n - c o u p l e d i ron( I I ) 
p o r p h y r i n r a d i c a l a n i o n f o r m u l a t i o n to the i ron( I ) p o r p h y r i n f o r m u l a 
t i o n m a y b e necessa ry to r a t i o n a l i z e f u l l y the p rope r t i e s o f [ F e ( T P P ) ] " . 
R e s o n a n c e forms c a n b e w r i t t e n w i t h i ron(I ) as the major c o n t r i b u t o r : 

[ F e ( I ) ( T P P ) ] - ~ [ F e ( I I ) ( T P P · ) ] " 

S u c h resonance suggests that i n the f o r m a l i z e d i ron( I ) c o n t r i b u t o r the 
u n p a i r e d e l e c t r o n m u s t r e s i d e i n a n o r b i t a l o f the s ame s y m m e t r y as 
the p o r p h y r i n L U M O . B e c a u s e the p o r p h y r i n L U M O has eg s y m m e t r y , 
the s i n g l y o c c u p i e d i ron( I ) o r b i t a l m u s t b e dxz or dyz. 

T h i s obse rva t i on is i n conf l i c t w i t h the (d^)1 c o n f i g u r a t i o n sug 
g e s t e d b y E P R resu l t s , w h i c h c o m p a r e d i ron(I ) to the i s o e l e c t r o n i c 
C o ( I I ) ( T P P ) (6). T h i s i ssue r e m a i n s to b e r e s o l v e d , b u t the (dxz)1 s p i n 
c o n f i g u r a t i o n for i ron(I ) w o u l d b e m o r e i n k e e p i n g w i t h the (dxz,dyz)2 

conf igu ra t i on o f F e ( I I ) ( T P P ) w h e r e the dZ2 o r b i t a l is l o w e r i n e n e r g y 
t h a n dxz,dyz. 

I n s u m m a r y , the l o w s p i n i ron(I ) f o r m u l a t i o n for [ F e ( T P P ) ] " is a n 
a d e q u a t e a s s i g n m e n t for m o s t p roper t i e s , b u t s o m e resonance c o n 
t r i b u t i o n f r o m a s p i n - c o u p l e d i ron( I I ) r a d i c a l f o r m u l a t i o n is n e e d e d to 
r a t i o n a l i z e the b roadness o f the U V - V I S s p e c t r u m a n d the s u b t l e d i f 
ferences i n co re b o n d l e n g t h s b e t w e e n [ F e ( T P P ) ] " a n d a n o r m a l i r o n 
p o r p h y r i n . F o r the first t i m e , a s i n g l e , d i s c r e t e v a l e n c y is i n a d e q u a t e 
for d e s c r i b i n g a m e t a l l o p o r p h y r i n c o m p l e x . T y p i c a l l y , a p o r p h y r i n c a n 
b e c o n s i d e r e d a " h a r d , " i n n o c e n t l i g a n d a n d the i ssue o f a s s i g n i n g 
o x i d a t i o n states is not s e m a n t i c . F o r e x a m p l e , b o t h v a l e n c e i somers ô f 
a n o x i d i z e d n i c k e l p o r p h y r i n w e r e o b s e r v e d . T h e m e t a l o x i d i z e d 
[ N i ( I I I ) ( T P P ) ] + c a n b e c o n v e r t e d to the r i n g o x i d i z e d [ N i ( I I ) ( T P P )] + 

s i m p l y b y m a k i n g m i n o r a l tera t ions i n the s o l v a t i o n e n v i r o n m e n t o f the 
c o m p l e x (22), s u g g e s t i n g that b o t h N i a n d T P P m a i n t a i n d i s c r e t e v a l 
enc ie s i n a c h e m i c a l e q u i l i b r i u m : 

[ N i ( I I I ) ( T P P ) ] + 5± [ N i ( I I ) ( T P P · ) ] + 

W h e t h e r a t rue e q u i l i b r i u m exists has not b e e n i n v e s t i g a t e d . H o w e v e r , 
th is i n t e rp r e t a t i on is to b e con t r a s t ed w i t h the resonance b e t w e e n v a l 
e n c y h y b r i d s j u s t s u g g e s t e d for i ron( I ) . I f r esonance con t r i bu to r s are 
n e e d e d w i t h r a d i c a l a n i o n s t ruc tures b u t not for r a d i c a l c a t i o n s t ruc
tures , a r a t iona le m a y l i e i n o r b i t a l o v e r l a p s y m m e t r i e s . A l t h o u g h the eg 

L U M O s o f a p o r p h y r i n h a v e the co r rec t s y m m e t r y for o v e r l a p w i t h the 
(dxz,dyz) m e t a l o rb i t a l s , n e i t h e r the a2u nor the α%η H O M O s (h ighes t 
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o c c u p i e d m o l e c u l a r o rb i ta l s ) h a v e the co r r ec t s y m m e t r y for o v e r l a p 
w i t h a n y o f the m e t a l d -o rb i t a l s . H o w e v e r , l a c k o f o v e r l a p does not r u l e 
ou t s p i n c o u p l i n g i n r a d i c a l ca t ions . 

C h o i c e o f a n i n t e g r a l v a l e n c y d e p e n d s o n the p a r t i c u l a r p h y s i c a l 
p r o p e r t y that forms the basis o f the a s s ignmen t . T h e f o r e g o i n g ana ly s i s 
demons t ra tes that M o s s b a u e r s p e c t r o s c o p y c a n b e a g o o d p r o b e o f the 
i r o n o x i d a t i o n state, U V - V I S s p e c t r o s c o p y m a y b e the bes t p r o b e o f 
the o x i d a t i o n l e v e l o f the p o r p h y r i n , a n d a cons i s t ency c h e c k w i t h a n 
x- ray c r y s t a l s t ruc tu re is h i g h l y d e s i r a b l e . M a g n e t i c c r i t e r i a are fre
q u e n t l y a m b i g u o u s . E l e c t r o c h e m i c a l c r i t e r i a for d i s t i n g u i s h i n g r i n g 
r e d o x f r o m m e t a l r e d o x i n c l u d e the ~ 2 . 2 5 - V d i f fe rence i n p o t e n t i a l 
b e t w e e n the first r i n g o x i d a t i o n a n d the first r i n g r e d u c t i o n (23). T h i s 
c r i t e r i o n is not p a r t i c u l a r l y h e l p f u l for i r o n p o r p h y r i n s . A n o t h e r e l e c 
t r o c h e m i c a l c r i t e r i o n for i d e n t i f y i n g the si te o f r e d o x i n v o l v e s c o m p a r 
i n g the r e d u c t i o n p o t e n t i a l s for M ( T P P ) ( M = me ta l ) c o m p l e x e s w i t h 
those o f the t e t r a c y a n o - s u b s t i t u t e d t e t r a p h e n y l p o r p h y r i n c o m p l e x e s 
M ( T P P - C N 4 ) (24). D i f f e rences o f 1.0 ± 0.1 V i n d i c a t e r i n g r e d o x , 
w h e r e a s m e t a l c e n t e r e d r e d o x u s u a l l y has m u c h s m a l l e r d i f ferences . 
F o r the i r o n ( I I I - I I ) r e d u c t i o n the d i f ference is o n l y 0 .05 V b u t for the 
n e x t r e d u c t i o n , the d i f ference is 0.8 V . T h i s r e su l t suppor t s the i ron(I ) 
a s s i g n m e n t b u t a l so i n d i c a t e s that the i r o n ( I - I I ) p o t e n t i a l is c lo se to 
the T P P - T P P - p o t e n t i a l . 

O n e p u z z l i n g feature o f the e l e c t r o c h e m i c a l p r o d u c t i o n o f i ron( I ) 
p o r p h y r i n s r e m a i n s . B o t h e l e c t r o c h e m i c a l s tud ies (6, 25) r epor t t w o 
forms o f [ F e ( T P P ) ] " , l a b e l e d A a n d B . T h e y are d i s t i n g u i s h e d b y 
U V - V I S spec t r a a n d fo rm Β c o r r e s p o n d s to the s y n t h e t i c a l l y access i 
b l e spec i e s (390 a n d 424 n m Soret) a l r e a d y d i s c u s s e d . F o r m A is p r o 
d u c e d w h e n r e d u c t i o n is c a r r i e d ou t at a m o r e n e g a t i v e p o t e n t i a l . I n 
l i g h t o f the c h e m i s t r y n o w e s t a b l i s h e d for [ F e ( T P P ) ] ~ , i t is no t c l e a r 
h o w t w o n o n i n t e r c o n v e r t i b l e forms c o u l d exis t . T h e i n v o l v e m e n t o f 
h y d r o x i d e w a s d i s c u s s e d (25) b u t the r e d u c t i o n l e v e l o f A (362 a n d 4 5 7 
n m Soret) was not u n a m b i g u o u s l y d e t e r m i n e d . T h e a i r s ens i t i v i t y o f 
these h i g h l y r e d u c e d spec ies m a k e s th is w o r k e x p e r i m e n t a l l y v e r y 
d e m a n d i n g , b u t m o r e s tud ies are n e e d e d to ass ign a f o r m u l a a n d s t ruc
tu re to the s o - c a l l e d fo rm A o f [ F e ( T P P ) ] " . 

Utility of lron(l) Porphyrins: A New Type of Dioxygen Adduct 

I ron( I ) p o r p h y r i n s d o no t a p p e a r to b e b i o l o g i c a l l y i m p o r t a n t b e 
cause the v e r y n e g a t i v e i r o n ( I - I I ) r e d o x p o t e n t i a l is i n a c c e s s i b l e w i t h 
t y p i c a l b i o l o g i c a l r e d u c i n g agents . H o w e v e r , the o n e - e l e c t r o n r e d u c 
t i o n o f the o x y g e n a d d u c t d e r i v e d f rom ferrous c y t o c h r o m e P - 4 5 0 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

15



342 BIOLOGICAL REDOX COMPONENTS 

[ f o r m a l l y a n F e ( I I I ) s u p e r o x o c o m p l e x (26)] is the k e y s tep that i n i 
t iates m o n o o x y g e n a s e c h e m i s t r y : 

I n the p resence o f o r g a n i c subst ra te ( R H ) a n d a source o f pro tons , the 
o n e - e l e c t r o n r e d u c e d o x y g e n a d d u c t reacts r a p i d l y , w i t h o u t i s o l a b l e 
i n t e r m e d i a t e s , to g i v e o x y g e n a t e d subst ra te ( R O H ) a n d H 2 0 (27). C o n 
c e p t u a l l y , the o n e - e l e c t r o n r e d u c t i o n o f an o x y g e n a d d u c t is the same 
as a d d i n g 0 2 to a n i ron(I ) p o r p h y r i n . It is a l so c o n c e p t u a l l y the same as 
a d d i n g s u p e r o x i d e to a n i ron ( I I ) p o r p h y r i n (28). 

I g n o r i n g the effect o f a x i a l l i g a t i o n , the r eac t i on o f i ron(I ) p o r p h y r i n 
w i t h o x y g e n s h o u l d y i e l d a n e w t y p e o f r e d u c e d o x y g e n c o m p l e x , 
p o s s i b l y r e l a t e d to the k e y r e d u c t i o n s t ep i n the c y t o c h r o m e P - 4 5 0 
c y c l e . 

T r e a t m e n t o f [ F e ( T P P ) ] " w i t h d r y o x y g e n i n T H F s o l u t i o n at 
l o w t empera tu res or as a s o l i d at r o o m t e m p e r a t u r e p r o d u c e s 
[ F e ( 0 2 ) ( T P P ) ] ~ as its s o d i u m sal t (8). It is s p e c t r o s c o p i c a l l y i d e n t i c a l to 
the spec i e s p r o d u c e d b y t r ea tment o f F e ( T P P ) w i t h s u p e r o x i d e i o n 
(28, 29) . It is c h a r a c t e r i z e d b y U V - V I S s p e c t r o s c o p y (433, 564 , a n d 
6 0 7 n m i n T H F ) , Ε P R s p e c t r o s c o p y (g = 8, 4 .22 , 1.98 i n f rozen 
D M S O ) , M ô s s b a u e r s p e c t r o s c o p y [δ = 0 .57 m m / s , AEq = 1 . 0 m m / s at 
4 .2 Κ i n the s o l i d state (10)], a n d v i b r a t i o n a l s p e c t r o s c o p y o f the oc-
t a e t h y l p o r p h y r i n a t e ( O E P ) a n a l o g u e [ K ) - 0 = 806 c m - 1 (28)] . T h e ef
fects o f t e m p e r a t u r e a n d a p p l i e d m a g n e t i c field o n the M ô s s b a u e r 
s p e c t r u m are r e a d i l y i n t e r p r é t a b l e i n t e rms o f a h i g h - s p i n S = f 
i r o n ( I I I ) state (20). T a k e n a l l toge ther these da ta sugges t a p e r o x o 
i r on ( I I I ) f o r m u l a t i o n for [ F e ( 0 2 ) ( T P P ) ] ~ w i t h t r i a n g u l a r d i h a p t o coor 
d i n a t i o n l i k e T i ( 0 2 ) ( O E P ) (30): 

F e ( I I I ) J + R O H + H 2 0 

substrate b o u n d , 
oxygena ted P-450 

res t ing state 
ferr ic P -450 

F e ( 0 2 ) ( p o r p h ) + 
[ F e ( I ) ( p o r p h ) ] - + 0 2 

F e ( I I ) ( p o r p h ) + 0 2 

Ο Ο 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

15



15. REED Iron(I) and Iron(IV) Porphyrins 
343 

A l t h o u g h [ F e ( I I I ) ( 0 2 ) ( T P P ) ] ~ l acks the a x i a l t h io l a t e c o o r d i n a t i o n 
o f c y t o c h r o m e P-450, th is w o r k suggests that a p e r o x o i n t e r m e d i a t e 
c o u l d fo rm at the d i o x y g e n a d d u c t r e d u c t i o n s tep i n the P-450 c a t a l y t i c 
c y c l e , p o s s i b l y w i t h t rans i tory a x i a l - l i g a n d d i s soc i a t i on . M o r e w o r k is 
n e e d e d to v a l i d a t e s u c h s p e c u l a t i o n , h o w e v e r . 

T h u s , a l t h o u g h i ron( I ) p o r p h y r i n s t h e m s e l v e s are u n l i k e l y in te r 
m e d i a t e s i n h e m o p r o t e i n b i o c h e m i s t r y , t h e i r r eac t i on c h e m i s t r y m a y 
l e a d to u se fu l m o d e l c o m p o u n d s . 

Further Reduced Iron Porphyrins 

E l e c t r o c h e m i c a l p r o d u c t i o n o f a spec i e s that is t w o - e l e c t r o n re
d u c e d b e l o w i ron( I I ) was i d e n t i f i e d b y U V - V I S s p e c t r o s c o p y (6, 25) 
(see F i g u r e 1) a n d a s s i g n e d the f o r m u l a [ F e ( T P P ) ] 2 " . T h i s g r e e n 
s p e c i e s is p r e s u m a b l y the same as that seen as the final p r o d u c t o f 
N a ( H g ) r e d u c t i o n o f F e 2 ( T P P ) 2 0 (4), a n d o n the basis o f the b r o a d 
m a x i m a a n d the r e d - s h i f t e d Sore t b a n d w a s f o r m u l a t e d as a r a d i c a l 
a n i o n o f i ron( I ) , [ F e ( I ) ( T P P - ) ] 2 ~ - A synthes i s for th is d i a n i o n was de 
v e l o p e d b y t r e a t i n g F e C l ( T P P ) w i t h th ree e q u i v a l e n t s o f s o d i u m an -
t h r a c e n i d e i n T H F s o l u t i o n (8). D a r k g r e e n c rys ta l s o f the d i s o d i u m 
sal t w e r e i s o l a t e d a n d a n a l y z e d for [ N a ( T H F ) 3 ] 2 [ F e ( T P P ) ] [Anal C a l 
c u l a t e d for C 6 8 H 7 6 0 6 N 4 F e N a 2 : C/71.19; H ,6,68; N ,4.88. F o u n d : 
C ,71.42; H ,6.78; N,5.08.] T h i s spec i e s is e x t r e m e l y a i r s ens i t i ve , d e 
c o m p o s i n g a e r o b i c a l l y to [ F e ( T P P ) ] 2 0 . It is d i a m a g n e t i c a n d s h o w s no 
E P R s i g n a l w h e n p u r e . A s u s u a l , m a g n e t i c da ta d o not a l l o w one to 
d i s t i n g u i s h b e t w e e n th ree p o s s i b l e , b u t not e x c l u s i v e , f o r m u l a t i o n s : (1) 
a n iron(O) rf8-porphyrin, [ F e ( 0 ) ( T P P ) ] 2 " , (2) a s p i n - c o u p l e d S = i 
i ron( I ) p o r p h y r i n r a d i c a l a n i o n , [ F e ( I ) ( T P P - ) ] 2 ~, a n d (3) a s p i n - c o u p l e d 
S = 1 i ron ( I I ) p o r p h y r i n d i r a d i c a l d i a n i o n , [ F e ( I I ) ( T P P : ) ] 2 ~ . A s m e n 
t i o n e d ea r l i e r , the g reen c o l o r a n d U V - V I S spe c t r a l features are c o n 
sis tent w i t h r a d i c a l a n i o n charac te r o f the p o r p h y r i n r i n g (see F i g u r e 1) 
s u g g e s t i n g that the i ron( I ) and /o r the i ron( I I ) fo rmula t ions are m o s t 
s u i t a b l e . H o w e v e r , M ô s s b a u e r s p e c t r o s c o p y a n d a n x-ray c r y s t a l s t ruc
tu re w e r e d e s i r a b l e to m a k e a firmer a s s ignmen t . 

T h e x-ray c r y s t a l s t ruc tu re o f [ N a ( T H F ) 3 ] 2 [ F e ( T P P ) ] w a s de ter 
m i n e d (9) a n d r e v e a l s the 2:1 i o n - p a i r e d s t ruc ture i l l u s t r a t e d i n F i g 
u re 3. T h e average F e - N d i s t ance is 1.968 (2) Â , w h i c h is cons i s ten t 
w i t h a l o w s p i n state. I n F i g u r e 2 the r i n g b o n d l eng ths are c o m p a r e d 
w i t h those o f a n i ron( I I ) l o w s p i n p o r p h y r i n a n d w i t h [ F e ( T P P ) ] ~ . 
A g a i n , the l e n g t h e n i n g o f CÔ-C& a n d C a - N a n d the s h o r t e n i n g o f 
C a - C f t suggests p o p u l a t i o n o f the p o r p h y r i n L U M O , m o r e so t h a n w i t h 
[ F e ( T P P ) ] " . T h e s t ruc tu ra l resul ts therefore s u p p o r t the i ron( I ) r a d i c a l 
f o r m u l a t i o n b u t d o not r e a d i l y d i s t i n g u i s h i t f rom the i ron( I I ) d i r a d i c a l 
f o r m u l a t i o n . 
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344 B I O L O G I C A L R E D O X C O M P O N E N T S 

Figure 3. The crystal structure of [Na(THF)3]2[Fe(TPP)] (9). 

T h e s o m e w h a t s u r p r i s i n g r e su l t c o m e s f r o m the M ô s s b a u e r spec 
t r u m . T h e i s o m e r shif t o f [ N a ( T H F ) 3 ] 2 [ F e ( T P P ) ] is 0.48 m m / s (JO), 
w h i c h is c o m p a r a b l e w i t h i ron( I I ) p o r p h y r i n s not i ron( I ) (see T a b l e I) . 
A v a l u e s i m i l a r to i ron(I ) or e v e n h i g h e r m i g h t h a v e b e e n e x p e c t e d b u t 
not l o w e r . T w o p o s s i b l e exp l ana t i ons for th is r e su l t are (1) the i o n -
p a i r i n g w i t h s o d i u m v i a the p o r p h i n a t o n i t r o g e n a toms m a y dec rea se 
the s - e l ec t ron d e n s i t y seen b y the i r o n n u c l e u s , m a k i n g the d i a n i o n 
a p p e a r to b e m o r e o x i d i z e d t h a n the m o n o a n i o n [ F e ( T P P ) ] " (δ = 0 .65 
m m / s ) a n d (2) a n u n e x p e c t e d l y l a rge c o n t r i b u t i o n c o u l d c o m e f r o m the 
i ron( I I ) d i r a d i c a l s t ruc ture to the f o r m u l a t i o n . I n fact, a l l the da ta o n 
[ F e ( T P P ) ] 2 - c a n b e r a t i o n a l i z e d b y the s p i n - c o u p l e d i ron( I I ) d i r a d i c a l 
f o r m u l a t i o n . H o w e v e r , a n u n e x p l a i n e d fact is that the t w o - e l e c t r o n 
r e d u c t i o n o f i ron ( I I ) re ta ins l a r g e l y i ron ( I I ) cha rac te r w h i l e the one -
e l e c t r o n r e d u c t i o n g ives l a r g e l y i ron( I ) charac ter . T h u s , a r e sonance 
h y b r i d o f i ron(I ) a n d i ron( I I ) is f avored . 
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15. REED Iron(I) and Iron(IV) Porphyrins 
345 

[ F e ( I ) ( T P P - ) ] 2 ~ ~ [ F e ( I I ) ( T P P : ) ] 2 -

C o n s i d e r e d i n d i v i d u a l l y , b o t h o f these c o n t r i b u t o r s m u s t b e c o m 
p l e t e l y s p i n - c o u p l e d b e c a u s e these fo rmula t ions are i n r esonance , not 
i n e q u i l i b r i u m , a n d the c o m p l e x is d i a m a g n e t i c . M e t a t h e s i s w i t h a l -
k y l a m m o n i u m salts to r e m o v e the s o d i u m i o n - p a i r i n g is b e i n g at
t e m p t e d to r e s o l v e the a m b i g u i t y i n the M ô s s b a u e r i n t e r p r e t a t i o n (8) . 

[FeCl(TPP)]+: Iron(IV) Porphyrin or Iron(III) Radical Cation? 

I n the first r epor t (31) o f a n i r o n p o r p h y r i n o x i d i z e d a b o v e the 
i r o n ( I I I ) l e v e l , F e ( O A c ) ( T P P ) was e l e c t r o c h e m i c a l l y o x i d i z e d to a 
s p e c i e s w r i t t e n [ F e ( T P P ) ] 2 + , a n d o n the basis o f i ts U V - V I S s p e c t r u m 
(b road , b l u e - s h i f t e d , m o d e r a t e l y l o w i n t e n s i t y Sore t at 3 9 6 n m a n d 
b r o a d α , / 3 - r eg ion ) a s s i g n e d a n i r on ( I I I ) r a d i c a l c a t i o n f o r m u l a t i o n , 
[ F e ( I I I ) ( T P P ) ] 2 + . A m a g n e t i c m o m e n t o f 2 .71 B M was i n t e r p r e t e d as 
a n o v e r a l l S = 1 s y s t e m h a v i n g a l o w s p i n S = i i r on ( I I I ) a n d a n S = i 
p o r p h y r i n r a d i c a l w i t h no s p i n - c o u p l i n g . I n v i e w o f s u b s e q u e n t m e a 
s u r e m e n t s on the v e r y c l o s e l y r e l a t e d S = 2 c h l o r i d e c o m p l e x 
[ F e C l ( T P P ) ] + , th i 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 m o s t l i k e l y 
w a s i n error . W e t so lven t s p r o b a b l y gave r ise to [ F e ( T P P ) ] 2 0 a n d its 
o x i d a t i o n p r o d u c t s . T h e s e 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 sys tems h a v e 
l o w m a g n e t i c m o m e n t s a n d the p u b l i s h e d U V - V I S s p e c t r a are cons is 
tent w i t h t h e i r p resence as major c o m p o n e n t s . 

S o l u t i o n s o f [ F e C l ( T P P ) ] + w e r e p r e p a r e d b y e l e c t r o c h e m i c a l 
m e t h o d s (32, 33). T h e c o m p l e x w a s a s s i g n e d a h i g h s p i n i r o n ( I V ) for
m u l a t i o n b a s e d o n the S = 2 s p i n state, U V - V I S a n d p r o t o n N M R 
s p e c t r o s c o p y , a n d m o l e c u l a r o r b i t a l c a l c u l a t i o n s . T h e c l o s e l y r e l a t e d 
[ F e ( p - m e t h o x y T P P ) C l ] + s h o w s s i m i l a r s p e c t r o s c o p i c p rope r t i e s to the 
a n a l o g o u s 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 c o m p l e x (34). H o w e v e r , 
n o n e o f these da ta u n a m b i g u o u s l y d i s t i n g u i s h b e t w e e n the a l te rna te 
fo rmula t ions o f [ F e C l ( T P P ) ] + as (1) a h i g h s p i n i r o n ( I V ) p o r p h y r i n or 
(2) a h i g h s p i n i ron ( I I I ) r a d i c a l ca t ion w h e r e the S = i i r o n is s p i n -
c o u p l e d to the S = i p o r p h y r i n r a d i c a l to g i v e a n o v e r a l l S = 2 state 
(19) . 

I n k e e p i n g w i t h the v i e w s that M ô s s b a u e r s p e c t r o s c o p y is one o f 
the bes t c r i t e r i a o f o x i d a t i o n a n d s p i n states o f the i r o n a n d that a 
s y n t h e t i c m e t h o d that a l l o w e d i so l a t i on o f [ F e C l ( T P P ) ] + for x- ray 
ana lys i s was d e s i r a b l e to r e so lve th is p r o b l e m , th i s s y s t e m w a s r e i n 
v e s t i g a t e d (13). A c o n v e n i e n t s y n t h e t i c m e t h o d w a s d e v e l o p e d b y 
u s i n g the h e x a c h l o r o a n t i m o n a t e salts o f o r g a n i c r a d i c a l s (R · + ) as 
c l e a n , o n e - e l e c t r o n ox idan t s o f k n o w n p o t e n t i a l . 

F e C l ( T P P ) + R · + S b C l 6 " ^ > [ F e C l ( T P P ) ] [ S b C l 6 ] + R 
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346 BIOLOGICAL REDOX COMPONENTS 

I n m a n y respec ts these reagents represen t the s y n t h e t i c e q u i v a l e n t o f 
c o n t r o l l e d p o t e n t i a l e l e c t r o c h e m i s t r y . T h e p r o d u c t [ F e C l ( T P P ) ] -
[ S b C l 6 ] is i s o l a b l e as b l a c k c rys ta l s a n d has a U V - V I S s p e c t r u m i n 
d i c h l o r o m e t h a n e i d e n t i c a l to that r e p o r t e d for [ F e C l ( T P P ) ] + p r o d u c e d 
e l e c t r o c h e m i c a l l y . T h e m a g n e t i c m o m e n t (μ = 5.1 B M ) is i n d i c a t i v e 
o f four u n p a i r e d e l ec t rons a n d C u r i e - W e i s s l a w b e h a v i o r ( 5 - 3 0 0 K ) 
s h o w s i t to b e a w e l l - b e h a v e d S = 2 s y s t e m . T h i s m a g n e t i c m o m e n t 
a l so ru les ou t the u n l i k e l y f o r m u l a t i o n o f [ F e C l ( T P P ) ] + as a n u n 
c o u p l e d p o r p h y r i n r a d i c a l c a t i on o f i n t e r m e d i a t e s p i n i ron ( I I I ) b e 
cause s o m e c o u p l i n g o f adjacent S = f a n d S= i sys t ems w o u l d b e 
e x p e c t e d at 5 K . N o t a b l y , the M ô s s b a u e r s p e c t r u m o f [ F e C l ( T P P ) ] -
[SbCle ] is v e r y m u c h l i k e h i g h s p i n i r on ( I I I ) , not o n l y i n te rms o f the 
i s o m e r shif t a n d q u a d r u p o l e s p l i t t i n g (see T a b l e I) , b u t a lso i n the 
a s y m m e t r y o f the d o u b l e t as a f u n c t i o n o f t e m p e r a t u r e (23) . T h i s e v i 
d e n c e is p a r t i c u l a r l y c o m p e l l i n g for a h i g h s p i n i ron ( I I I ) r a d i c a l for
m u l a t i o n . A l l the s p e c t r o s c o p i c da ta p r e v i o u s l y u s e d to s u p p o r t the 
a l te rna te i r o n ( I V ) a s s i g n m e n t (32 , 33 ) c a n b e r e i n t e r p r e t e d . T h e U V -
V I S s p e c t r u m o f [ F e C l ( T P P ) ] + has m o s t o f the cha rac te r i s t i c s o f a 
r a d i c a l c a t i o n i n c l u d i n g a b r o a d α , β - r e g i o n a n d a Sore t b a n d (396 n m ) 
that is b r o a d e n e d , b l u e - s h i f t e d , a n d l o w e r e d i n i n t ens i t y c o m p a r e d 
to F e C l ( T P P ) (see F i g u r e 4). T h e s e cha rac te r i s t i c s w e r e p r o b a b l y 
o v e r l o o k e d at first b e c a u s e the r a d i c a l cha rac te r i s t i c s are not as d r a 
m a t i c as i n a n i d e a l case s u c h as [ Z n ( T P P ) ] + w h e r e m e t a l a n d l i g a n d 
o r b i t a l ene rg ie s are p r e s u m a b l y w e l l - s e p a r a t e d . T h e p r o t o n N M R 
s p e c t r u m has the /3-pyrrole p ro tons m a r k e d l y s h i f t e d d o w n f i e l d 
( - 6 3 . 8 p p m ) i n a m a n n e r r e m i n i s c e n t o f h i g h s p i n i ron ( I I I ) [ - 7 9 p p m 
i n F e C l ( T P P ) ] (3) . T h e v a l u e o f - 6 9 p p m o r i g i n a l l y r e p o r t e d (32) 
p r o b a b l y arose f r o m s i g n a l a v e r a g i n g f r o m a m i x t u r e o f [ F e C l ( T P P ) ] " 1 " 
a n d F e C l ( T P P ) . T h i s l a rge d o w n f i e l d shif t is p r o b a b l y d u e to s p i n 
d e n s i t y i n the dX2_y2 o r b i t a l a n d i t is n o t a b l y u n l i k e that o f the h i g h 
s p i n d 4 - c o m p l e x M n C l ( T P P ) [ + 2 0 p p m (3)] , w h i c h has dX2_y2 u n o c 
c u p i e d . B e c a u s e M n C l ( T P P ) is i s o e l e c t r o n i c w i t h h i g h s p i n i r o n ( I V ) , 
i t is p r o b a b l y a g o o d N M R m o d e l . T h e c h e m i c a l shifts o f the p h e n y l 
p ro tons are a n a l y z e d i n m o r e d e t a i l e l s e w h e r e (34). T h e s i n g l e o c c u 
p a t i o n o f the p o r p h y r i n H O M O i n T P P - + m i g h t b e e x p e c t e d to shi f t 
v a r i o u s r i n g v i b r a t i o n a l m o d e s . I n t e r e s t i n g l y , [ F e C l ( T P P ) ] [ S b C l 6 ] 
has a s t rong b a n d at 1290 c m - 1 i n the I R s p e c t r u m that does not a p p e a r 
i n F e C l ( T P P ) . T h i s b a n d does not ar ise f r o m the a n i o n a n d is seen i n 
o ther T P P r a d i c a l c a t i on spec i e s (35) . T h i s b a n d appea r s to b e a 
u n i q u e l y d i a g n o s t i c c r i t e r i o n o f r a d i c a l cat ions o f T P P . 

T h e final a rb i t e r o f th is f o r m u l a t i o n q u e s t i o n w i l l b e the x-ray 
c r y s t a l s t ruc tu re b e c a u s e a h i g h s p i n i r on ( I I I ) a t o m i n [ F e C l ( T P P ) ] + 

s h o u l d h a v e c o o r d i n a t i o n g r o u p paramete r s e n t i r e l y di f ferent f r o m a n 
i r o n ( I V ) a t o m . W i t h d^-yi o c c u p i e d , h i g h s p i n i r o n ( I I I ) , i f pen tacoor -
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348 BIOLOGICAL REDOX COMPONENTS 

d i n a t e d s h o u l d h a v e l o n g F e - N d is tances (—2.05 Â) a n d s h o u l d b e 
d i s p l a c e d c o n s i d e r a b l y (—0.5 Â) f r o m the p o r p h y r i n p l a n e . O n the 
o the r h a n d , h i g h s p i n i r o n ( I V ) , h a v i n g άχ2-υ2 u n o c c u p i e d , is e x p e c t e d 
to s h o w short F e - N d is tances ( ^ 2 . 0 0 À) a n d c o o r d i n a t i o n g r o u p pa 
rameters s i m i l a r to, b u t s l i g h t l y c o n t r a c t e d f r o m , M n C l ( T P P ) . 

T h e e l e c t r o c h e m i c a l c r i t e r i a for d i s t i n g u i s h i n g m e t a l o x i d a t i o n 
f r o m r i n g o x i d a t i o n are at bes t a m b i g u o u s a n d at w o r s t m i s l e a d i n g for 
i r o n . T h e 2 .25 ± 0 . 1 5 - V d i f fe rence b e t w e e n the first r i n g o x i d a t i o n a n d 
first r i n g r e d u c t i o n o f m o s t o c t a e t h y l p o r p h y r i n a t e ( O E P ) c o m p l e x e s 
l e ads to a m b i g u i t y i n F e ( O E P ) ( O H ) (23). F o r F e ( T P P ) d e r i v a t i v e s the 
[ F e ( I ) ( T P P ) ] - / [ F e ( I I I ) C l ( T P P ) ] + d i f fe rence is - 2 . 1 V a n d the [ F e -
( T P P ) ] 2 7 F e ( I I I ) C l ( T P P - ) ] + r i n g d i f fe rence is - 2 . 7 V . C l e a r l y , the 
2 . 2 5 - V c r i t e r i o n is not a p p l i c a b l e i n th i s case . T h e d i f fe rence b e t w e e n 
the first a n d s e c o n d r i n g ox ida t ions is f r e q u e n t l y 0 .29 ± 0 .05 V , sug 
g e s t i n g ano the r c r i t e r i o n for a s s i g n i n g r e d o x steps (19) . I n e t iopor-
p h y r i n I i r on ( I I I ) c h l o r i d e a n d t e t r a - p - t o l y l p o r p h y r i n i ron ( I I I ) c h l o r 
i d e d i f ferences o f 0.54 a n d 0.43 V , r e s p e c t i v e l y , w e r e u s e d to sub 
s tant ia te the i r o n ( I V ) a s s i g n m e n t (33) . I n v i e w o f the c o n c l u s i o n that 
[ F e C l ( T P P ) ] + is not i r o n ( I V ) a n d the l i k e l i h o o d that the e t i o p o r p h y r i n 
I a n d t o l y l p o r p h y r i n ana logues are l i k e w i s e not i r o n ( I V ) , th is e l e c t r o 
c h e m i c a l c r i t e r i o n is a p p a r e n t l y not a l w a y s r e l i a b l e . O f s u b s t a n t i a l l y 
m o r e r e l i a b i l i t y is the c r i t e r i o n o f i n s e n s i t i v i t y o f r i n g o x i d a t i o n to 
a x i a l l i g a t i o n c h a n g e (36) . T h i s s t u d y l e n d s s u p p o r t to the r i n g o x i d a 
t i on o f F e C l ( T P P ) . T h u s , a l t h o u g h i n f avorab le cases e l e c t r o c h e m i c a l 
c r i t e r i a c a n s u p p o r t the a s s i g n m e n t o f a s i te o f r e d o x , t hey s h o u l d not 
b e r e l i e d o n i n cases w h e r e m e t a l r e d o x po t en t i a l s m a y b e c l o s e to 
r i n g p o t e n t i a l s . 

I n s u m m a r y , the w e i g h t o f e v i d e n c e is h e a v i l y aga ins t a n i r o n ( I V ) 
f o r m u l a t i o n for [ F e C l ( T P P ) ] + a n d b e c a u s e a n x-ray s i n g l e - c r y s t a l s t u d y 
is i n progress (37) a n d e x t e n d e d x-ray a b s o r p t i o n fine s t ruc tu re 
( E X A F S ) m e a s u r e m e n t s are b e i n g m a d e (38) , the final r e s o l u t i o n o f 
th i s q u e s t i o n c a n b e a n t i c i p a t e d i n the n e a r fu ture . M ô s s b a u e r spec 
t r o s c o p y has p r o v e d to b e a d e c i s i v e p r o b e for the o x i d a t i o n state o f 
i r o n . F u r t h e r m o r e , a l t h o u g h U V - V I S s p e c t r o s c o p y r e m a i n s a u se fu l 
p r o b e o f the o x i d a t i o n l e v e l o f the p o r p h y r i n , i t is not a l w a y s c l e a r c u t . 
S p e c t r a l pat terns that i d e n t i f y p o r p h y r i n r a d i c a l s (19, 39) t e n d to por
t ray i d e a l cases. F o r i r o n , w h e r e the d - o r b i t a l ene rg ies are c l o s e to 
those o f the p o r p h y r i n H O M O or L U M O , less p r e d i c t a b l e spec t r a 
ar ise . P o s s i b l y N M R a n d I R c r i t e r i a w i l l e v e n t u a l l y p r o v e to b e o f 
greater u t i l i t y t h a n U V - V I S i n i d e n t i f y i n g r a d i c a l cha rac te r i n a por
p h y r i n . 

S o m e c o m m e n t m u s t b e m a d e o n the na tu re o f the i n t r a m o l e c u 
l a r 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 a p a r a m a g n e t i c m e t a l cen te r 
a n d a p o r p h y r i n r a d i c a l c a t i on . T h e o v e r a l l S = 2 cha rac te r o f 
[ F e ( I I I ) C l ( T P P ) ] + i n d i c a t e s that c o u p l i n g is v e r y l a rge . T h i s finding 
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is i n m a r k e d contras t w i t h C o m p o u n d I o f ho r se r ad i sh p e r o x i d a s e 
w h e r e a v e r y s m a l l c o u p l i n g ( - J — 2 c m " 1 ) b e t w e e n the S = 1 i r o n ( I V ) 
a n d the p o r p h y r i n r a d i c a l is o b s e r v e d (18). S i m i l a r l y , the [ C u ( I I ) ( P - ) ] + 

spec i e s a p p a r e n t l y has n e g l i g i b l e c o u p l i n g , g i v i n g r ise to t w o u n 
p a i r e d e l ec t rons (31, 40). O n e repor t , h o w e v e r , f o u n d d i a m a g n e t i s m 
(39). C l e a r l y , there are too f e w u n a m b i g u o u s da ta to r e v e a l a n y sys
t e m a t i c t r ends . B e c a u s e a n t i f e r r o m a g n e t i c in te rac t ions are g e n e r a l l y 
d i f f i cu l t to r a t i o n a l i z e , i t is o f l i t t l e use to s p e c u l a t e o n w h y c o u p l i n g is 
s t rong i n [ F e ( I I I ) C l ( T P P - ) ] + b u t not i n o the r c o m p l e x e s . P o p u l a t i o n o f 
a l l the d -o rb i t a l s i n h i g h s p i n rf5-iron(III) c e r t a i n l y m a x i m i z e s the op
p o r t u n i t y for c o u p l i n g . 

Oxidized μ-Οχο Ferric Dimers 

T h e 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 o x i d a t i o n o f [ F e ( T P P ) ] 2 0 oc 
curs i n d i s c r e t e s teps separa ted b y ~ 0 . 3 V (33). T h i s s i tua t ion has 
a l l o w e d s t u d y o f b o t h the o n e - e l e c t r o n o x i d i z e d " m i x e d - v a l e n c e " 
c o m p o u n d , [ F e 2 ( T P P ) 2 0 ] + a n d the t w o - e l e c t r o n o x i d i z e d p r o d u c t , 
[ F e 2 ( T P P ) 2 0 ] 2 + . T h e F e 2 ( O E P ) 2 0 c o m p l e x a p p a r e n t l y b e h a v e s i n a 
v e r y s i m i l a r m a n n e r . 

T h e s i n g l y o x i d i z e d spec i e s [ F e 2 ( T P P ) 2 0 ] + was c h a r a c t e r i z e d 
b o t h i n s o l u t i o n a n d i n the s o l i d state (33, 34). T h e U V - V I S s p e c t r u m 
is not c o m p e l l i n g l y r a d i c a l c a t i o n - l i k e b u t is s u g g e s t i v e o f o n e (see 
F i g u r e 5). I t s h o w s a r e d u c e d i n t ens i t y Sore t b a n d a n d a b r o a d e n e d 
α , β - r e g i o n b u t no b l u e - s h i f t i n g o f the Soret . T h e l o w m a g n e t i c m o m e n t 
(μ - 2 .9 at 4 0 ° C ) was t e n t a t i v e l y i n t e r p r e t e d as a m i x t u r e o f S = \ a n d 
S = f states i n e q u i l i b r i u m (33) b u t is m o r e l i k e l y to ar ise f rom ant i fer 
r o m a g n e t i c c o u p l i n g . T h e E S R s p e c t r u m (g = 2 .059 , 1.993) is cons i s 
tent w i t h m e t a l - l o c a l i z e d u n p a i r e d s p i n (33), b u t i t does not r u l e ou t a 
p o r p h y r i n r a d i c a l b e c a u s e its s p i n w o u l d a lmo s t c e r t a i n l y b e c o u p l e d 
to the i r o n as i n [ F e C l ( T P P - ) ] + . T h e p r o t o n N M R ass ignment s h a v e 
b e e n p u t o n a firm basis (34) a n d t e m p e r a t u r e d e p e n d e n c e s tud ies 
s u p p o r t the p re sence o f a n t i f e r r o m a g n e t i s m . T h e bes t e v i d e n c e for a 
p o r p h y r i n r a d i c a l f o r m u l a t i o n c o m e s f rom the a p p e a r a n c e o f the d i a g 
nos t i c 1 2 8 0 - c m " 1 I R b a n d (35). A repor t o f a s y n t h e t i c m e t h o d o f isolat
i n g [ F e 2 ( T P P ) 2 0 ] + as a B F 4 " or P F 6 " sal t a n d the d e t e r m i n a t i o n o f 
m a g n e t i c , M ô s s b a u e r , E P R , a n d I R charac te r i s t i c s (41) s h o u l d p r o b a 
b l y b e e n t i r e l y d i s c o u n t e d b e c a u s e the p resence o f fluoro-bridged d i 
mer s p r o v i d e s a m o r e a c c e p t a b l e r a t iona le for the observa t ions (42). 
C o m p a r e d to [ F e C l ( T P P ) ] + , the p resence o f a n o x o l i g a n d s h o u l d 
i m p r o v e the a c c e s s i b i l i t y o f i r o n ( I V ) b u t the w e i g h t o f e v i d e n c e is 
t o w a r d a r a d i c a l c a t i o n f o r m u l a t i o n for [ F e 2 ( T P P ) 2 0 ] + ra ther t h a n a 
m i x e d - v a l e n c e i r o n ( I I I ) - ( I V ) spec i e s . T h e d e t e r m i n a t i o n o f its 
M ô s s b a u e r s p e c t r u m a n d x-ray c r y s t a l s t ruc ture s h o u l d l e a d to a conf i 
d e n t a s s ignmen t . 
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A c o m p a r i s o n m a y b e d r a w n b e t w e e n [ F e 2 ( T P P ) 2 0 ] + a n d the 
i s o e l e c t r o n i c n i t r i d e F e 2 ( T P P ) 2 N (43). T h i s spec i e s , h o w e v e r , def ies 
s t r a i g h t f o r w a r d f o r m u l a t i o n d e s p i t e e x t e n s i v e s t u d y o f i ts p h y s i c a l 
p rope r t i e s . M a g n e t i c c r i t e r i a s u c h as 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 a n d 
E S R s p e c t r o s c o p y c l e a r l y s h o w that the d i m e r is a n o v e r a l l S = i sys
t e m w i t h the u n p a i r e d e l e c t r o n l o c a l i z e d o n the F e N F e m o i e t y (43, 
44). A l l e x p e r i m e n t s s h o w the t w o i r o n a toms to b e i d e n t i c a l so that a n 
a v e r a g e d v a l e n c e f o r m a l i s m is r e q u i r e d (43). B e c a u s e the U V - V I S 
s p e c t r u m s h o w s n o p o r p h y r i n r a d i c a l c a t i o n charac te r i s t i c s , the me t a l s 
c a n b e a s s i g n e d a n a v e r a g e d i r o n ( I I I ) - ( I V ) v a l e n c y . T h e c o m p o u n d is 
a s o - c a l l e d C l a s s I I m i x e d - v a l e n c e c o m p o u n d a n d c a n b e v i e w e d as 
h a v i n g a n i r o n ( I I I 1) v a l e n c y , r e p r e s e n t e d b y e q u a l c o n t r i b u t i o n f rom 
t w o resonance fo rms: 

F e ( I I I ) — N — F e ( I V ) <-> F e ( I V ) = N — F e ( I I I ) ' 

T h e u n a n s w e r e d q u e s t i o n is that o f the s p i n state(s). T h e 
M ô s s b a u e r spec t r a w e r e i n t e r p r e t e d as i n d i c a t i v e o f h i g h s p i n (43); t he 
x- ray c r y s t a l s t ruc tu re is m o r e i n a c c o r d w i t h a n ave rage o f l o w s p i n 
i r on ( I I I ) a n d h igh , s p i n i r o n ( I V ) (44); t he X P S s p e c t r a r e q u i r e a l o w 
s p i n a s s i g n m e n t (45), a n d the resonance R a m a n sugges t a h i g h s p i n 
state (46). So , u n l i k e a l l o f the m o n o m e r i c i r o n p o r p h y r i n s d i s c u s s e d 
p r e v i o u s l y , the a s s i g n m e n t o f s p i n states to i r o n i n F e 2 ( T P P ) 2 N appea r s 
to b e at bes t , p e r m a n e n t l y a m b i g u o u s a n d at wors t , one o f those n u i 
sance ques t ions o f i n o r g a n i c c h e m i s t r y . 

I n a s o m e w h a t r e l a t e d m a n n e r , the a m b i g u o u s a s s i g n m e n t o f 
o x i d a t i o n a n d s p i n states i n c a r b e n e c o m p l e x e s o f the t y p e 
F e ( C R 2 ) ( p o r p h ) p o i n t s to the n o n i n n o c e n t b e h a v i o r o f a c a r b e n e ' l i g a n d 
(47): 

F e ( I V ) = C R 2 <-> F e ( I I ) ^ : C R 2 

S o m e i r o n ( I V ) charac te r c a n b e i n v o k e d to r a t i o n a l i z e the s i m i l a r i t y o f 
the U V - V I S spec t r a o f v i n y l i d e n e c o m p l e x e s w i t h C o m p o u n d I I o f 
pe rox idase s (48). 

I n a d d i t i o n to the s i n g l y o x i d i z e d μ-οχο d i m e r there is a l so the 
d o u b l y o x i d i z e d spec i e s [ F e 2 ( T P P ) 2 0 ] 2 + a n d its O E P a n a l o g u e . F i r s t 
p r o d u c e d e l e c t r o c h e m i c a l l y (32), the d i p e r c h l o r a t e sal t n o w has 
b e e n i s o l a t e d (34). T h e b i s h e x a c h l o r a n t i m o n a t e sal t c a n a lso b e s y n 
t h e s i z e d u s i n g R · + S b C l 6 ~ reagents (35). T h e v i s i b l e s p e c t r u m o f 
[ F e 2 ( T P P ) 2 0 ] 2 + is ra ther l i k e a ca t ion r a d i c a l h a v i n g a b r o a d e n e d 
b l u e - s h i f t e d Sore t b a n d at 3 9 6 n m a n d a b r o a d e n e d α , β - r e g i o n (see 
F i g u r e 5). T h i s s p e c t r u m suggests a n i r o n ( I I I ) r a d i c a l f o r m u l a t i o n b u t 
is b y no means c o n c l u s i v e w i t h o u t M ô s s b a u e r a n d s t ruc tu r a l c o r r o b o r a -
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352 BIOLOGICAL REDOX COMPONENTS 

t i o n . 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 v i a the oxo b r i d g e is sugges t ed 
b y a n ana lys i s o f the p r o t o n N M R s p e c t r u m (34). T h e a p p e a r a n c e o f a 
s t rong 1 2 9 0 - c m - 1 b a n d i n the I R s p e c t r u m o f [ F e 2 ( T P P ) 2 0 ] [ S b C l e ] 2 is 
d i a g n o s t i c o f p o r p h y r i n r a d i c a l f o r m u l a t i o n (35), a n d others (34) favor 
s u c h a n a s s i g n m e n t o v e r the i r o n ( I V ) f o r m u l a t i o n p r e v i o u s l y a s s i g n e d 
(33). 

Monomeric Iron(lV) Porphyrins 

T h e s o l u t i o n c h a r a c t e r i z a t i o n o f w h a t is a p p a r e n t l y the first a u 
t h e n t i c i r o n ( I V ) p o r p h y r i n was r e p o r t e d r e c e n t l y (49). μ - P e r o x o 
i r o n ( I I I ) d i m e r s c a n b e c l e a v e d h o m o l y t i c a l l y w i t h l i g a n d s ( L ) s u c h as 
1 - m e t h y l i m i d a z o l e ( l - M e l m ) , p y r i d i n e , or p i p e r i d i n e to y i e l d oxo 
i r o n ( I V ) p o r p h y r i n s [ F e O ( p o r p h ) L ] : 

( p o r p h ) F e - O - O - F e ( p o r p h ) + 2 l - M e l m > 2 F e O ( p o r p h ) L 
toluene 

T h e r e a c t i o n m u s t b e c a r r i e d ou t at l o w t empera tu re s u n d e r s c r u p u 
l o u s l y a p r o t i c c o n d i t i o n s , a n d the p r o d u c t is u n s t a b l e i n s o l u t i o n a b o v e 
- 3 0 ° C . T h e U V - V I S s p e c t r u m o f F e O ( T m T P ) ( l - M e I m ) ( T m T P = 
t e t r a - m - t o l y l p o r p h i n a t o ) is t y p i c a l l y m e t a l l o p o r p h y r i n - l i k e a n d s h o w s 
no ca t ion r a d i c a l charac ter . 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 is 2 .9 B M at 
- 4 0 ° C , a n d the C u r i e l a w b e h a v i o r o f the p o r p h y r i n shifts i n the p r o 
ton N M R s p e c t r u m suggests a w e l l - b e h a v e d m o n o m e r i c S = 1 s y s t e m . 
T h e s e da ta s u p p o r t a n i n t e r m e d i a t e s p i n i r o n ( I V ) f o r m u l a t i o n a n d the 
c l o s e s i m i l a r i t y o f the s u s c e p t i b i l i t y a n d e l e c t r o n i c spec t r a to those o f 
C o m p o u n d I I o f pe rox idases is v e r y g r a t i f y i n g . 

T h e c e n t r a l i m p o r t a n c e o f th is c o m p l e x to i r o n ( I V ) p o r p h y r i n 
c h e m i s t r y a n d i ts r e l e v a n c e to p e r o x i d a s e c h e m i s t r y m a k e d e f i n i t i v e 
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 a p a r a m o u n t o b j e c t i v e . T h e t h e r m a l ins ta 
b i l i t y o f F e O ( T P P ) ( l - M e I m ) means th is c h a r a c t e r i z a t i o n w i l l no t b e 
easy , b u t i n the absence o f a n x-ray s t ruc tu re , M ô s s b a u e r s p e c t r o s c o p y 
c a n p r o v i d e a d d i t i o n a l c h a r a c t e r i z a t i o n . S p e c t r a w e r e o b t a i n e d for 
F e O ( T P P ) ( l - M e I m ) (14) a n d they g i v e s t rong s u p p o r t to the i r o n ( I V ) 
a s s ignmen t . T h e i s o m e r shif t (δ) is 0.11 m m / s at 4 .2 Κ a n d the q u a d -
r u p o l e s p l i t t i n g is 1.24 m m / s . S u c h a l o w i s o m e r shift reflects a 
h i g h o x i d a t i o n state, a n d δ progresses f rom a h i g h o f 0 .65 i n the 
i ron( I ) p o r p h y r i n to a l o w o f 0.03 i n i r o n ( I V ) h e m o p r o t e i n s ( T a b l e 
I). T h e t e m p e r a t u r e a n d a p p l i e d m a g n e t i c field d e p e n d e n c i e s o f 
F e ( 0 ) ( T P P ) ( l - M e I m ) are i n a c c o r d w i t h an S = 1 state a n d c l o s e l y 
m i m i c the spec t r a o f C o m p o u n d E . S . o f c y t o c h r o m e c p e r o x i d a s e 
( C C P ) (14, 15). 

T h e c o m p a r i s o n o f F e ( I V ) 0 ( T P P ) ( l - M e I m ) a n d [ F e ( I I I ) C l -
( T P P ) ] + demons t ra tes h o w the site o f r e d o x is d i c t a t e d b y the a x i a l 
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l i g a n d . T h e f e r r y l m o i e t y ( F e = 0 ) p r o v i d e s the o n l y a x i a l l i g a t i o n 
c a p a b l e o f s t a b i l i z i n g i r o n ( I V ) i n m o n o n u c l e a r s p e c i e s . T h e n i t r i d o 
m o i e t y ( F e N F e ) a l so seems to s h o w th is c a p a c i t y i n d i m e r s . T h e 
u n i q u e a b i l i t y o f oxo l i g a n d s to s t a b i l i z e h i g h o x i d a t i o n states o f t r an
s i t i on m e t a l s is w e l l - k n o w n a n d o n l y fluoride, h y d r o x i d e , a n d a l k -
o x i d e a x i a l l i g a t i o n r e m a i n as u n t e s t e d b u t v i a b l e a l t e rna t ives i n the 
s e a r c h for o ther i r o n ( I V ) p o r p h y r i n c o m p l e x e s . T h e c i r c u m s t a n t i a l e v i 
d e n c e for oxo l i g a t i o n i n i r o n ( I V ) h e m o p r o t e i n s is n o w q u i t e s t rong , 
a l t h o u g h h y d r o x o l i g a t i o n c a n n o t b e r u l e d out . 

Further Oxidized Iron Porphyrins 

I r o n p o r p h y r i n s that are t w o - e l e c t r o n o x i d i z e d a b o v e i r on ( I I I ) 
h a v e b e e n r e fe r r ed to as i r o n ( V ) p o r p h y r i n s p u r e l y as a f o r m a l i s m o f 
c o n v e n i e n c e . A p p a r e n t l y , h o w e v e r , 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 
ucts o f S = 1 i r o n ( I V ) p o r p h y r i n s are a c t u a l l y i r o n ( I V ) r a d i c a l ca t ions . 
S y n t h e t i c a l l y , t h e y w e r e a p p r o a c h e d b y r eac t i on o f i o d o s o b e n z e n e or 
p e r a c i d reagents w i t h i r on ( I I I ) p o r p h y r i n s . 

A g r een i n t e r m e d i a t e o f p o s s i b l e c o m p o s i t i o n F e O ( O E P ) C l w a s 
r e p o r t e d i n the i n t e r a c t i o n o f F e ( O E P ) C l w i t h i o d o s y l x y l e n e (50) . 
S o m e U V - V I S s p e c t r a l s i m i l a r i t y w i t h C o m p o u n d I o f cata lase ( C a t I) 
l e n d s s u p p o r t to the a s s i g n m e n t o f an i r o n ( I V ) r a d i c a l c a t i on . S u c h 
s p e c t r a l s i m i l a r i t y is not , h o w e v e r , m u c h c l o s e r to C a t I t h a n a n 
o x i d i z e d c a r b e n e c o m p l e x is to H R P I (48). C l e a r l y , s t r uc tu r a l a s s ign
men t s b a s e d u p o n m o d e s t s p e c t r a l s i m i l a r i t y s h o u l d b e m a d e w i t h 
c o n s i d e r a b l e c a u t i o n . A m a g n e t i c m o m e n t o f 4.8 B M was r e p o r t e d a n d 
a h i g h s p i n i r o n ( I V ) a s s i g n m e n t sugges t ed . T h i s r epor t is i ncons i s t en t 
w i t h expec ta t ions b a s e d o n H R P I a n d l eaves s o m e d o u b t a b o u t the 
i d e n t i t y o f th is c o m p l e x . T h e h i g h - s p i n state o f i r o n ( I V ) , i f i t ex is ts , 
r e m a i n s to b e e s t a b l i s h e d i n a d e f i n i t i v e l y c h a r a c t e r i z e d p o r p h y r i n 
c o m p l e x . 

A m o r e d e f i n i t i v e c h a r a c t e r i z a t i o n o f the p r o d u c t o f i r on ( I I I ) por
p h y r i n s w i t h " o x y g e n a t o m " reagents w a s p u b l i s h e d (17). T r e a t m e n t 
o f F e C l ( T M P ) ( T M P = t e t r a m e s i t y l p o r p h y r i n a t e ) w i t h m - c h l o r o -
p e r o x y b e n z o i c a c i d g ives a g r e e n i n t e r m e d i a t e , w h i c h c a n b e s t u d i e d 
s p e c t r o s c o p i c a l l y at l o w e r e d t empera tu re s . Its M ô s s b a u e r s p e c t r u m 
(see T a b l e I) is s i m i l a r to the S = 1 i r o n ( I V ) spec i e s F e ( 0 ) ( T P P ) ( l -
M e l m ) . Its m a g n e t i c m o m e n t o f 4 .2 B M is s l i g h t l y l a rge r t h a n e x p e c t e d 
for a n S = f s y s t e m b u t is cons is ten t w i t h a n e s sen t i a l l y n o n c o u p l e d 
S = 1 i r o n ( I V ) a n d a p o r p h y r i n r a d i c a l c a t i o n . T h e p r o t o n N M R spec 
t r u m s h o w s p y r r o l e shifts ( - 2 7 p p m ) t y p i c a l o f a r a d i c a l c a t i o n , w h i c h , 
toge ther w i t h the d i s t i n c t l y r a d i c a l c a t i o n - l i k e U V - V I S s p e c t r u m l e a d s 
to the a s s i g n m e n t o f an i r o n ( I V ) r a d i c a l c a t i on f o r m u l a t i o n : 

F e ( I I I ) C l ( T M P ) + R C O O O H -> F e ( I V ) 0 ( T M P )C1 + R C O O H 
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354 BIOLOGICAL REDOX COMPONENTS 

T h e p r o d u c t ' s U V - V I S s p e c t r u m s o m e w h a t r e s e m b l e s that o f C o m 
p o u n d I o f H R P , w h i c h is a l so g reen a n d is w i d e l y a c c e p t e d to b e a n 
i r o n ( I V ) r a d i c a l ca t ion (18, 51). A l t h o u g h oxo a x i a l l i g a t i o n is p r o p o s e d 
i n b o t h F e ( 0 ) ( T M P )C1 a n d H R P I , the conjugate a c i d , n a m e l y h y 
d r o x i d e , c anno t b e r u l e d out . A l s o , the p re sence or absence o f o ther 
a x i a l l i g a t i o n s u c h as c h l o r i d e or s o l v e n t (me thano l ) is u n k n o w n . 

C h e m i c a l l y r e l a t e d to th i s g reen c o m p l e x is a r e d c o m p l e x that c a n 
be g e n e r a t e d e i t he r b y t r ea tmen t o f the g r een c o m p l e x w i t h base 
( O H ~ ) or b y t r ea tmen t o f F e C l ( T M P ) w i t h i o d o s o b e n z e n e (17). Its t rue 
na tu re is q u i t e p u z z l i n g . Its M ô s s b a u e r s p e c t r u m (δ = - 0 . 0 3 p p m , 
Δ Ε = 2 .13 m m / s ) suggests o f e i the r i r o n ( I V ) or i r o n ( V ) b u t its m a g n e t i c 
m o m e n t (2.9 B M ) is i n d i c a t i v e o f a C u r i e l a w b e h a v e d o v e r a l l S = 1 
s y s t e m . N o s t rong E P R s igna l s are n o t e d , b u t the p r o t o n N M R has the 
β - p y r r o l e r e sonance i n the d o w n f i e l d p o s i t i o n (δ - 33 .5 p p m ) u s u a l l y 
assoc ia ted w i t h a r a d i c a l c a t i on . 

W o r k o n these 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 c o m p l e x e s is v e r y 
d e m a n d i n g e x p e r i m e n t a l l y . T h e m u c h n e e d e d i n f o r m a t i o n o n t h e i r 
s t ructures a n d the r e s o l u t i o n o f unce r t a in t i e s i n t h e i r p rope r t i e s is 
g r ea t l y h a m p e r e d b y the i r h i g h r e a c t i v i t y t o w a r d h y d r o c a r b o n s . T h e 
i n t e g r i t y o f the f e r r y l l i g a t i o n r e m a i n s to b e e s t a b l i s h e d , at leas t b y I R 
s p e c t r o s c o p y , a n d c lo se r m o d e l s for H R P I a n d C a t I n e e d to b e 
sought . 

F i n a l l y , F e ( I V ) ( 0 ) ( P ) X spec i e s d o not s h o w m u c h e v i d e n c e for 
s p i n - c o u p l i n g b e t w e e n the S = 1 m e t a l a n d S = i r i n g . T h i s finding is 
i n contras t to [ F e ( I I I ) C l ( T P P ) ] + w h e r e c o u p l i n g is c o m p l e t e . F o r 
H R P I the c o u p l i n g cons tant has b e e n e s t i m a t e d f r o m M ô s s b a u e r a n d 
E P R s p e c t r o s c o p y to b e - J -2 c m " 1 (18) whe rea s i n [ F e C l ( T P P - ) ] + 

| - J | m u s t b e » 2 0 0 c m - 1 . A l m o s t n o t h i n g is u n d e r s t o o d a b o u t the 
m e c h a n i s m ( s ) a n d m a g n i t u d e o f 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 i n m e t a l -
l o p o r p h y r i n r a d i c a l s p e c i e s . 

I n s u m m a r y , au then t i c i r o n ( I V ) p o r p h y r i n s are a c c e s s i b l e w h e n a n 
oxo l i g a n d is present . C o m p l e x e s o f the t y p e F e ( I V ) 0 ( T P P ) L are g o o d 
m o d e l s for C o m p o u n d I I o f H R P a n d c o m p o u n d s o f the t y p e 
F e ( I V ) 0 ( T M P - )C1 are sat isfactory m o d e l s for C o m p o u n d I . T h e i r reac
t i v i t y is c u r r e n t l y r e c e i v i n g c o n s i d e r a b l e a t ten t ion (27 , 52) a n d is l e a d 
i n g to a l o n g a w a i t e d i n s i g h t i n t o the c h e m i c a l m e c h a n i s m s b y w h i c h 
the pe rox idases a n d the c y t o c h r o m e s P - 4 5 0 f u n c t i o n . 
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16 
Magnetic Resonance of Oxidized 
Metalloporphyrins 

HAROLD M. GOFF1, MARTIN A. PHILLIPPI, ARDEN D. BOERSMA, and 
ANDREW P. HANSEN 

University of Iowa, Department of Chemistry, Iowa City, IA 52242 

Iron(III) porphyrin anion complexes undergo reversi
ble one-electron oxidation at platinum electrodes in apo
lar media. In favorable cases, oxidized products have 
been isolated from supporting electrolyte in analytically 
pure form. Although earlier reports favored electron 
abstraction from a metal-centered molecular orbital to 
yield an iron(IV) species, the results cited here for 
weak-field anion complexes of iron(III) tetraphenylpor
phyrins(TPP) favor predominant porphyrin-centered 
oxidation. This result is demonstrated by the fact that 
NMR hyperfine coupling constants for phenyl protons of 
TPPFe(Cl)(ClO4) are equivalent to those determined by 
ESR of known π-radical species. Mössbauer results are 
also consistent with little perturbation of charge at the 
iron center on oxidation. Unique IR bands observed for 
both oxidized TPPFe2+ species and TPPZn+ π-cation 
radicals may serve to distinguish the site of oxidation. 
Analogous results are reported for oxidized manganese 
porphyrins. Low spin diimidazole adducts of oxidized 
iron porphyrins are spectroscopically observed at low 
temperature. Porphyrin radical character is also appar
ent in these derivatives. The chemistry of electrochemi
cally oxidized metalloporphyrins and other reported 
iron(IV) species is reviewed in the context of known 
hemoprotein oxidation reactions. 

" D e v e r s i b l e one - or t w o - e l e c t r o n o x i d a t i o n o f the i ron ( I I I ) p o r p h y r i n 
p r o s t h e t i c g r o u p o c c u r s d u r i n g the c a t a l y t i c c y c l e o f pe rox idases 

1 Author to whom correspondence should be addressed. 

0065-2393/82/0201-0357$06.00/0 
© 1982 Amer ican C h e m i c a l Society 
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a n d cata lase ( 1 - 3 ) . S u c h o x i d a t i o n is a lso p o s t u l a t e d for r e d o x p r o 
cesses o f o ther h e m o p r o t e i n s . T h e bes t c h a r a c t e r i z e d o x i d a t i o n se
quences are those for h o r s e r a d i s h p e r o x i d a s e ( H R P ) , for w h i c h h y d r o 
g e n p e r o x i d e or o r g a n i c p e r o x i d e s p r e s u m a b l y abs t rac t t w o e lec t rons 
f rom the h e m e g r o u p to g i v e C o m p o u n d I : 

P F e ( I I I ) + + H 2 0 2 - > P F e ( I V ) = 0 + + H 2 0 

I 

O n e - e l e c t r o n subst ra te r e d u c t i o n y i e l d s C o m p o u n d I I : 

P F e ( I V ) = 0 + + S - » P F e ( I V ) = 0 + S + 

II 
I r o n ( I V ) p o r p h y r i n π - e a t i o n r a d i c a l fo rmula t ions for C o m p o u n d I o f 
H R P a n d catalase w e r e sugges t ed p r e v i o u s l y (4). C u r r e n t s u p p o r t for 
th is u n u s u a l r e d o x s t ruc tu re is b a s e d o n e l e c t r o n i c , E S R , a n d 
M ô s s b a u e r s p e c t r a l m e a s u r e m e n t s . T h u s , the e l e c t r o n i c s p e c t r u m o f 
H R P C o m p o u n d I e x h i b i t s a b r o a d Sore t b a n d w i t h d i m i n i s h e d i n t e n 
s i ty , a n d b r o a d , n o n d i s t i n c t i v e v i s i b l e r e g i o n b a n d s l i k e those ob 
s e r v e d for π - e a t i o n r a d i c a l m e t a l l o p o r p h y r i n s . D e t e c t i o n o f a v e r y 
b r o a d g = 2 E S R s i g n a l for C o m p o u n d I a l so suppor t s a 7r-cation r a d i 
c a l state (5) . T h e s t rongest e v i d e n c e f a v o r i n g m e t a l - c e n t e r e d o x i d a t i o n 
i n b o t h C o m p o u n d s I a n d I I is f o u n d i n M ô s s b a u e r i s o m e r shif t v a l u e s 
o f v e r y n e a r 0.0 m m / s ( 5 - 7 ) . 

O x i d a t i o n o f a r o m a t i c or s u l f u r - b a s e d a m i n o a c i d r e s idues appears 
to o c c u r for c y t o c h r o m e c p e r o x i d a s e ( C C P ) (8) . T w o - e l e c t r o n o x i d a 
t ion o f C C P y i e l d s a spec ie s s p e c t r a l l y e q u i v a l e n t to H R P C o m p o u n d 
I I , b u t e x h i b i t i n g a sha rp E S R s i g n a l a n d E N D O R resonances in te r 
p r e t e d as i n v o l v i n g a m e t h i o n i n e r e d o x si te (9). B a s e d o n N M R resul t s , 
some researchers (10-12) s ugges t ed a n a n a l o g o u s f o r m u l a t i o n for H R P 
C o m p o u n d I i n w h i c h an a m i n o a c i d r e s i d u e is o x i d i z e d a n d the 
i r o n ( I V ) p o r p h y r i n is i n the h i g h s p i n state. L a r g e i so t rop i c N M R shifts 
m a y b e e x p l a i n e d b y the w i d e l y a c c e p t e d i r o n ( I V ) p o r p h y r i n π - c a t i o n 
r a d i c a l e l e c t r o n i c s t ruc tu re (13,14). A d d i t i o n a l c o m m e n t on this p o i n t 
is m a d e ( v i d e infra) w i t h r e spec t to o u r resu l t s for o x i d i z e d m o d e l 
c o m p o u n d s . E v e n m o r e c o n v i n c i n g a rgumen t s for the i r o n ( I V ) π - c a t i o n 
r a d i c a l f o r m u l a t i o n for H R P C o m p o u n d I are f o u n d i n E N D O R 
spec t ra , w h i c h r e v e a l r a d i c a l c o u p l i n g w i t h r i n g m e t h y l - m e t h y l e n e 
pro tons a n d p y r r o l e n i t r o g e n a toms (15) . 

H i g h o x i d a t i o n state i n t e r m e d i a t e s w e r e a lso p o s t u l a t e d for cy to 
c h r o m e P - 4 5 0 (16,17) a n d c y t o c h r o m e o x i d a s e (18 ). T h e ne t r e ac t i on 
for a p o r t i o n o f the c y t o c h r o m e P - 4 5 0 c y c l e c a n b e s u m m a r i z e d b y : 

P F e ( I I ) + 0 2 + e " + 2 H + - > P F e ( I V ) = 0 + H 2 0 
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16. GOFF ET AL. Resonance of Oxidized Metalloporphyrins 359 

T h e C o m p o u n d I a n a l o g w a s not i d e n t i f i e d , b u t its p re sence is i m p l i 
c a t e d t h r o u g h gene ra t i on f r o m the i r on ( I I I ) state b y h y d r o g e n p e r o x i d e 
a n d b y s i m i l a r subs t ra te reac t ions o f c y t o c h r o m e P - 4 5 0 a n d 
pe rox idase s . A n i r o n ( I V ) p o r p h y r i n state was a l so p o s t u l a t e d as a 
means o f e x p l a i n i n g the " s i l e n t " E S R c o m p o n e n t o f o x i d i z e d c y t o 
c h r o m e o x i d a s e (18) . H o w e v e r , m o r e r e c e n t findings p r o v i d e no sup 
por t for a h i g h l y o x i d i z e d h e m e d u r i n g the c y t o c h r o m e o x i d a s e c y c l e . 

S y s t e m a t i c gene ra t ion a n d p h y s i c a l e x a m i n a t i o n o f o x i d i z e d i r o n 
p o r p h y r i n i n t e r m e d i a t e s i n i s o l a t e d i r o n p o r p h y r i n s m i g h t b e p a r a l l e l 
i n s i gn i f i c ance to the d e m o n s t r a b l y p r o d u c t i v e o x y g e n b i n d i n g s tud ies 
o f i r o n p o r p h y r i n m o d e l c o m p o u n d s (19 , 20). I n th i s r e g a r d the 
c h e m i s t r y o f i s o l a t e d i r o n ( I V ) p o r p h y r i n c o m p o u n d s is c r i t i c a l l y re
v i e w e d , w i t h e m p h a s i s on r e c e n t resu l t s f r o m this l abora to ry for b o t h 
o x i d i z e d i r o n a n d m a n g a n e s e p o r p h y r i n c o m p l e x e s . T h e f o l l o w i n g 
h i g h o x i d a t i o n state spec i e s a n d reac t ions w i l l b e c o n s i d e r e d : (1) i r o n 
p o r p h y r i n μ , - n i t r i d o d i m e r i c c o m p l e x e s , (2) c a r b e n e a n d v i n y l i d e n e 
c o m p l e x e s , (3) i o d o s y l b e n z e n e ox ida t i ons , (4) μ - p e r o x o i r o n p o r p h y r i n 
reac t ions , (5) o ther c h e m i c a l ox ida t ions , a n d (6) e l e c t r o c h e m i c a l l y 
o x i d i z e d m e t a l l o p o r p h y r i n c o m p o u n d s , to i n c l u d e those e x t e n s i v e l y 
s t u d i e d b y this r e sea rch g r o u p . 

Iron Porphyrin-μ-Nitrido Dimeric Complexes 

I n a x y l e n e ref lux, n i t r o g e n was e l i m i n a t e d f rom the a z i d e c o m 
p l e x , T P P F e N 3 , to y i e l d the μ - n i t r i d o d i m e r , T P P F e - N - F e T P P (21). 
A n x-ray s t ruc tu re d e t e r m i n a t i o n c o n f i r m e d the f o r m u l a t i o n (22). A s 
s i g n i n g the b r i d g i n g n i t r o g e n a t o m a - 3 c h a r g e pu t s f o r m a l charges o f 
+ 3 a n d +4 , or a n average o f +3 .5 , on the i r o n cen te rs . I r o n a toms are 
e q u i v a l e n t on the M ô s s b a u e r t i m e sca le a n d i n c r e a s e d cha rge ç n i r o n 
centers is r e f l ec t ed i n an i s o m e r shif t v a l u e o f + 0 . 1 0 m m / s (vs. 0 .29 
m m / s for T P P F e - O - F e T P P ) (21). 

T h e μ - n i t r i d o d i m e r is o x i d i z e d c h e m i c a l l y or e l e c t r o c h e m i c a l l y 
(+0 .17 V , S C E ) to y i e l d the m o n o c a t i o n d i m e r (23). T h e p r o d u c t is 
f o r m a l l y a n i r o n ( I V ) - i r o n ( I V ) s p e c i e s . S o l u t i o n c h a r a c t e r i z a t i o n b y 
p r o t o n N M R revea l s that, u n l i k e the o d d - s p i n p a r e n t d i m e r , the 
o x i d i z e d c o m p l e x e x h i b i t s l i t t l e p a r a m a g n e t i c charac te r , p r e s u m a b l y 
as a c o n s e q u e n c e o f s t rong c o u p l i n g t h r o u g h the μ , - n i t r i d o b r i d g e . T h i s 
finding is e v i d e n t i n l i n e w i d t h a n d shif t d i f ferences for s p e c t r a i n F i g 
ures l a a n d l c . A d d i t i o n o f p y r i d i n e to T P P F e - N - F e T P P ( F i g u r e l b ) 
y i e l d s no s p e c t r a l c h a n g e s o ther t h a n a p p e a r a n c e o f free p y r i d i n e res
onances . I n contras t , a d d i t i o n o f p y r i d i n e to the o x i d i z e d d i m e r ( F i g 
u r e I d ) i n d u c e s changes i n p o r p h y r i n resonances , a n d p y r i d i n e reso
nances (not s h o w n ) are sh i f t ed u p f i e l d b y p o r p h y r i n r i n g cu r r en t s . 
B o t h m o n o p y r i d i n e a n d d i p y r i d i n e l i g a t i o n are d e t e c t e d , a n d p y r i d i n e 
e x c h a n g e is r a p i d o n the N M R t i m e sca le at a m b i e n t t e m p e r a t u r e . T h e 
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360 BIOLOGICAL REDOX COMPONENTS 

h i g h e r o x i d a t i o n state i r o n cen te r s e e m i n g l y e x h i b i t s a h i g h e r b i n d i n g 
aff ini ty for n i t r o g e n o u s bases t h a n does that o f the pa ren t , n e u t r a l 
d i m e r . 

Carbene and Vinylidene Complexes 

C o m b i n a t i o n o f i r o n p o r p h y r i n s a n d c h l o r i n a t e d h y d r o c a r b o n s i n 
the p re sence o f a s t rong r e d u c i n g agent y i e l d s i s o l a b l e i r o n p o r p h y r i n -
c a r b e n e c o m p l e x e s ( 2 4 - 2 7 ) . A r o m a t i c subs t i tuen t s m a y fur ther 
s t a b i l i z e the a d d u c t i n the fo rm o f a v i n y l i d e n e c o m p l e x (25) : 

T P P F e ( I I ) + C l 3 C C H A r 2 T P P F e C = C A r 2 

- 2 C 1 -

T h i s p r o d u c t is q u i t e r e m a r k a b l y a i r - s t ab le , b u t m a y b e o x i d i z e d b y 
agents s u c h as fe r r ic c h l o r i d e or c u p r i c c h l o r i d e . B a s e d o n spe c t r a l 
s i m i l a r i t y o f the o x i d i z e d v i n y l i d e n e c o m p l e x a n d the s p e c t r u m o f 
H R P C o m p o u n d I , the f o l l o w i n g p r e d o m i n a n t r e sonance f o r m w a s 
o r i g i n a l l y i n v o k e d (26, 2 7 ) : 

T P P F e ( I V ) = C = C A r 2 

A l t h o u g h the m a g n e t i c m o m e n t (μ^ = 3.7 B . M . ) is cons i s ten t w i t h 
s u c h a f o r m u l a t i o n , the u n u s u a l E S R g = 4.4 v a l u e suggests the in ter 
m e d i a t e s p i n , S = 3/2, state o f i r on ( I I I ) p o r p h y r i n s (28-30). T h i s i n 
fo rma t ion a n d a n a l o g o u s reac t ions o f ca rbenes (gene ra ted f rom 
d i a z o a l k e n e s ) w i t h c o b a l t (31-33) a n d n i c k e l (34) p o r p h y r i n s sug
g e s t e d an i r o n - c a r b o n - p y r r o l e n i t r o g e n - b r i d g e d a d d u c t o f the t y p e 
s h o w n i n F i g u r e 2 (35) . S i m u l t a n e o u s x-ray c r y s t a l l o g r a p h i c w o r k a n d 
N M R s o l u t i o n m e a s u r e m e n t s d e m o n s t r a t e d the v a l i d i t y o f th i s b r i d g e d 
s t ruc tu re (36 , 37) . H e n c e , the u n u s u a l s p e c t r o s c o p i c p rope r t i e s o f 
o x i d i z e d v i n y l i d e n e - i r o n p o r p h y r i n c o m p l e x e s r e s u l t f r om p o r p h y r i n 
m o d i f i c a t i o n reac t ions ra ther t h a n f r o m o x i d a t i o n to a n i r o n ( I V ) state. 
R e c e n t i t e r a t i ve H i i c k e l c a l c u l a t i o n s for u n o x i d i z e d v i n y l i d e n e c o m 
p l e x e s are incons i s t en t w i t h i r o n ( I V ) cha rac te r (3) . 

lodosylbenzene Oxidations 

I o d o s y l b e n z e n e (38-42) [or 2 - i o d o s o - m - x y l e n e (43)] w a s a n effec
t i v e o x i d i z i n g agent for c o n v e r s i o n o f a lkanes to a l c o h o l s a n d a l ke ne s 
to e p o x i d e s i n the p re sence o f m e t a l l o p o r p h y r i n ca ta lys t . A 5 0 % c o n 
v e r s 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 y l a l c o h o l was p o s s i b l e b a s e d o n the 
i o d o s y l b e n z e n e c o n s u m e d , u s i n g T P P M n C l (40). S i m i l a r resu l t s w e r e 
r e p o r t e d i n R e f e r e n c e 41 as w a s the fo rma t ion o f s ign i f i can t c y c l o h e x y l 
c h l o r i d e or o ther c y c l o h e x y l a d d u c t s o f the o r i g i n a l manganese ( I I I ) 
a n i o n i c l i g a n d . T h e s e resu l t s are p a r t i c u l a r l y n o t e w o r t h y i n v i e w o f the 
n e e d for m i l d - c o n d i t i o n C H b o n d a c t i v a t i o n ca ta lys ts , a n d i n t e rms o f 
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16. GOFF ET AL. Resonance of Oxidized Metalloporphyrins 361 

PYRR 

solvent, 26°C, 5 m M dimer, referenced to TMS. 

p a r t i a l s i m u l a t i o n o f the m o n o o x y g e n a s e a c t i o n o f c y t o c h r o m e P - 4 5 0 . 
T h e p o s t u l a t e d a c t i v e o x i d a n t i n these reac t ions is the m e t a l - o x o c o m 
p l e x , w h i c h c a n b e d e s c r i b e d w i t h the same resonance s t ruc tu re as that 
o f H R P C o m p o u n d I: 

T P P M ( I I I ) X + ^ Q ^ — I P -> · T P P M ( I V ) = 0 + + X " + (O^1 

S p e c t r o s c o p i c observa t ions at r e d u c e d t e m p e r a t u r e (43) or w i t h i n sec
onds o f m i x i n g T P P F e C l (44) a n d i o d o s y l b e n z e n e r e v e a l abso rp t ion 
b a n d s r e s e m b l i n g those o f H R P C o m p o u n d I. T h e c o r r e s p o n d i n g 
m a n g a n e s e c o m p o u n d w a s g e n e r a t e d a n d p a r t i a l l y c h a r a c t e r i z e d at 
l o w t e m p e r a t u r e (40-42). A m a n g a n e s e ( V ) a s s i g n m e n t b a s e d o n the 
μeff v a l u e o f 2.9 B . M . (40) m u s t b e c o n s i d e r e d as a f o r m a l i s m ra ther 
t h a n a d e s c r i p t i o n o f the e l e c t r o n i c s t ruc tu re . E n h a n c e d s t a b i l i t y o f the 
a n a l o g o u s o x i d i z e d T P P C r X c o m p l e x p e r m i t t e d i s o l a t i o n a n d r o o m 
t e m p e r a t u r e c h a r a c t e r i z a t i o n (39). A c h r o m i u m ( V ) o x i d a t i o n state w a s 
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362 BIOLOGICAL REDOX COMPONENTS 

A r ^ A r 
II 

Figure 2. Alternate structure for 
the oxidized iron porphyrin vinyli

dene complex. 

i n f e r r e d f rom the 2 . 0 5 - B . M . m a g n e t i c m o m e n t v a l u e . I R m e a s u r e 
m e n t s d e m o n s t r a t e d the p re sence o f a C r = 0 l i n k a g e assoc ia ted w i t h 
a 1 0 2 6 - c m " 1 b a n d . G e n e r a t i o n o f the o x i d i z e d c h r o m i u m c o m p l e x w a s 
a l so p o s s i b l e u s i n g m - c h l o r o p e r o x y b e n z o i c a c i d or s o d i u m h y p o 
c h l o r i t e . 

T h e o x i d i z e d i r o n p o r p h y r i n spec i e s genera ted i n s i t u was fur ther 
c h a r a c t e r i z e d u s i n g i o d o s y l b e n z e n e or m - c h l o r o p e r o x y b e n z o i c a c i d as 
o x i d i z i n g agents (45). R e a c t i o n o f i ron ( I I I ) t e t r a m e s i t y l p o r p h y r i n 
c h l o r i d e ( T M P F e C l ) w i t h t w o - e l e c t r o n e q u i v a l e n t s o f o x i d i z i n g agent 
y i e l d s s o l u t i o n spec i e s a d e q u a t e l y s t ab le at l o w t empera tu re s for ex
a m i n a t i o n b y N M R , v i s i b l e - U V , a n d M ô s s b a u e r s p e c t r o s c o p y . C h e m i 
c a l p rope r t i e s o f o x i d i z e d p r o d u c t s d e p e n d o n the o x i d i z i n g agent 
( T a b l e I). O x i d a t i o n b y m - c h l o r o p e r o x y b e n z o i c a c i d p r o d u c e s gross 
changes i n the p r o t o n N M R s p e c t r u m o f T M P F e C l . T h e far d o w n f i e l d 
p y r r o l e p ro ton N M R s i g n a l o f the pa r en t c o m p o u n d c a n b e con t r a s t ed 
w i t h a s i g n a l u p f i e l d f r o m T M S i n the o x i d i z e d f o r m . T h i s pa t t e rn is 
cons i s ten t w i t h e l e c t r o n abs t rac t ion f r o m the dx2-y2 o r b i t a l . T h e su rp r i s 
i n g l y l a rge m e s i t y l p r o t o n N M R shifts are bes t e x p l a i n e d b y s ign i f i can t 
u n p a i r e d s p i n d e n s i t y at the m e t h i n e - c a r b o n a t o m o f a π - c a t i o n r a d i c a l 
i r o n p o r p h y r i n . I o d o s y l b e n z e n e o x i d a t i o n y i e l d s a s i m i l a r u p f i e l d p y r 
r o l e p r o t o n resonance , b u t the m e s i t y l p r o t o n s igna l s are v i r t u a l l y u n -
s h i f t e d f rom d i a m a g n e t i c pos i t i ons . T h i s lat ter obse rva t i on does not 
r u l e out r a d i c a l charac ter , h o w e v e r , as the aiu r a d i c a l t y p e e x h i b i t s 
l i t t l e s p i n d e n s i t y at the m e t h i n e - c a r b o n a t o m (3). A n a n a l o g y is f o u n d 
i n o x i d i z e d m a n g a n e s e p o r p h y r i n s ( v i d e infra) , w h i c h are c l a s s i f i ed as 
π - c a t i o n r a d i c a l s , b u t w h i c h s h o w no s ign i f i can t p h e n y l p r o t o n N M R 
shif ts . M a g n e t i c m o m e n t v a l u e s a n d v i s i b l e spec t r a (color) for the t w o 
c o m p o u n d s gene ra t ed b y i o d o s y l b e n z e n e or m - c h l o r o p e r o x y b e n z o i c 
a c i d o x i d a t i o n dif fer s i g n i f i c a n t l y ( T a b l e I). T h a t these di f ferences are 
d u e to s p i n and /o r l i g a t i o n state ra ther t h a n o x i d a t i o n state is d e m o n 
s t ra ted b y i n t e r c o n v e r s i o n o f the t w o spec i e s t h r o u g h a d d i t i o n o f a c i d 
or base (45). Very l o w M ô s s b a u e r i s o m e r shif t v a l u e s c o n f i r m the h i g h 
o x i d a t i o n state o f the i r o n a t o m . 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 these 
spec i e s s h o u l d serve to be t t e r de f ine the r eac t i on c h e m i s t r y o f o x i d i z e d 
i r o n p o r p h y r i n s . 
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16. GOFF ET AL. Resonance of Oxidized Metalloporphyrins 
363 

T a b l e I . P r o p e r t i e s o f O x i d i z e d I r o n P o r p h y r i n s 

Iron Iron Te tra
Te trame si t y l- in-toly l- Iron 

porphyrin porphyrin Tetraphenylporphyrin 
Property Chloridea Chlorideb Chloride 

O x i d i z i n g A r C O O O H A r l O 0 2 (+1-Me Elec t rochem. 0 R + S b C l 6 -
agent Imidazole) ( C 1 0 4 - salt) ( S b C l 6 -agent 

salt) 
Electrons 2 2 1 1 1 

transferred 
Proton N M R ( - 7 7 ° C ) ( - 7 3 ° C ) ( - 7 3 ° C ) (26°C) (29°C) 

(temp.) e 

pyr ro le -H - 2 7 p p m - 3 3 . 5 pyr ro le -H 5 66 66 
o-m ethyl 24, 26 2.4 o - H 9 37.6, 34.4 39 
m - H 68 7.6 m - H 8 -12 .4 - 1 5 . 1 
p-methyl 11.1 2.8 p-U 8 

m-methyl 3 
29.5 31 

V i s i b l e - U V 406, 645 nm (red) - 4 2 0 , - 5 6 0 , 397, 530, 600, 387, 533, 
(green) 

(red) 
- 5 8 5 820 615, 750 

Magnet ic 4.2 B . M . 2.9 2.9 5 . 5 / 5.1 
moment 

M ô s s b a u e r 
l.S.9 0.05 mm/s - 0 . 0 3 0.1 Ρ 0.45 0.40 
Q.S. 1.49 mm/s 2.13 1.24Λ 1.27 0.55 

Reactivi ty more re less re not deter not determined 
toward active active mined 
olefins 

a Ref. 45. 
b Ref. 48. 
c Ref. 57. 
d Ref. 53. 
e Referenced to TMS, downfield shifts are given a positive sign. 
'For TPP(p-OCH3)Fe(Cl)(C104). 
9 Referenced to iron metal. 
ft Ref. 50. 
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364 BIOLOGICAL REDOX COMPONENTS 

μ-Peroxo Iron Porphyrin Reactions 

A μ - p e r o x o d i m e r i c i r on ( I I I ) p o r p h y r i n spec i e s w a s g e n e r a t e d at 
l o w t empera tu re s t h r o u g h d i o x y g e n at tack o n i ron( I I ) p o r p h y r i n s (46, 
47): 

2 P F e ( I I ) + 0 2 P F e ( I I I ) - 0 - 0 - F e ( I I I ) P 

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 t h r o u g h the p e r o x o b r i d g e is s ign i f i can t , 
w i t h 2J = - 2 6 5 K . U p o n w a r m i n g to r o o m t e m p e r a t u r e the i ron ( I I I ) 
μ-οχο d i m e r is f o r m e d : 

2 P F e ( I I I ) - 0 - 0 - F e ( I I I ) P ^ 2 P F e ( I I I ) - 0 - F e ( I I I ) P + 0 2 

A d d i t i o n o f t w o e q u i v a l e n t s o f n i t r o g e n o u s base to the μ - p e r o x o d i m e r 
at l o w t e m p e r a t u r e generates a n e w s p e c t r o s c o p i c spe c i e s (48): 

P F e ( I I I ) - 0 - 0 - F e ( I I I ) P + 2 Β - » 2 B P F e O or B P F e - O - O - F e P B 

T h e u n i q u e p r o t o n N M R s p e c t r u m o f th is base a d d u c t is s h o w n i n 
F i g u r e 3 a n d v a r i o u s p rope r t i e s are d e s c r i b e d i n T a b l e I . C u r i e l a w 
b e h a v i o r o f p r o t o n N M R shi f t v a l u e s i m p l i e s that 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 t h r o u g h a b r i d g i n g l i g a n d w o u l d h a v e to b e v e r y s m a l l ; 
h e n c e , the m o n o m e r i c s t ruc tu re is f avored . S u c h a s t ruc tu re is i s o e l e c -
t r o n i c w i t h H R P C o m p o u n d I I , B P F e ( I V ) = 0 . W i t h a m a g n e t i c m o 
m e n t o f 2 .9 B . M . p e r i r o n a t o m the s p e c i e s m u s t b e i n the l o w s p i n 
state. R a p i d r eac t i on w i t h i ron( I I ) p o r p h y r i n s a n d o x y g e n transfer reac
t i on w i t h t r i p h e n y l p h o s p h i n e (49) to y i e l d the o x i d e fur ther s u p p o r t 
the m o n o m e r i c f o r m u l a t i o n . T h e p a r a m a g n e t i c N M R shifts for th is 
c o m p o u n d are v e r y s m a l l , a n d m a y b e con t r a s t ed w i t h c o n s i d e r a b l y 
l a rge r va lue s for m - c h l o r o p e r o x y b e n z o i c a c i d a n d i o d o s y l b e n z e n e o x i 
d a t i o n p r o d u c t s . R e l a t i v e l y s m a l l p a r a m a g n e t i c shifts are o b s e r v e d , 
h o w e v e r , for H R P C o m p o u n d I I (11 -14), a n d are r a t i o n a l i z e d b y theo
r e t i c a l t rea tments that p l a c e s i z a b l e u n p a i r e d s p i n d e n s i t y o n the a x i a l 
o x y g e n l i g a n d (3). M ô s s b a u e r spec t r a l s tud ies (50) fur ther s u p p o r t a n 
i r o n ( I V ) , S = 1, con f igu ra t i on for the 1 - m e t h y l i m i d a z o l e a d d u c t gener
a t e d f rom the μ - p e r o x o spec i e s . 

Other Chemical Oxidations 

A l t h o u g h ha logens a n d h a l o g e n d e r i v a t i v e s are a d e q u a t e ox idan t s 
for v a r i o u s d i v a l e n t m e t a l l o p o r p h y r i n s (51 , 52) , o n l y r e c e n t l y has an 
o x i d i z i n g agent o f g e n e r a l u t i l i t y b e e n r e p o r t e d for i r on ( I I I ) a n d o ther 
t r i v a l e n t p o r p h y r i n s (53) . T h e s tab le p h e n o x a t h i i n ca t ion r a d i c a l , as 
the S b C l 6 " salt , p r o v i d e s a d e q u a t e r e d o x p o t e n t i a l for s i n g l e - e l e c t r o n 
o x i d a t i o n o f a l l c o m m o n i r o n ( I I I ) p o r p h y r i n s . F u r t h e r de t a i l s o f the 
p r e p a r a t i o n a n d c h a r a c t e r i z a t i o n o f o x i d i z e d i r o n p o r p h y r i n s are p r o -
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16. GOFF ET AL. Resonance of Oxidized Metalloporphyrins 365 

I I ι ' ι I 
-2β -15 -IB -5 0 5 

SHIFT IN PPM, FROM TMS 

Figure 3. Proton NMR spectrum of TPP(m-CH3)Fe-0-0-FeTPP(m-
CH3) with excess l-methylimidazole in toluene-d8 at 200 K. Key: 
a = o-phenyl-H, h = m- and Ό-phenyl-H, c = uncoordinated l-methyl
imidazole, d = pyrrole-H, and e = m-methyl-H. (Reproduced from Ref 

48. Copyright 1980, American Chemical Society.) 

v i d e d e l s e w h e r e (50) . T h e c h e m i c a l o x i d a n t generates o x i d i z e d i r o n 
p o r p h y r i n s w i t h e l e c t r o n i c s t ruc tures e q u i v a l e n t to those p r e p a r e d b y 
e l e c t r o c h e m i c a l o x i d a t i o n ( v i d e infra) . A l t h o u g h the r eagen t has b e e n 
u s e d to a l i m i t e d extent , z i n c p o r p h y r i n ox ida t ions o c c u r w i t h the ca 
t i o n r a d i c a l p e r c h l o r a t e o f d i b e n z o d i o x i n (54). 

I n s p e c i a l cases t w o a d d i t i o n a l c h e m i c a l ox idan t s are o f v a l u e . 
E l e c t r o c h e m i c a l l y o x i d i z e d i r o n p o r p h y r i n s w e r e u t i l i z e d as c h e m i c a l 
ox idan t s for i r o n p o r p h y r i n s (55) or o ther m e t a l l o p o r p h y r i n s (52) w i t h 
l o w e r o x i d a t i o n p o t e n t i a l . T h e d o u b l y o x i d i z e d [ ( T P P F e ) 2 0 ] ( C 1 0 4 ) 2 

spec i e s is e s p e c i a l l y u se fu l i n th is r e g a r d (55). A n a d d i t i o n a l c h e m i c a l 
o x i d a n t s y s t e m is v i a b l e for m e t a l l o p o r p h y r i n s w i t h l o w e r o x i d a t i o n 
p o t e n t i a l s ( ^ 1 . 0 V , S C E ) . T h u s , o n e e q u i v a l e n t o f i o d i n e ( i n 
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366 BIOLOGICAL REDOX COMPONENTS 

c h l o r o f o r m ) a d d e d to a m e t h y l e n e c h l o r i d e s o l u t i o n o f the m e t a l l o p o r -
p h y r i n , f o l l o w e d b y a s u i t a b l e s i l v e r sal t ( A g C 1 0 4 or A g C F 3 S 0 3 i n 
ace tone , or A g N 0 3 i n a c e t o n i t r i l e ) o x i d i z e s the m e t a l l o p o r p h y r i n . T h i s 
m e t h o d was u s e d for z i n c p o r p h y r i n s (54, 56), a n d m o r e r e c e n t l y for 
v a r i o u s i r o n p o r p h y r i n d e r i v a t i v e s (23, 57). 

A repor t o f a i r o x i d a t i o n o f μ - ο χ ο i ron ( I I I ) p o r p h y r i n d i m e r s i n the 
p r e sence o f s t rong L e w i s a c i d s ( B F 3 , E t z O · B F 3 , H B F 4 , a n d H P F 6 ) (58) 
was r e fu t ed b y s u b s e q u e n t 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 (59). 

Electrochemical Oxidations 

Literature Results. W o l b e r g a n d M a n a s s e n f o u n d that e l e c 
t r o c h e m i c a l o x i d a t i o n o f v a r i o u s m e t a l l o p o r p h y r i n s y i e l d e d spec i e s 
a d e q u a t e l y s t ab le for i n s i t u s p e c t r o s c o p i c e x a m i n a t i o n (60). I n par
t i c u l a r , o n e - e l e c t r o n o x i d a t i o n o f T P P F e ( I I I ) X gave a p r o d u c t w i t h a 
b r o a d e n e d Sore t b a n d , no d e t e c t a b l e E S R s igna l s , a n d a s o l u t i o n 
m a g n e t i c m o m e n t o f 2 .7 B . M . B a s e d o n these observa t ions , the 
o x i d i z e d p r o d u c t w a s f o r m u l a t e d as a n i ron( I I I ) p o r p h y r i n π - c a t i o n 
r a d i c a l spec i e s . B e n z o n i t r i l e was e m p l o y e d as a p r e p a r a t i v e e l e c t r o l y 
t i c so lven t , u n l i k e s u b s e q u e n t s tud ies w h e r e m e t h y l e n e c h l o r i d e w a s 
u t i l i z e d . T h i s so lven t d i f fe rence a n d the p o s s i b i l i t y o f o ther c o m p e t i n g 
reac t ions m a y e x p l a i n d i f ferences i n m a g n e t i c m o m e n t v a l u e s o b 
t a i n e d b y o ther w o r k e r s . 

S i m i l a r p r e p a r a t i v e sca le e l e c t r o c h e m i c a l ox ida t ions e m p l o y e d 
t e t r a p r o p y l a m m o n i u m p e r c h l o r a t e as a s u p p o r t i n g e l e c t r o l y t e i n 
m e t h y l e n e c h l o r i d e s o l v e n t (61, 62). I ron( I I I ) o c t a e t h y l p o r p h y r i n w a s 
e x a m i n e d a l o n g w i t h T P P F e C l a n d the μ - ο χ ο d i m e r forms o f b o t h 
s y n t h e t i c i r on ( I I I ) p o r p h y r i n s . T h e s i n g l y o x i d i z e d spec i e s , 
( T P P F e ) 2 O C 1 0 4 , w a s i s o l a t e d f o l l o w i n g e v a p o r a t i o n o f so lven t a n d a 
hot w a t e r w a s h to r e m o v e s u p p o r t i n g e l e c t r o l y t e salts . R e v e r s i b i l i t y o f 
ox ida t ions w a s c o n f i r m e d v i a b o t h e l e c t r o c h e m i c a l a n d i o d i d e i o n re
d u c t i o n to the pa ren t i r on ( I I I ) spec i e s . T h e s i n g l y o x i d i z e d μ - ο χ ο d i 
mers e x h i b i t e d a n E S R s i g n a l n e a r g = 2 , a n d a r e d u c e d m a g n e t i c 
m o m e n t o f 2 .9 B . M . ( 4 0 ° C ) as a c o n s e q u e n c e o f F e - F e an t i f e r romag-
n e t i c c o u p l i n g . A s o l u t i o n m a g n e t i c m o m e n t o f 5.1 B . M . w a s o b t a i n e d 
for T P P F e C l " 1 " . B a s e d l a r g e l y o n N M R s p e c t r a l m e a s u r e m e n t s , the 
o x i d i z e d d e r i v a t i v e s w e r e f o r m u l a t e d as i r o n ( I V ) c o m p o u n d s . T h i s i n 
t e rp re ta t ion f o l l o w e d f r o m the r e l a t i v e l y s m a l l ( 4 - 7 p p m ) i so t rop i c 
shifts for p h e n y l p ro tons o f T P P F e C l + a n d ( T P P F e ) 2 0 + . 

Recent Results for Oxidized Iron Porphyrins. C h e m i c a l a n d 
e l e c t r o c h e m i c a l o x i d a t i o n o f h i g h s p i n i ron ( I I I ) p o r p h y r i n s was e v a l u 
a t e d i n d e t a i l i n th is l abora tory . T o s t a b i l i z e the o x i d i z e d state, va r i ous 
a n i o n i c l i g a n d s w e r e s y n t h e t i c a l l y i n c o r p o r a t e d i n p l a c e o f u s u a l 
c h l o r i d e l i g a n d s . T h e c o m p l e t e l i s t i n c l u d e s X = F " , C l " , B r ~ , I " , 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

16



16. GOFF ET AL. Resonance of Oxidized Metalloporphyrins 367 

ClOr, S O / - , N O 3 - N s " , N C S " O P h " , Ο A c " , p - C H 3 C e H 4 S 0 3 - , 
H S 0 4 ~ , a n d CF3SO3" (63) . Q u i t e s u r p r i s i n g l y , the first o x i d a t i o n p o t e n 
t i a l for the T P P F e X c o m p l e x e s w a s i n v a r i a n t at 1.10 ± 0.02 V ( S C E , 
0.1 M B u 4 N C 1 0 4 , C H 2 C 1 2 ) . T h i s o b s e r v a t i o n is cons i s ten t w i t h (bu t 
does not p r o v e that) e l e c t r o n abs t r ac t ion is f r om a p o r p h y r i n - b a s e d 
ra ther t h a n a m e t a l - c e n t e r e d m o l e c u l a r o r b i t a l . 

O x i d a t i o n p o t e n t i a l s are d i m i n i s h e d a n d s t a b i l i t y o f the o x i d i z e d 
p r o d u c t is c o n s i d e r a b l y e n h a n c e d v i a i n c o r p o r a t i o n o f e l e c t r o n -
r e l e a s i n g subs t i tuen t s i n the p o r p h y r i n s t ruc tu re . T h e o x i d i z e d i r o n 
ρ - m e t h o x y t e t r a p h e n y l p o r p h y r i n d e r i v a t i v e s are m o r e r e a d i l y i s o l a t e d 
a n d s h o w m o r e f avorab le s t a b i l i t y w i t h r e spec t to a u t o r e d u c t i o n . M o d 
i f ica t ion o f the s y n t h e t i c p r o c e d u r e s i n Re fe rences 61 a n d 62 pe r 
m i t t e d i so l a t i on o f o x i d i z e d c o m p o u n d s o f a n a l y t i c a l p u r i t y i n f avo rab l e 
cases (57) . O x i d i z e d i r o n t e t r a p h e n y l p o r p h y r i n , o c t a e t h y l p o r p h y r i n , 
e t i o p o r p h y r i n , a n d n a t u r a l - d e r i v a t i v e p o r p h y r i n c o m p o u n d s w e r e 
p r e p a r e d i n b o t h the m o n o m e r i c a n d μ-οχο d i m e r i c * forms. I s o l a b l e 
t w o - e l e c t r o n o x i d i z e d μ-οχο d i m e r c o m p o u n d s w e r e r e a d i l y gener
a ted . C h a r a c t e r i z a t i o n o f one s u c h spec i e s is d e m o n s t r a t e d i n F i g u r e 4 , 
t h r o u g h N M R m o n i t o r i n g o f a t i t r a t ion o f ( T P P F e ) 2 0 i n t o a s o l u t i o n o f 
( T P P F e ) 2 0 2 + (55) . U p o n a d d i t i o n o f one e q u i v a l e n t o f ( T P P F e ) 2 0 , the 
s p e c t r u m for the s i n g l y o x i d i z e d c o m p l e x ( w h i c h m a y b e p r e p a r e d 
d i r e c t l y ) is o b t a i n e d . C o n t i n u a l a d d i t i o n o f ( T P P F e ) 2 0 y i e l d s spec t r a 
a p p r o a c h i n g that o f the pa ren t ( T P P F e ) 2 0 . S u c h m e a s u r e m e n t s d e m 
onstrate b o t h r a p i d i n t r a m o l e c u l a r a n d i n t e r m o l e c u l a r e l e c t r o n trans
fer, as w e l l as the r e v e r s i b i l i t y o f e l e c t r o c h e m i c a l ox ida t ions . P e a k 
ass ignments are a lso f a c i l i t a t e d b y s e q u e n t i a l spe c t r a l obse r va t i on . 

P r o t o n N M R spec t r a are l i k e w i s e o b t a i n e d for o x i d i z e d 
m o n o m e r i c c o m p l e x e s , a n d s p e c t r a l a s s ignment s are l i s t e d i n T a b l e I 
(53 , 57) . L a r g e p h e n y l p r o t o n i so t rop i c shifts di f fer f r o m those r e p o r t e d 
e a r l i e r (61 , 62) , pe rhaps as a c o n s e q u e n c e o f e l e c t r o n e x c h a n g e w i t h 
c o n s i d e r a b l e a m o u n t s o f r e d u c e d m a t e r i a l . A s t rong case c a n b e m a d e 
for π - c a t i o n r a d i c a l charac te r o f the o x i d i z e d i r o n p o r p h y r i n b a s e d o n 
the a l t e rna t ion i n d i r e c t i o n a n d m a g n i t u d e o f p h e n y l p r o t o n shif ts . 
T h u s , the E S R c o u p l i n g cons tan t o f 0 .32 G a u s s for the p h e n y l pro tons 
o f T P P Z n C 1 0 4 π - c a t i o n r a d i c a l (64) m a y b e t r ans l a t ed as a n N M R 
i so t r op i c shif t o f 23 p p m , or as o b s e r v e d c h e m i c a l shif t v a l u e s o f 31 
p p m d o w n f i e l d or - 1 5 p p m u p f i e l d from T M S . C o r r e s p o n d e n c e o f 
these v a l u e s e x p e c t e d for a p o r p h y r i n r a d i c a l a n d those m e a s u r e d for 
T P P F e ( C l ) ( C 1 0 4 ) is c o m p e l l i n g e v i d e n c e for the i ron ( I I I ) π - c a t i o n r a d 
i c a l na tu re o f o x i d i z e d i r o n p o r p h y r i n c o m p l e x e s c o n t a i n i n g w e a k -
field a n i o n i c l i g a n d s . T h e s ame c o n c l u s i o n is r e a c h e d for the c h e m i 
c a l l y o x i d i z e d T P P F e C l spec i e s (53) . 

O f the t w o p o s s i b l e p o r p h y r i n r a d i c a l states (3) , the T P P F e ( C l ) -
( C 1 0 4 ) c o m p l e x m u s t b e r ep re sen t a t i ve o f the a2u t y p e . T h i s r a d i c a l 
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368 BIOLOGICAL REDOX COMPONENTS 

Figure 4. Proton NMR titration of [(TPPFe)20](Cl04)2 by (TPPFe)20; 
oxidized dimer originally 5 m M in 0.5 mL of CD2Cl2, 26°C. Moles 
of(TPPFe)20 added ( χ 106): a, 0.0; h, 1.05; c, 2.50; d, 3.91; and e, 5.00. 
(Reproduced from Ref. 55.Copyright 1979, American Chemical Society.) 

t y p e is e x p e c t e d to e x h i b i t l a rge u n p a i r e d r a d i c a l s p i n d e n s i t y at 
m e t h i n e c a r b o n pos i t i ons . T h e O E P F e ( C l ) ( C 1 0 4 ) d e r i v a t i v e , o n the 
o ther h a n d , is be t t e r d e s c r i b e d as a n alu r a d i c a l t y p e . A l t h o u g h c a l c u l a 
t ions p r e d i c t no u n p a i r e d s p i n d e n s i t y at m e t h i n e c a r b o n a toms for th is 
r a d i c a l , E S R m e a s u r e m e n t s r e v e a l a m e t h i n e p r o t o n c o u p l i n g cons tant 
o f 1.48 G a u s s for O E P M g C 1 0 4 (3) . A shif t o f the O E P F e C l m e t h i n e 
p r o t o n N M R s i g n a l f r o m —54 to —18 p p m u p o n o x i d a t i o n (57) is not 
r a t i o n a l i z e d b y the 1.48-Gauss c o u p l i n g cons tan t o f k n o w n alu r ad i ca l s . 
H o w e v e r , a d i r e c t c o r r e s p o n d e n c e is not n e c e s s a r i l y e x p e c t e d , b e 
cause the m e t h i n e p r o t o n e x p e r i e n c e s a l a rge a n d v a r i a b l e s p i n 
d e n s i t y t ransfer f r om the i r o n cen te r (65) . A h i g h s p i n con f igu ra t i on 
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is i n d i c a t e d b y s o l u t i o n m a g n e t i c m o m e n t s o f 5.5 B . M . for b o t h 
T P P ( p - O C H 3 ) F e ( C l ) ( C 1 0 4 ) a n d O E P F e ( C l ) ( C 1 0 4 ) (57) . 

M ô s s b a u e r resu l t s for b o t h c h e m i c a l l y a n d e l e c t r o c h e m i c a l l y 
o x i d i z e d c h l o r o c o m p l e x e s a l so s h o w l i t t l e p e r t u r b a t i o n o f cha rge at 
the i r o n cen t e r as c o m p a r e d w i t h pa ren t s p e c i e s ( T a b l e I) . I s o m e r shi f t 
v a l u e s o f 0.4 m m / s for pa ren t i r o n p o r p h y r i n c h l o r o c o m p l e x e s are 
c h a n g e d b y no m o r e t h a n 0.05 m m / s u p o n o x i d a t i o n (53, 57), i n c o n 
trast to the a p p e a r a n c e o f v e r y l o w i s o m e r shi f t v a l u e s for m o n o m e r i c 
c o m p l e x e s p r e s u m a b l y c o n t a i n i n g a n oxo l i g a n d . 

I R s p e c t r o s c o p y a lso p r o v i d e s a d i a g n o s t i c t o o l for d e t e c t i n g por
p h y r i n 7r-cation r a d i c a l cha rac t e r (66). F o r k n o w n z i n c a n d c o b a l t T P P 
r a d i c a l c o m p l e x e s a n in t ense n e w b a n d appea r s i n the 1 2 8 0 - c m - 1 re 
g i o n . T h i s b a n d is a lso p resen t i n b o t h o x i d i z e d m o n o m e r i c a n d d i 
m e r i c T P P F e spec i e s , as w e l l as i n o x i d i z e d T P P M n C l c o m p l e x e s 
d i s c u s s e d later . L i k e w i s e , o x i d a t i o n o f O E P c o m p l e x e s o f i r o n ( I I I ) , 
c o b a l t ( I I I ) , a n d z i n c ( I I ) is a s soc ia t ed w i t h the a p p e a r a n c e o f a d i a g n o s 
t i c b a n d i n the 1 5 5 0 - c m - 1 r e g i o n . 

V a r i o u s reac t ions o f o x i d i z e d i r o n p o r p h y r i n s w e r e i n v e s t i g a t e d 
(67). F o r e x a m p l e , s t o i c h i o m e t r i c a c i d c l e a v a g e o f the o x i d i z e d μ - ο χ ο 
d i m e r s y i e l d s e x p e c t e d ( o x i d i z e d ) m o n o m e r i c d e r i v a t i v e s . A d d i t i o n o f 
n i t r o g e n o u s bases at r o o m t e m p e r a t u r e r e d u c e s the i r o n p o r p h y r i n . A t 
- 5 0 ° C , o n the o ther h a n d , N M R s p e c t r a l m o n i t o r i n g o f i m i d a z o l e a d d i 
t i on to o x i d i z e d m o n o m e r i c i r o n p o r p h y r i n s demons t ra t e s d i l i g a t i o n o f 
the i m i d a z o l e g r o u p as a p r e f e r r e d e q u i l i b r i u m c o n d i t i o n . A la rge u p 
field a n d d o w n f i e l d s p r e a d o f p h e n y l p r o t o n s igna l s is cons is ten t w i t h a 
l o w s p i n i ron ( I I I ) π - c a t i o n r a d i c a l f o r m u l a t i o n , as d e s c r i b e d for the 
h i g h s p i n i ron ( I I I ) p o r p h y r i n r a d i c a l s . A s o l u t i o n m a g n e t i c m o m e n t 
v a l u e o f 2.8 B . M . suppor t s a l o w s p i n S = 1 (or S = I + S = i) con f igu ra 
t i o n . π - C a t i o n r a d i c a l cha rac te r is s t r o n g l y i n d i c a t e d b y the s p r e a d o f 
T P P F e p h e n y l p r o t o n s igna l s , b u t no s ign i f i can 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 b e t w e e n r a d i c a l a n d i r o n ( I I I ) is apparen t . T h i s s i tua t ion is 
a n a l o g o u s to that o f H R P C o m p o u n d I for w h i c h 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 i r o n ( I V ) a n d r a d i c a l sp ins is v e r y s m a l l . A p o r p h y r i n 
r i n g m e t h y l s i g n a l at 133 p p m (222 K ) for the d i i m i d a z o l e c o m p l e x o f 
o x i d i z e d i r o n e t i o p o r p h y r i n (67) e x p l a i n s the l a rge r i n g m e t h y l shifts 
o f H R P C o m p o u n d I as b e i n g d u e to r a d i c a l s p i n d e r e a l i z a t i o n ra ther 
t h a n the s u g g e s t e d h i g h s p i n i r o n ( I V ) f o r m u l a t i o n (10-12). 

O x i d i z e d M a n g a n e s e P o r p h y r i n s . A s i d e f rom the i o d o s y l -
b e n z e n e - o x i d i z e d s p e c i e s d i s c u s s e d p r e v i o u s l y , m a n g a n e s e ( I V ) 
p o r p h y r i n s h a v e b e e n p r e p a r e d i n b a s i c a q u e o u s s o l u t i o n t h r o u g h the 
ac t ion o f h y d r o g e n p e r o x i d e or s o d i u m h y p o c h l o r i t e (68-73). T h e 
d i o x y g e n - m a n g a n e s e ( I I ) a d d u c t has b e e n f o r m u l a t e d as a p e r o x o m a n -
ganese ( IV) c o m p l e x (74-76). W e p e r f o r m e d p r e p a r a t i v e - s c a l e e l e c 
t r o c h e m i c a l o x i d a t i o n react ions for manganese ( I I I ) p o r p h y r i n s as d e -
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370 BIOLOGICAL REDOX COMPONENTS 

s c r i b e d for i r o n p o r p h y r i n s . S i m i l a r o x i d a t i o n po t en t i a l s a n d so l 
u b i l i t i e s p e r m i t a n a l o g o u s o x i d a t i o n a n d i s o l a t i o n p r o c e d u r e s . O x i d a 
t ions w e r e t y p i c a l l y p e r f o r m e d u s i n g a p l a t i n u m w o r k i n g e l e c t r o d e i n 
m e t h y l e n e c h l o r i d e s o l u t i o n c o n t a i n i n g 1.0 m g o f m a n g a n e s e 
p o r p h y r i n / m L a n d 0.1 M i n t e t r a p r o p y l a m m o n i u m p e r c h l o r a t e s u p 
p o r t i n g e l e c t r o l y t e . T h e c o u n t e r e l e c t r o d e a n d re fe rence e l e c t r o d e 
w e r e separa ted f rom b u l k s o l u t i o n b y fine glass fri ts . T h e c u r r e n t flow 
was a l l o w e d to d r o p to 1% o f the o r i g i n a l v a l u e at w h i c h t i m e the 
e l e c t r o l y s i s was s t o p p e d . O x i d a t i o n was m o n i t o r e d b y U V - v i s i b l e 
spec t r a l m e a s u r e m e n t s , as s h o w n i n F i g u r e 5. T h e o x i d i z e d m a t e r i a l 
m a y b e r e v e r s i b l y r e d u c e d b y t e t r a b u t y l a m m o n i u m i o d i d e sal t (a la rge 
excess m u s t b e a v o i d e d or the m a n g a n e s e ( I I I ) i o d i d e c o m p l e x is 
fo rmed) . 

O x i d a t i o n p o t e n t i a l s m e a s u r e d b y c y c l i c v o l t a m m e t r y a p p r o x i 
mate those for c o r r e s p o n d i n g i ron ( I I I ) p o r p h y r i n s (1.1 V vs . S C E for 
T P P M n C l ) . C y c l i c v o l t a m m e t r i c scans o f the o x i d i z e d p r o d u c t s w e r e 
e q u i v a l e n t to those for the i n i t i a l c o m p l e x , thus i n d i c a t i n g no i r r e v e r -

0.8h 

0.6h 

nm 

Figure 5. Electronic spectra of manganese porphyrins, CH2Cl2, 
approx. 9 x J O " 5 M - Key: a, TPPMnCl, reduced product of material 

in spectrum b and b, TPPMn(Cl)(Cl04). 
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16. GOFF ET AL. Resonance of Oxidized Metalloporphyrins 371 

s i b l e m o d i f i c a t i o n o f the p o r p h y r i n r i n g . I so l a t i on o f o x i d i z e d p r o d u c t 
was a c c o m p l i s h e d b y first e v a p o r a t i n g the m e t h y l e n e c h l o r i d e s o l u 
t i o n , w i t h s l o w a d d i t i o n o f b e n z e n e . T e t r a p r o p y l a m m o n i u m p e r c h l o -
rate is i n s o l u b l e i n b e n z e n e a n d w a s sepa ra t ed b y filtration. T h e b e n 
z e n e s o l u t i o n c o n t a i n i n g o x i d i z e d m a n g a n e s e p o r p h y r i n w a s t h e n 
s u b j e c t e d to s l o w ro ta ry e v a p o r a t i o n w i t h a d d i t i o n o f h e p t a n e . T h e 
s o l i d p r o d u c t m a y b e sepa ra t ed b y filtration a n d v a c u u m d r i e d at 
r o o m t e m p e r a t u r e . O x i d i z e d c o m p o u n d s p r e p a r e d i n th i s m a n n e r 
i n c l u d e T P P M n ( C l ) ( C 1 0 4 ) , T P P ( p - O C H 3 ) M n ( C l ) ( C 1 0 4 ) , a n d O E P M n -
(C1) (C10 4 ) . 

P r o t o n N M R spec t r a for m a n g a n e s e ( I I I ) p o r p h y r i n s w e r e r e p o r t e d 
p r e v i o u s l y (77) . T h e s p e c t r u m for T P P M n C l is f o u n d i n F i g u r e 6a . 

CDHCh 

PYRROLE 

PPM 
-20 •40 •60 

Figure 6. Proton NMR spectra of manganese porphyrins, CD2Cl2 

solvent, 29°C, TMS reference. Key: a, TPPMnCl and b, TPPMn(Cl)-
(Cl04); X = salt and benzene impurities. 
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372 BIOLOGICAL REDOX COMPONENTS 

T h i s spec i e s is i s o e l e c t r o n i c w i t h a n i r o n ( I V ) p o r p h y r i n , b u t the p y r 
r o l e p r o t o n resonance is far u p f i e l d ra ther t h a n d o w n f i e l d as is o x i d i z e d 
T P P F e ( C l ) ( C 1 0 4 ) . T h i s obse rva t i on fur ther suppor t s the 7r-cation r a d i 
c a l f o r m u l a t i o n for o x i d i z e d i r o n p o r p h y r i n s . A p r o t o n N M R s p e c t r u m 
for T P P M n ( C l ) ( C 1 0 4 ) is s h o w n i n F i g u r e 6 b . N o gross s p e c t r a l changes 
are n o t e d u p o n o x i d a t i o n , a n d the l a rge s p l i t t i n g o f p h e n y l s igna l s does 
not o c c u r . T h e major s p e c t r a l c h a n g e is f o u n d i n b r o a d e n i n g a n d u p 
field shif t o f the p y r r o l e p r o t o n resonance . C h e m i c a l shi f t v a l u e s for 
O E P M n ( C l ) ( C 1 0 4 ) are as f o l l o w s ( w i t h those for O E P M n C l l i s t e d i n 
parentheses) : m e t h i n e , 70 P P M (52); C H 2 , 16.3 (22.8); a n d C H 3 , 2.7 
(2.6). 

E l e c t r o n s p i n resonance spec t r a are o b s e r v e d for the o d d - s p i n , 
o x i d i z e d m a n g a n e s e c o m p l e x e s , as m a y b e seen i n F i g u r e 7. A b r o a d 
g = 2 .0 feature is c o m m o n to a l l spec i e s , w i t h l i n e w i d t h s r a n g i n g f rom 
3 0 0 G a u s s for O E P M n ( C l ) ( C 1 0 4 ) to 5 0 0 G a u s s for T P P ( p - O C H 3 ) -
M n ( C l ) ( C 1 0 4 ) . A w e a k e r g = 3.0 c o m p o n e n t is a p p a r e n t for O E P M n -
(C1) (C10 4 ) . V a r i a b l e a p p e a r a n c e o f th is s e c o n d s i g n a l a n d di f ferent 
l i n e w i d t h s m a y ref lect d i f ferent m a g n i t u d e s a n d m e c h a n i s m s for 
r a d i c a l - m a n g a n e s e s p i n - s p i n in te rac t ions a m o n g d i v e r s e p o r p h y r i n 
s t r u c t u r a l types . T h e s e spec t r a differ f r om those o f k n o w n or s u g g e s t e d 
m a n g a n e s e ( I V ) c o m p o u n d s (73-75, 78) i n e x h i b i t i n g m u c h b r o a d e r ab
sorpt ions l a c k i n g any h y p e r f i n e s t ruc tu re . T h e bes t e x p l a n a t i o n is 
b a s e d on the manganese ( I I I ) 7r-cation r a d i c a l f o r m u l a t i o n . T h e g = 2 
s i g n a l is m o s t l i k e l y d e r i v e d f rom the r a d i c a l , w i t h c o n s i d e r a b l e e l e c 
t r o n i c r e l axa t i on f rom the p a r a m a g n e t i c m e t a l cen te r . T h e m a g n e t i c 
m o m e n t v a l u e o f 4.7 B . M . for T P P M n ( C l ) ( C 1 0 4 ) is i n v a r i a n t w i t h t e m 
pera tu re ( - 5 0 ° to 2 9 ° C ) , i n d i c a t i n g that a n y a n t i f e r r o m a g n e t i c b e h a v 
io r is e i the r v e r y s t rong or v e r y w e a k . T h e m a n g a n e s e m u s t b e h i g h 
s p i n , b u t the m a g n e t i c m o m e n t v a l u e is not o t h e r w i s e p a r t i c u l a r l y 
e l u c i d a t i n g i n t e rms o f p o s s i b l e " s p i n - o n l y " fo rmu la t i ons . 

A s s i g n m e n t o f the m a n g a n e s e ( I I I ) π - c a t i o n r a d i c a l e l e c t r o n i c 
s t ruc tu re is cons is ten t w i t h the b r o a d e n i n g a n d i n t ens i t y loss o f Sore t 
b a n d s , a n d a g e n e r a l i nc rease i n i n t e n s i t y i n the l o n g w a v e l e n g t h 
spec t r a l r e g i o n . A b s e n c e o f l a rge i s o t r o p i c p h e n y l p r o t o n N M R shifts is 
i n d i c a t i v e o f l i t t l e u n p a i r e d s p i n d e n s i t y at the m e t h i n e p o s i t i o n , a n d is 
r e a d i l y e x p l a i n e d b y a s s u m i n g that a n aXu t y p e r a d i c a l is f o r m e d . 
O x i d i z e d m a n g a n e s e p o r p h y r i n s are i s o e l e c t r o n i c w i t h H R P C o m 
p o u n d I , b u t a d m i t t e d l y dif fer i n s p i n state. 

Conclusion 

A v a r i e t y o f p h y s i c a l e v i d e n c e demons t ra tes the r a d i c a l cha rac te r 
o f e l e c t r o c h e m i c a l l y o x i d i z e d i r o n a n d m a n g a n e s e p o r p h y r i n s . T h i s 
f o r m u l a t i o n m u s t b e q u a l i f i e d , h o w e v e r , b y n o t i n g that these spec i e s 
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Figure 7. ESR spectra of oxidized manganese porphyrins, 2 raM in 
1:1 methylene chloride-toluene, 77 K, 50-5050 Gauss sweep. Key: 

a, OEPMn(Cl)(Cl04) and b, TPP(p-OCH3)Mn(Cl)(Cl04). 
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are associated with only weak-field anionic ligands. The well-
recognized role of oxo ligands in stabilizing high oxidation state metal 
ions seems to apply for the oxidized metalloporphyrins generated by 
iodosylbenzene oxidation or μ,-peroxo dimer cleavage reactions. The 
role of a frans-imidazole or similar strong-field ligand in dictating 
and/or stabilizing metal-centered oxidation remains to be elucidated. 
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17 
Models of the Cytochromes b 
The Effect of Unsymmetrically Placed Phenyl 
Substituents on the Redox Potentials of a Series of 
Iron Tetraphenylporphyrins and Their 
Bis(N-methylimidazole) Complexes 

F. ANN WALKER1, JUDITH A. BARRY, VIRGINIA L. BALKE, 
GREGORY A. McDERMOTT, MICHAEL Z. WU, and PETER F. LINDE 

San Francisco State University, Department of Chemistry, San Francisco, CA 
94132. 

A series of unsymmetrical (m- or p-phenyl-substi
tuted) tetraphenylporphyrin complexes of iron(III), 
FéClTPP(X)x(Y)y (x + y = 4), were synthesized, and the 
redox potentials of these compounds and their bis(N
-methylimidazole) complexes were measured by cyclic 
voltammetry. The redox potentials of the low spin 
iron(III)/iron(II) couple correlate roughly with the sum 
of the Hammett σ-constants of the substituents, al
though the cathodic peak potentials of the high spin 
iron(III)/iron(II) reduction do not. The electrochemical 
results are compared with those obtained from ESR 
spectroscopy, NMR spectroscopy, and equilibrium con
stants for axial ligand addition. A unified explanation of 
the results from all of these techniques is presented. The 
effect of unsymmetrical substitution on the π-orbital(s) 
of the porphyrin that interact with the relevant 
d-orbital(s) of the metal is discussed, and the reasons 
that this effect is transferred to the iron center for high 
spin, but not for low spin, iron(III) and iron(II) are 
given. 

/ C y t o c h r o m e s b are l o w - p o t e n t i a l h e m e p ro t e in s that a p p e a r to b e 
p resen t i n a l l e n e r g y - t r a n s d u c i n g m e m b r a n e s (1-4). T o b e 

c l a s s i f i e d as a b c y t o c h r o m e , the p r o t e i n m u s t c o n t a i n ex t r ac t ab le p r o -

NOTE: This is Part 6 of a series. 
1Recipient, NIH Research Career Development Award, 1976-81. 

0065-2393/82/0201-0377$ 11.00/0 
© 1982 Amer ican C h e m i c a l Society 
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378 BIOLOGICAL REDOX COMPONENTS 

t o h e m e (1, 4). T h a t is, u n l i k e c y t o c h r o m e s c, b c y t o c h r o m e s c o n t a i n 
n o n c o v a l e n t l y b o u n d h e m e . T h e r e d u c e d forms o f p u r i f i e d cy to 
c h r o m e s b h a v e t he i r α - b a n d s b e t w e e n 558 a n d 5 6 5 n m a n d are unaf
f e c t e d b y a d d i t i o n o f C O or C N ~ ( J , 3, 4). B e c a u s e t h e y are u s u a l l y 
t i g h t l y b o u n d to m e m b r a n e s , t he i r i so l a t ion a n d p u r i f i c a t i o n has b e e n 
d i f f icu l t . N e v e r t h e l e s s , the w a t e r - s o l u b l e h a l f o f p r o t e o l y z e d m i c r o 
s o m a l c y t o c h r o m e b 5 f r om c a l f l i v e r has b e e n c r y s t a l l i z e d a n d its 
t h r e e - d i m e n s i o n a l m o l e c u l a r s t ruc ture d e t e r m i n e d b y x-ray c r y s t a l l o g 
r a p h y (4-6). T h e s t ruc ture s h o w s that p r o t o h e m e is h e l d i n a c lef t nea r 
the surface o f the p r o t e i n b y c o o r d i n a t i o n o f an i m i d a z o l e n i t r o g e n o f 
e a c h o f t w o h i s t i d i n e ( H I S ) s ide c h a i n s o f the p r o t e i n ( H I S 3 9 a n d 63) 
to the a x i a l pos i t i ons o f the i r o n (4, 5). T h e o r i en ta t ion o f the h e m e was 
r e - e v a l u a t e d (6) a n d f o u n d to b e cons is ten t w i t h that p r e d i c t e d f rom 
N M R s tud ies (7) . N o t o n l y the p h y s i c a l p roper t i e s , b u t a l so the a m i n o 
a c i d s equences o f s u c h d i v e r s e h e m e p ro te ins as b a k e r s ' yeas t 
flavocytochrome b 2 , l i v e r sul f i te o x i d a s e , a n d b o v i n e e r y t h r o c y t e 
c y t o c h r o m e b 5 are v e r y s i m i l a r to that o f m i c r o s o m a l b 5 (8-13). T h e s e 
observa t ions s u g g e s t e d that a l l o f these h e m e p ro te ins b e l o n g to a 
" n o v e l p r o t e i n s u p e r f a m i l y " , w h i c h i n v o l v e s the same c o o r d i n a t i o n 
sphe re for i r o n a n d s i m i l a r m o l e c u l a r surface areas i n v o l v e d i n the 
r e c o g n i t i o n o f c y t o c h r o m e c a n d the reductases o f e a c h p r o t e i n ; thus , 
the b - t y p e c y t o c h r o m e s i n s u c h d i v e r s e o rgan i sms as h i g h e r a n i m a l s 
a n d yeas t h a v e a c o m m o n e v o l u t i o n a r y ances tor (13). 

T h e s i m i l a r i t y i n the s p e c t r a l p rope r t i e s o f the c y t o c h r o m e s b o f 
v a r i o u s spec i e s i n T a b l e I (14-26) suggests that the c o o r d i n a t i o n 
sphere for i r o n consis ts o f the four n i t rogens o f p r o t o p o r p h y r i n I X a n d 
t w o i m i d a z o l e n i t rogens o f h i s t i d i n e r e s idues . H o w e v e r , the r e d o x 
p o t e n t i a l o f the i ron ( I I I ) / i ron ( I I ) c o u p l e va r i e s so g rea t ly , o v e r a range 
o f 4 5 0 m V for a l l c y t o c h r o m e s b l i s t e d i n T a b l e I a n d at leas t 32 m V for 
the bes t c h a r a c t e r i z e d m e m b e r s o f th is g r o u p ( b 2 a n d b 5 ) , b u t the coor
d i n a t i o n sphere o f i r o n r e m a i n s the same . P o s s i b l y " t he p r o t e i n " 
causes the r e d o x p o t e n t i a l s o f the i d e n t i c a l r e ac t i on cen te r to differ . 
T h e m e c h a n i s m b y w h i c h e a c h p r o t e i n confers o n its h e m e cen te r a 
u n i q u e r e d o x p o t e n t i a l and /or o ther u n i q u e p h y s i c a l p rope r t i e s is u n 
c l ea r . S o m e w a y s that h a v e b e e n s u g g e s t e d i n c l u d e : (1) c h a n g i n g the 
l i g a n d field o f the l i g a t e d h i s t i d i n e s t h r o u g h h y d r o g e n - b o n d i n g o f the 
i m i d a z o l e N - H to o ther p r o t e i n r e s idues (27) ; (2) p r e s s i n g h y 
d r o p h o b i c p r o t e i n r e s idues aga ins t c e r t a i n parts o f the h e m e a n d 
t h e r e b y a l t e r i n g the π - e l e c t r o n d i s t r i b u t i o n i n the h e m e (28, 2 9 ) ; a n d 
(3) a l i g n i n g the l i g a t e d h i s t i d i n e i m i d a z o l e p l a n e s i n u n i q u e o r i en ta 
t ions w i t h r e spec t to the u n s y m m e t r i c a l p r o t o p o r p h y r i n r i n g (I) a n d 
w i t h r e spec t to e a c h o ther (30, 31). T h e m o d e l s tud ies d e s c r i b e d 
h e r e i n are d e s i g n e d to test the s e c o n d p o s s i b i l i t y : that b y a l t e r i n g the 
e l e c t r o n d i s t r i b u t i o n i n the h e m e , the r e d o x po t en t i a l s o f the i ron ( I I I ) / 
i ron ( I I ) c o u p l e m a y b e a l t e r ed . 
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380 BIOLOGICAL REDOX COMPONENTS 

H 

Structure I. Iron protoporphyrin I X , the naturally occurring 
heme of the cytochromes b. 

raeso-Tetraphenylporphyrins (II) are a t o t a l l y s y n t h e t i c f a m i l y o f 
m o l e c u l e s , w h i c h a l l o w the s y s t e m a t i c a n d q u a n t i t a t i v e s t u d y o f the 
p h y s i c a l a n d c h e m i c a l p roper t i e s o f the h e m e n u c l e u s . O n e o f the 
u s e f u l features o f m e s o - t e t r a p h e n y l p o r p h y r i n s for the presen t s t u d y is 
that the p h e n y l r i n g s are c o n s t r a i n e d so as to b e o u t o f the p l a n e o f the 
p o r p h y r i n r i n g m o s t o f the t i m e (32) b e c a u s e o f s te r ic in te r fe rence 
b e t w e e n the 0-pyrro le a n d ο - p h e n y l p ro tons . [ T h e b a r r i e r to ro ta t ion o f 
the p h e n y l r i n g s i n r u t h e n i u m ( I I I ) , i n d i u m ( I I I ) , a n d t i t a n i u m ( I V ) tet-
r a p h e n y l p o r p h y r i n s is ca . 1 1 - 1 7 K c a l / m o l (33)] . T h u s , the transfer o f 
e l e c t r o n i c e f fec ts—from the m a n y p o s s i b l e subs t i tuen t s , R , w h i c h 
m i g h t b e i n t r o d u c e d on to the p h e n y l r i n g s to the p o r p h y r i n r i n g — i s 
l a r g e l y , i f no t e n t i r e l y , i n d u c t i v e , at l eas t i n m e t a l - c o o r d i n a t e d tet-
r a p h e n y l p o r p h y r i n s (27, 34-41). [ T h e e l e c t r o n i c s p e c t r a l shifts o f 
meta l - f ree t e t r a p h e n y l p o r p h y r i n s ( T P P s ) a n d t h e i r d i ca t ions appar 
e n t l y are u n i q u e a m o n g the l inea r - f r ee -ene rgy r e l a t i o n s h i p s o f 
t e t r a p h e n y l p o r p h y r i n s i n that t hey i n d i c a t e the p r e sence o f a l a rge 
resonance e l e c t r o n i c effect o f subs t i tuen t s on the p h e n y l r i n g s (42)]. 
W e r e c e n t l y r e p o r t e d (41) that the N M R spec t r a o f a series o f s ix 
meta l - f ree p o r p h y r i n s , H 2 T P P ( p - C l ) x ( p - N E t 2 ) 2 / (x + y = 4 ; χ = 0 - 4), 
a n d seve ra l o f t h e i r z i n c ( I I ) c o m p l e x e s s h o w e s sen t i a l l y no e v i d e n c e o f 
π - e l e c t r o n d e r e a l i z a t i o n ( π - c o n j u g a t i o n ) : for e x a m p l e , the r i n g c u r r e n t 
w a s u n a l t e r e d b e y o n d the p a i r o f β - p y r r o l e pro tons , H a , c loses t to the 
u n i q u e p h e n y l i n the H 2 - or Z n T P P ( p - C l ) 3 ( p - N E t 2 ) i i somer , ( I I I , X = 
p - C l , Y = p-NEt2). T h e r e f o r e , s u c h u n s y m m e t r i c a l p l a c e m e n t o f 
subs t i tuen t s , as i n I I I , s h o u l d p r o v i d e a means o f a l t e r i n g the e l e c t r o n 
d e n s i t y i n one spec i f i c r e g i o n o f the p o r p h y r i n r i n g , a meso-position, as 
m i g h t b e d o n e w i t h i n a p r o t e i n b y the c lo se p r o x i m i t y o f s o m e s i d e 
c h a i n to the h e m e 7r-electron s y s t e m . 

N M R s tud ies (43) o f the l o w s p i n i ron ( I I I ) c o m p l e x e s o f a ser ies o f 
c o m p o u n d s o f t y p e I I I a n d r e l a t e d s t ructures c l e a r l y s h o w e d that the 
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17. WALKER ET AL. Models of the Cytochromes b 381 

R 

Structure II. Synthetic, symmetrically tetra-substituted tetra-
phenylporphyrin complexes of iron. 

Structure HI. Unsymmetrically substituted tetraphenylporphy-
rin complexes prepared for this study. 

7r-orbital i n t o w h i c h the u n p a i r e d e l e c t r o n is d e l o c a l i z e d is i n f l u e n c e d 
p r o f o u n d l y b y the i n d u c t i v e transfer o f e l e c t r o n d e n s i t y to, or f r o m , a 
u n i q u e s u b s t i t u e n t on one o f the p h e n y l r i ngs . T h e m o r e d i f ferent the 
u n i q u e s u b s t i t u e n t is f rom the other th ree , as m e a s u r e d b y the differ
ence i n the f a m i l i a r H a m m e t t σ - c o n s t a n t s (44) ( Δ σ = σ γ — σ χ ) , the 
m o r e d i f ferent the i so t rop i c shi f t o f the /3-pyrrole p ro tons neares t that 
p h e n y l is f rom the shif t o f i ts i m m e d i a t e n e i g h b o r s (43). 

I n cont ras t to o u r N M R resul t s , E S R s tud ies o f the s ame l o w s p i n 
i r on ( I I I ) c o m p l e x e s i n d i c a t e (45) that the m a g n e t i c an i so t ropy o f i r o n 
is not affected b y u n s y m m e t r i c a l p h e n y l s u b s t i t u t i o n s u c h as i n III, b u t 
ra ther d e p e n d s o n the to ta l e l e c t r o n i c effect o f a l l subs t i tuen t s , as m e a 
s u r e d b y the s u m o f the H a m m e t t σ - c o n s t a n t s ( Σ σ ) . 

T h e p resen t s t u d y was u n d e r t a k e n to d e t e r m i n e w h e t h e r , a n d i f 
so, h o w the r e d o x po t en t i a l s o f i r o n p o r p h y r i n s are a l t e r e d b y u n s y m -

X 
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382 BIOLOGICAL REDOX COMPONENTS 

m e t r i c a l s u b s t i t u t i o n on the p h e n y l r i n g s . P r e v i o u s s tud ies o f the effect 
o f subs t i tuen t s o n the r e d o x p o t e n t i a l s o f b o t h m e t a l - a n d r i n g -
c e n t e r e d r e d o x reac t ions h a v e s h o w n that Etl2 va r i e s l i n e a r l y w i t h Σ σ 
for s y m m e t r i c a l l y s u b s t i t u t e d T P P s (36-40). O u r p u r p o s e was thus to 
see w h e t h e r the r e d o x p o t e n t i a l s o f u n s y m m e t r i c a l l y s u b s t i t u t e d i r o n 
T P P s co r re l a t e w i t h those o f the s y m m e t r i c a l d e r i v a t i v e s , or w h e t h e r 
cons i s ten t d e v i a t i o n s f r o m the e x p e c t e d l i n e a r c o r r e l a t i o n o f E m w i t h 
Σ σ exis t . 

T o e l i m i n a t e f rom c o n s i d e r a t i o n at th is t i m e the effect o f 
h y d r o g e n - b o n d i n g o f the i m i d a z o l e N - H to o ther m o l e c u l e s i n the 
s o l u t i o n , thus p o t e n t i a l l y a l t e r i n g the r e d o x po ten t i a l s as i n p o s s i b i l i t y 
1 m e n t i o n e d ea r l i e r , i V - m e t h y l i m i d a z o l e w a s c h o s e n as the a x i a l l i g a n d 
i n th is s tudy . T o a l l o w these N - m e t h y l i m i d a z o l e l i g a n d s to rotate 
f r ee ly so as not to h a v e p r e f e r r e d a x i a l l i g a n d p l a n e a l i g n m e n t s as i n 
p o s s i b i l i t y 3 j u s t m e n t i o n e d , w e c o n c e n t r a t e d m a i n l y on m- a n d 
p - p h e n y l - s u b s t i t u t e d d e r i v a t i v e s o f S t ruc tu re I I I . 

A s par t o f th is s t udy , w e e v a l u a t e d the e q u i l i b r i u m constants for 
the a d d i t i o n o f one a n d t w o N - m e t h y l i m i d a z o l e m o l e c u l e s to i ron ( I I I ) 
a n d i ron( I I ) i n d i m e t h y l f o r m a m i d e ( D M F ) , w h i c h is p o t e n t i a l l y capa 
b l e o f s o l v a t i n g the a x i a l pos i t ions o f i r o n , a n d i n d i c h l o r o m e t h a n e , 
w h i c h is not. T h e p u r p o s e o f th is pa r t o f o u r i n v e s t i g a t i o n w a s to 
p r o v i d e i n f o r m a t i o n o n the concen t r a t i on o f N - m e t h y l i m i d a z o l e neces 
sary to f u l l y c o m p l e x b o t h i ron ( I I I ) a n d i ron( I I ) p o r p h y r i n s i n o rde r to 
g u i d e us i n m e a s u r i n g the r e d o x p o t e n t i a l s o f the c y t o c h r o m e b a c t i v e 
site m o d e l s , as w e l l as to demons t r a t e the u t i l i t y a n d f a c i l i t y o f c y c l i c 
v o l t a m m e t r i c t e c h n i q u e s i n m e a s u r i n g e q u i l i b r i u m constants for 
l i g a n d a d d i t i o n to e l e c t r o a c t i v e me ta l s . 

Experimental 

Symmetr ical tetraphenylporphyrins were prepared according to the 
method of Ad le r et al. (46), and were purif ied by gravity co lumn chroma
tography on si l ica gel (Baker chromatographic grade). Unsymmetr ica l tetra
phenylporphyrins were prepared by a modification of this method, in w h i c h 
hal f of the mole quantity of aldehyde required for the synthesis was prov ided 
by one o-, m- , or p-substituted benzaldehyde and half by a different benzal-
dehyde. This procedure l ed to an approximately statistical ( 1 : 4 : 2 : 4 : 4 : 1 ) 
distribution of isomers, w h i c h usually (except for those prepared from 
p-diethylamino or any nitrobenzaldehyde) crystal l ized from propionic acid. 
A l l product mixtures were analyzed by thin-layer chromatography ( T L C ) 
(Eastman Chromagram, si l ica gel) to determine what solvent system w o u l d 
a l low separation of the isomers. Often the best solvent mixture was 70% ben-
zene-30% petroleum ether. O n l y when one of the types of phenyl substituents 
was a polar group ( - O C H 3 , - N E t 2 , - C N , or - N 0 2 ) cou ld the separation be ef
fected, and even then, only for the p - C l , p - N E t 2 combination was it possible to 
separate the cis- and trans- isomers of the 2 X , 2 Y formula (41 ). Smal l amounts 
of the isomers could be separated by h igh performance l i q u i d chromatography 
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( H P L C ) , but because of low solubi l i ty , quantity separations were done on 
large gravity flow columns (3 cm x 1.5 m). M a n y fractions were col lected and 
checked by T L C before combin ing the fractions containing one pure isomer. 
The identi ty of the purif ied compounds was established by N M R spectros
copy, particularly by observing the resonance pattern of the pyrrole protons at 
about 8.8-9.0 ppm downfield from tetramethylsilane ( T M S ) (41). 

Iron and zinc were inserted into the porphyrin r ing by the method of Ad le r 
et al . (47) w i th the fo l lowing modification: after re fluxing the porphyrin and 
metal salt in D M F un t i l the reaction was complete, determined by electronic 
absorption spectroscopy, the solution was cooled to room temperature. A n 
equal vo lume of dichloromethane was added and the mixture was then poured 
through approximately 500 m L H 2 0 i n a separatory funnel and the C H 2 C 1 2 

layer immediate ly drawn off without shaking. The C H 2 C 1 2 layer was then 
reintroduced to 500 m L of pure H 2 0 in the separatory funnel, shaken, and 
separated. This procedure was repeated three additional times to remove a l l 
D M F . The dichloromethane solution was evaporated to dryness, the sample 
redissolved in a small quantity of C H 2 C 1 2 , poured onto a dry s i l ica gel co lumn 
(1.5 cm x 25 cm), and eluted wi th 10% methanol-90% C H 2 C 1 2 i n the case of 
iron, or pure benzene in the case of zinc. The metal loporphyrin fraction was 
evaporated to dryness. Iron-containing samples were treated further by redis-
solving them in C H 2 C 1 2 and bubb l ing gaseous H C 1 through them to reconvert 
any μ-οχο dimer back to the chloroiron monomer form. The samples then were 
evaporated again to dryness. 

iV-Methy l imidazo le and tr iethylamine (Aldrich) were purified by conven
tional dist i l lat ion, and 2-methyl imidazole (Aldrich) was recrystal l ized from 
benzene before use. Tetrabutylammonium perchlorate ( T B A P ) (Southwestern 
Analyt ical) was recrystal l ized from b o i l i n g absolute methanol and dr ied i n 
vacuo over P 2 0 5 . For electrochemical studies, spectrograde dichloromethane 
(Fisher) was used without further purification, and D M F ( M C B spectrograde) 
was d is t i l l ed at reduced pressure over P 2 0 5 before use. 

Solutions for electrochemical investigations were approximately 10~ 3 M i n 
metal loporphyrin and 10" 1 M in electrolyte ( T B A P ) . Al iquots of 15 to 30 m L of 
the resulting solution were placed i n the water-jacketed electrochemical ce l l 
(Princeton A p p l i e d Research) maintained at 21 ± 1°C and deaerated prior to 
the voltammetric run by purging wi th nitrogen gas (Air Products), w h i c h was 
deoxygenated thoroughly by means of a Matheson 6404 nitrogen filter and 
presaturated w i t h C H 2 C 1 2 or D M F . The temperature was controlled to ± 0 . 5 ° C 
dur ing each run. 

C y c l i c voltammetry studies were carried out us ing a three-electrode sys
tem wi th a P A R M o d e l 173 potentiostat/galvanostat, a P A R M o d e l 175 univer
sal programmer, and a Hewle t t -Packard M o d e l 7040 x - y recorder. The work
ing electrode was constructed out of a short length of pla t inum wire soldered 
to copper wire , sealed in soft glass, and fired into a button. P la t inum foil sealed 
in lead glass served as the counter electrode. Pla t inum electrodes routinely 
were cleaned by d ipp ing them i n alcoholic K O H fol lowed by d is t i l led water, 
then concentrated H N 0 3 fo l lowed by d is t i l l ed water, then acetone, and finally 
C H 2 C 1 2 . A commercial saturated calomel electrode ( S C E ) was used as refer
ence electrode. It was connected to an aqueous saturated KC1 solution, w h i c h 
was separated from the metal loporphyrin solution by a fine glass frit made of 
unfired Vycor (PAR). 

Half-wave potentials (for reversible waves) or peak potentials (for irrever
sible waves) for the iron(II)/iron(I) and iron(III)/iron(II) reactions of tet-
raphenylporphinatoiron chloride ( T P P F e C l ) were measured i n the absence of 
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384 BIOLOGICAL REDOX COMPONENTS 

l igand and as a function of the N-methy l imidazo le concentration over the 
range 1 x 10" 4 to 1 x ΙΟ" 1 M i n D M F and C H 2 C 1 2 . The symmetrical and 
unsymmetrical phenyl-substituted derivatives of T P P F e C l in dichlorometh
ane solution were scanned over the potential range +2.2 to —1.5 V in the 
absence of added l igand and then i n the presence of 5 x 10~ 3 and 1 x 10" 1 M 
N-methy l imidazo le ( N - M e l m ) . The iron(III)/iron(II) peak was expanded and 
scanned s lowly (20 or 50 mV/min) to obtain cathodic and anodic peak poten
tials unaffected by the kinetics of l igand exchange. 

For zinc(II) porphyrins, half-wave potentials for the Z n P + = Z n P and 
Z n P 2 + = Z n P + reactions were measured in C H 2 C 1 2 , and the Z n P = Z n P " and 
Z n P " = Z n P 2 " reactions were measured in D M F . 

T y p i c a l scans o f ( m - F ) 4 T P P F e C l i n C H 2 C 1 2 i n the absence o f 
N - M e l m a n d as a func t ion o f [ N - M e l m ] are s h o w n i n F i g u r e 1. T h e 
i ron( I I I ) / i ron ( I I ) r e a c t i o n is not r e v e r s i b l e , a n d the a n o d i c p e a k is 
s o m e w h a t m i s s h a p e n i n the absence o f N - M e l m . T h i s fact w a s re
p o r t e d p r e v i o u s l y (48), a n d is d u e i n l a rge par t to the fact that C I " , 
a l t h o u g h b o u n d to i ron( I I ) d u r i n g the t i m e sca le o f i ts p r o d u c t i o n b y 
r e d u c t i o n o f i r o n ( I I I ) , diffuses a w a y before i ron ( I I ) is r e - o x i d i z e d i n 
the r eve r se s can , a n d thus the c a t h o d i c a n d a n o d i c s w e e p s r ep re sen t 
the r e d o x o f d i f ferent spec i e s o f i ron( I I ) (49). 

T h e E m v a l u e s for the i ron( I I I ) / i ron( I I ) a n d i ron( I I ) / i ron( I ) c o u 
p l e s o f T P P F e C l w e r e m e a s u r e d as a func t ion o f [ N - M e l m ] o v e r the 
concen t r a t i on r ange 1 x 1 0 " 4 - 1 χ Ι Ο - 1 M i n D M F a n d C H 2 C 1 2 s o l u 
t ions . P l o t s o f the v a l u e s o f E m for the t w o c o u p l e s as a f unc t i on o f 
l o g [ N - M e l m ] are p r e s e n t e d i n F i g u r e 2 a a n d b , r e s p e c t i v e l y . T h e s e 
p lo t s w e r e a n a l y z e d a c c o r d i n g to the m e t h o d o u t l i n e d b y K a d i s h et a l . 
(39) to y i e l d the e q u i l i b r i u m constants for a d d i t i o n o f one a n d t w o 
N - m e t h y l i m i d a z o l e l i g a n d s to b o t h T P P F e ( I I I ) C l a n d T P P F e ( I I ) . 
T h e e q u i l i b r i u m constants for the t w o p o s s i b l e s teps o f l i g a n d a d d i 
t i o n to e a c h o f these c o m p l e x e s are d e f i n e d b y the reac t ions b e l o w : 

T P P F e ( I I I ) C l + N - M e l m ^ ± T P P F e ( I I I ) ( N - M e I m ) C l (3) 
βψ 

T P P F e ( I I I ) C l + 2 N - M e l m T P P F e ( I I I ) ( N - M e I m ) i C l - (4) 

O b t a i n i n g a l l fou r constants d e p e n d s o n the fact that T P P F e ( I ) does 
no t b i n d i V - m e t h y l i m i d a z o l e . T h u s , the r e l a t i o n s h i p 

Results 

(1) 

(2) 

(£1/2)0 — (£1/2)5 ~ 
0.059 β o x 0 .059 

l o g [ L ] \P-Q (5) 
η η 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

17



17. WALKER ET AL. Models of the Cytochromes b 385 

Figure 1. Cyclic voltammograms of 1.0 x 10~3 M (m-F)4 TPPFeCl in 
CH2Cl2 with 0.1 M TBAP. Top: without added ligand; center: with 
5 x 10~3 M N-Melm; and bottom: with 1 x 10~' M N-Melm. Scan rate: 

50 mV/min. Scale: volts vs. SCE. 

( i n w h i c h ( £ i / 2 ) c a n d (£1/2)5 are the h a l f - w a v e po t en t i a l s o f the c o m 
p l e x é e ! a n d u n c o m p l e x e d o x i d i z e d spec ie s , r e s p e c t i v e l y , βρ

οχ a n d 
/ 3 / e d are the fo rma t ion constants o f the 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 , [ L ] is the c o n c e n t r a t i o n o f free l i g a n d at e q u i l i b r i u m , ρ a n d 
q are the n u m b e r o f l i g a n d s b o u n d to the o x i d i z e d a n d r e d u c e d 
spec i e s , r e s p e c t i v e l y , a n d η is the n u m b e r o f e l ec t rons t rans fe r red 
i n the d i f f u s i o n - c o n t r o l l e d r eac t ion ox + η e~ ^ r ed ) r e d u c e s to 

( E 1 / 2 ) c = {Em)s - 0 .059 l o g β* - 0 .059 l o g [ L ] " (6) 

for the i ron( I I ) / i ron( I ) w a v e . T h u s , i n D M F , βιϊ a n d β\ι [for a d d i t i o n o f 
one a n d o v e r a l l a d d i t i o n o f t w o a x i a l l i g a n d s to i ron( I I ) ] i n p r i n c i p l e 
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386 BIOLOGICAL REDOX COMPONENTS 

tog[NMeIm] log[NMeIm] 

Figure 2. Plots of Emfor the Fe(M)/Fe(II) (top) and Fe(II)/Fe(I) (bot
tom) couples of TPPFeCl as a function of a log [N-Melm] eq: a, in DMF 
and b, in CH2 Cl2. The dotted lines in Part a demonstrate an ambiguity 
in the interpretation of the low N-Melm concentration region: the 
Fe(ll)IFe(l) wave suggests formation of TPPFe(N-Melm), while in the 
same concentration region the Fe(lll)IFe(ll) wave suggests that Fe(ll) 
has two N-Melm ligands. The value listed in Table 11 is that calculated 
from the Fe(ll)IFe(l) wave. The vertical dashed lines mark off ligand 
concentration regions in which the predominant reactions are those 

shown in Schemes I and 11. 

m a y b e c a l c u l a t e d d i r e c t l y f rom the da ta o f F i g u r e 2 for the i ron( I I ) / 
i ron( I ) c o u p l e , a n d βψ a n d βψ m a y b e c a l c u l a t e d b y c o m b i n i n g the 
da ta for the i ron ( I I I ) / i ron ( I I ) a n d i ron( I I ) / i ron( I ) c o u p l e s . T h e c o n c e n 
t ra t ion o f free l i g a n d m u s t b e o b t a i n e d b y an i t e r a t ive process , b e c a u s e 
a p o r t i o n o f to ta l l i g a n d a d d e d is u s e d to c o m p l e x the major r e d o x -
a c t i v e spec i e s presen t , i n th is case i r on ( I I I ) . E s t i m a t e s o f j3F a n d βψ 
f rom an i n i t i a l p l o t o f E m vs . l o g [ N - M e l m ] 0 are thus u s e d to c a l c u l a t e 
l o g [ N - M e l m ] e q u s e d i n p l o t t i n g F i g u r e 2 . T h e r e s u l t i n g βχ a n d β2 

v a l u e s i n D M F are g i v e n i n T a b l e I I , a n d the reac t ions i n v o l v e d i n 
F i g u r e 2 a are s u m m a r i z e d i n S c h e m e I . 

I n C H 2 C 1 2 ( F i g u r e 2b) , the s i tua t ion is less c l e a r c u t t h a n i n D M F 
( F i g u r e 2a), a p p a r e n t l y b e c a u s e the e l e c t r o d e reac t ions are s l o w e r . 
T h e c a t h o d i c p e a k o f the i ron( I I I ) / i ron( I I ) c o u p l e is m i s s h a p e n at l o w 
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388 BIOLOGICAL REDOX COMPONENTS 

Scheme I 

( < 4 x 10~ 4 M ) N - M e l m c o n c e n t r a t i o n ; the E m o f the i ron( I I ) / i ron( I ) 
c o u p l e does not shif t s i g n i f i c a n t l y w i t h c h a n g e i n [ N - M e l m ] , b u t the 
w a v e s dec rease i n a m p l i t u d e u n t i l t h e y c a n no l o n g e r b e o b s e r v e d 
a b o v e [ I V - M e I m ] 0 = 5 x 1 0 " 3 M . W e a t t r ibu te the i ron( I I I ) / i ron( I I ) 
c a t h o d i c p e a k b e h a v i o r to s l o w g a i n o f l i g a n d b y i ron( I I ) f o l l o w i n g 
r e d u c t i o n o f T P P F e C l ; a n d the i ron( I I ) / i ron( I ) w a v e b e h a v i o r is a t t r i 
b u t e d to s l o w loss o f l i gand( s ) b y i ron( I ) f o l l o w i n g r e d u c t i o n o f 
F e ( I I ) ( N - M e I m ) or F e ( I I ) ( N - M e I m ) 2 f o l l o w e d b y s l o w g a i n o f 
l i gand( s ) o n r e o x i d a t i o n o f i ron( I ) . [ T h e d i s a p p e a r a n c e o f the i ron( I I ) / 
i ron( I ) p e a k for t e t r a c o o r d i n a t e d T P P F e on a d d i t i o n o f N - M e l m m u s t 
b e a c c o m p a n i e d b y the a p p e a r a n c e o f n e w peaks at the a p p r o p r i a t e 
p o t e n t i a l s for r e d o x o f the m o n o - a n d b i s ( N - M e l m ) c o m p l e x e s , b u t 
these are a p p a r e n t l y so c a t h o d i c a l l y s h i f t e d that t hey are o b s c u r e d b y 
the r edox o f the so lven t . ] D e s p i t e the l a c k o f β " a n d β " i n f o r m a t i o n 
o b t a i n e d f r o m the i ron( I I ) / i ron( I ) w a v e a n d the i r r e v e r s i b l e b e h a v i o r o f 
the i ron ( I I I ) / i ron ( I I ) p e a k at l o w l i g a n d concen t ra t ions , c o n s i d e r a b l e 
i n f o r m a t i o n is s t i l l a v a i l a b l e c o n c e r n i n g the l i g a n d e q u i l i b r i a o f 
i r on ( I I I ) a n d i ron ( I I ) i n C H 2 C 1 2 : ( l ) f r o m [ N - M e l m ] 0 o f ~ 6 . 3 x 10 " 4 to 
1.1 x 1 0 " 3 M , b o t h i ron ( I I I ) a n d i ron ( I I ) h a v e the same n u m b e r o f a x i a l 
l i g a n d s b o u n d , p r e s u m a b l y one , b a s e d o n the b e h a v i o r at h i g h e r [N-
M e l m ] 0 ; (2) b e t w e e n the [ N - M e l m ] 0 = 1.1 x 1 0 " 3 a n d 2.5 x Ι Ο " 3 M , 
i ron( I I ) has one m o r e a x i a l l i g a n d t h a n i ron ( I I I ) ; a n d (3) a b o v e 2.5 x 
Ι Ο " 3 M N - M e l m , b o t h i r o n ( I I I ) a n d i ron( I I ) a g a i n h a v e the same n u m 
b e r o f a x i a l l i g a n d s . T h e d e r i v e d v a l u e s o f β\ι a n d βψ, b a s e d o n the 
v a l u e o f βψ m e a s u r e d b y v i s i b l e s p e c t r o s c o p y , are l i s t e d i n T a b l e I I , 
a n d the reac t ions i n v o l v e d i n F i g u r e 2 b are s u m m a r i z e d i n S c h e m e I I . 
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17. WALKER ET AL. Models of the Cytochromes b 
389 

T P P F e ( I I I ) C l 

JV-Melm T P P F e ( I I ) e T P P F e ( I ) 

iV-Melm 

T P P F e ( I I I ) ( N - M e I m ) C l e T P P F e ( I I ) ( N - M e I m ) c r 

N-Melm N-Melm 

T P P F e ( I I I ) ( N - M e I m ) 2

+ C l - ^ 
e 

T P P F e ( I I ) ( N - M e I m ) 2 c r 

Scheme II 

O n the bas is o f the da ta o f F i g u r e 2 b a n d T a b l e I I , the p e a k p o t e n 
t i a l s a n d Ε v a l u e s d e r i v e d the re f rom, i n vo l t s , for a l l a c c e s s i b l e r e d o x 
reac t ions w i t h i n the range o f so lven t s t a b i l i t y p r o v i d e d b y C H 2 C 1 2 

w e r e m e a s u r e d for the s y m m e t r i c a l a n d u n s y m m e t r i c a l p h e n y l -
s u b s t i t u t e d d e r i v a t i v e s o f T P P F e C l i n the absence o f a d d e d l i g a n d a n d 
i n the p re sence o f suff ic ient N - M e l m to f u l l y c o m p l e x b o t h i r on ( I I I ) 
a n d i ron ( I I ) ( u s u a l l y 1.0 x 1 0 _ I M ) . T y p i c a l scans are i l l u s t r a t e d i n 
F i g u r e 1 b y t e t r a ( m - f l u o r o ) t e t r a p h e n y l p o r p h i n a t o i r o n c h l o r i d e [ ( m -
F ) 4 T P P F e C l ] i n the absence o f a d d e d l i g a n d a n d i n the p re sence o f 
5 x Ι Ο " 3 M a n d finally 1 x 1 0 _ 1 M N - M e l m . T h e absence o f w e l l -
d e f i n e d c a t h o d i c p e a k s i n the p o s i t i v e p o t e n t i a l r ange is cha rac te r i s t i c 
o f m a n y o f the c o m p o u n d s ; a n d thus , these w a v e s w e r e no t a n a l y z e d 
further. T h e i ron ( I I I ) / i ron ( I I ) r e d o x w a v e for a l l c o m p o u n d s , w i t h a n d 
w i t h o u t N - m e t h y l i m i d a z o l e , w a s e x p a n d e d b y r e d u c i n g the p o t e n t i a l 
r ange to encompass o n l y that r eac t i on i n o rde r to fac i l i t a t e grea ter 
a c c u r a c y i n the m e a s u r e m e n t o f p e a k po t en t i a l s . T h e p e a k p o t e n t i a l s 
a n d Εii2 v a l u e s d e r i v e d the re f rom for the i ron( I I I ) / i ron( I I ) c o u p l e are 
p r e s e n t e d i n T a b l e I I I for the r e d o x r eac t ion i n the p re sence a n d 
absence o f N - m e t h y l i m i d a z o l e , a l o n g w i t h the s u m o f the H a m m e t t 
σ - c o n s t a n t s o f the subs t i tuen t s on the t e t r a p h e n y l p o r p h y r i n l i g a n d . 
T h e Εii2 v a l u e s o f the b i s ( ] V - m e t h y l i m i d a z o l e ) c o m p l e x e s o f T a b l e I I I 
are p l o t t e d i n F i g u r e 3, a n d the c a t h o d i c p e a k p o t e n t i a l s o f the n o n -
i m i d a z o l e - c o m p l e x e d forms o f the c o m p o u n d s o f T a b l e I I I are p l o t t e d 
i n F i g u r e 4 vs . the s u m o f the H a m m e t t σ - c o n s t a n t s o f the subs t i t uen t s . 
B e c a u s e o f the m e t h o d o f p r e p a r a t i o n o f the c h l o r o i r o n fo rm o f these 
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392 BIOLOGICAL REDOX COMPONENTS 

O.OOOh 

-0 .300 

Σ σ 

Figure 3. Plot of Em for the LS Fe(III)/Fe(II) redox reaction vs. the 
sum of the Hammett sigma constants (44) of the phenyl substituents of 
symmetrical tetra-substituted (Φ) and unsymmetrical 3 X , I Υ (Ο) 
derivatives of TPPFe(N-MeIm)2

+Cl~. Also included are the cis- and 
tmns-isomers of (p~Cl)2(p~NEt2)2 TPPFe(N-MeIm)2

 +Cl~(V). Data taken 
from Table III. The slope, ρ, = +0.048 V. 
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17. WALKER ET AL. M ο del s of the Cytochromes h 
393 

-0 .150 h 

ι—ι 1 1 1 I I I I I I ι ι ι 1 
-3.0 -2.0 -1.0 0.0 1.0 2 .0 3.0 

Σ σ 

Figure 4. Plot of the cathodic peak potentials for H S Fe(HI) reduction 
vs. the sum of the Hammett sigma constants (44) of the phenyl sub
stituents of symmetrical tetra-substituted (Φ or A) and unsymmetrical 
3 X, 1 Y (O or A) derivatives of TPPFeCl. Key: Δ, A, estimated peak 
potentials of protonated and unprotonated forms of amino- or diethyl-
a m in o-con tax η i ng derivatives; V, data for the cis- and trans-isomers of 
protonated and unprotonated forms of ( p-Cl)2( p-NEt2)TPPFeCl; φ,-θ~, 
4, -A-, the sign of Δ σ (σγ - σχ) of the unsymmetrical compounds (+ and 
- , respectively). Data taken from Table III. The slope, ρ, = +0.052 V. 
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394 BIOLOGICAL REDOX COMPONENTS 

c o m p o u n d s ( i .e . , t r ea tmen t w i t h gaseous H C 1 ) , the - N H 2 a n d — N E t a 
s u b s t i t u t e d d e r i v a t i v e s c o n t a i n e d p r o t o n a t e d a m i n o g roups w h e n 
i n i t i a l l y p l a c e d i n C H 2 C 1 2 s o l u t i o n . S u c h s a m p l e s gave c o m p l e x 
i ron( I I I ) / i ron ( I I ) w a v e s ( F i g u r e 5). A t t e m p t s to s i m p l i f y the w a v e 
shapes a n d to o b t a i n the r e d o x po t en t i a l s o f the d e p r o t o n a t e d a m i n o 
forms b y a d d i t i o n o f a s m a l l a m o u n t o f t r i e t h y l a m i n e f a i l e d to p r o d u c e 
r e v e r s i b l e i ron( I I I ) / i ron( I I ) w a v e s . H o w e v e r , the c o m p l e x w a v e o f 
F i g u r e 5 c o u l d b e d e c o m p o s e d i n t o t w o l i m i t i n g w a v e s , w h o s e ca th 
o d i c p e a k p o t e n t i a l s w e r e cons is ten t w i t h those e x p e c t e d f rom the 
s u m o f the H a m m e t t σ - c o n s t a n t s o f the t o t a l l y p r o t o n a t e d a n d t o t a l l y 
d e p r o t o n a t e d forms ( F i g u r e 4) . 

R e d o x p o t e n t i a l s for p o r p h y r i n r i n g o x i d a t i o n a n d r e d u c t i o n o f 
s y m m e t r i c a l a n d u n s y m m e t r i c a l T P P Z n ( I I ) c o m p l e x e s are p r e s e n t e d 
i n T a b l e I V , a n d the resu l t s are p l o t t e d v s . the s u m o f the H a m m e t t σ 
constants i n F i g u r e 6. 

P o t e n t i a l (Vol ts v s . S C E ) 

Figure 5. Scan of the Fe(III)/Fe(II) peak of (p-Cl)j(p-NEt2)3TPPFeCl 
and its protonated diethylamino derivatives. The two peaks observed 
are attributed to the triprotonated (Ef, = -0.419 V) and unprotonated 
(El = -0.260 V) forms. Scan rate, 50 mV/min; [Fe porphyrin] = I x 

10~* M ; [TBAP] = 0.1 M . 
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1.2 

I 1 

ZnP 2*=ZnP* 

ι ι 

-ο- ^ 

1 

0.066 

1.0 .— 1 

OS 

ZnP += ZnP 

-o-

0.083 

0.6 1 1 1 

C/3 

-0.8 ι I I 1 l 

-1.0 

l \ 
! 

-1.2 

ΖηΡ = Ζ η Ρ " Δ . 
0.075 

1 ! 
-D-

-1.4 
1 ! -O-

-1.6 
* : 

ZnP"=ZnP2g * 
0.053 

-1.8 -
I ι I I ι 

-2 -1 0 1 2 

Σ σ 

Figure 6. Plot of E 1 / 2 for porphyrin ring oxidation and reduction of 
symmetrical (Φ) and unsymmetrical (Ο) derivatives of TPPZn(II) vs. 
the sum of the Hammett sigma constants (44). The slopes, p, are given 

in the figure. 
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17. WALKER ET AL. Models of the Cytochromes b 397 

Discussion 

Measurement of Equilibrium Constants for Complexation of 
IV-Methylimidazole with Iron(III) and Iron(II) Tetraphenylporphy
rins. C y c l i c v o l t a m m e t r y p r o v i d e s an e x c e l l e n t m e a n s o f m e a s u r i n g 
e q u i l i b r i u m constants o f c o m p l e x fo rma t ion b e t w e e n t r ans i t ion m e t a l s 
a n d l i g a n d s w h e n the rate o f l i g a n d e x c h a n g e is r a p i d e n o u g h to y i e l d 
q u a s i - r e v e r s i b l e r e d o x w a v e s , p a r t i c u l a r l y w h e n the in te res t is i n a 
m e t a l i n a n u n s t a b l e or h i g h l y r e a c t i v e o x i d a t i o n state. K a d i s h a n d 
c o w o r k e r s h a v e u s e d this m e t h o d to e v a l u a t e the s t e p w i s e a n d o v e r a l l 
e q u i l i b r i u m constants for a d d i t i o n o f p y r i d i n e s to i ron ( I I ) (39 , 50) , 
coba l t ( I I ) a n d coba l t ( I I I ) (39 , 50 ) , a n d manganese ( I I ) a n d m a n -
ganese( I I I ) (50, 51) p o r p h y r i n s as a func t ion o f the e l e c t r o n i c effects o f 
s y m m e t r i c a l l y p l a c e d subs t i tuen t s on the p o r p h y r i n r i n g a n d the b a s i c 
i t y o f the p y r i d i n e . T h e h i g h l y d i o x y g e n - s e n s i t i v e i ron ( I I ) p o r p h y r i n s 
p r o v i d e e x c e l l e n t e x a m p l e s o f the ease o f m e a s u r e m e n t o f β\ι a n d β\ι 

(or the s t e p w i s e K\l) b y c y c l i c v o l t a m m e t r y : a series o f fifteen da ta 
p o i n t s m a y b e o b t a i n e d i n s e v e r a l hours b y a d d i n g a l i q u o t s o f l i g a n d to 
the a i r - s t ab le i r on ( I I I ) so lu t i on i n the r eac t ion c e l l a n d p u r g i n g w i t h 
n i t r o g e n e a c h t i m e before s c a n n i n g the i ron( I I I ) / i ron( I I ) a n d i ron( I I ) / 
i ron( I ) p e a k s to p r o d u c e a p l o t s u c h as i n F i g u r e 2 a or b . I n c o m p a r i 
son, to o b t a i n the s ame final i n f o r m a t i o n b y v i s i b l e s p e c t r o s c o p i c s t u d 
ies o f i ron( I I ) p o r p h y r i n so lu t ions w o u l d r e q u i r e first, the p r e p a r a t i o n 
o f a s p e c t r o s c o p i c a l l y p u r e a n d r e p r o d u c i b l e [ i .e . , free o f μ-οχο d i m e r 
o f i r on ( I I I ) p o r p h y r i n ] s a m p l e o f the i ron ( I I ) p o r p h y r i n ; s e c o n d , the 
p r e p a r a t i o n o f so lu t ions c o n t a i n i n g a cons tan t c o n c e n t r a t i o n o f i ron( I I ) 
p o r p h y r i n a n d v a r y i n g a m o u n t s o f l i g a n d i n a r i g o r o u s l y oxygen- f ree 
d r y b o x or h i g h v a c u u m l i n e ; t h i r d , success fu l t ransfer o f these s a m p l e s 
to the U V - v i s i b l e s p e c t r o p h o t o m e t e r ; a n d fou r th , the obse rva t i on o f 
t i m e - i n d e p e n d e n t spec t ra . S u c h p r o c e d u r e s are t ed ious a n d t i m e c o n 
s u m i n g a n d s e l d o m l e a d to t r u s t w o r t h y resu l t s . 

T o test the a g r e e m e n t b e t w e e n e q u i l i b r i u m constants o b t a i n e d 
f rom c y c l i c v o l t a m m e t r y a n d v i s i b l e s p e c t r o s c o p y , w e m e a s u r e d β 1 " 
a n d βψ for N - m e t h y l i m i d a z o l e a d d i t i o n to T P P F e C l i n D M F b y c o m 
b i n a t i o n o f the da ta p r o v i d e d b y the i ron( I I I ) / i ron( I I ) a n d i ron( I I ) / 
i ron( I ) w a v e s as o u t l i n e d i n the sec t ion e n t i t l e d " R e s u l t s " ; a n d w e 
c o m p a r e d the resu l t s w i t h those o b t a i n e d f r o m s p e c t r o s c o p i c s tud ies 
(27 , 51 ), as s h o w n i n T a b l e I I . T h e v a l u e o f βψ for N - m e t h y l i m i d a z o l e 
c o m p l e x fo rmat ion is a b o u t a factor o f 2.4 s m a l l e r , a n d the v a l u e o f βψ a 
factor o f t w o la rger , b y e l e c t r o c h e m i c a l t h a n b y s p e c t r o s c o p i c e v a l u a 
t i o n . H o w e v e r , the d i f fe rence i n βψ is a r e l a t i v e l y s m a l l factor w h e n 
one cons ide r s the s i ze o f the constant ; the d i f ference i n βψ v a l u e s is 
p r o b a b l y m e a n i n g l e s s , b e c a u s e a n u m b e r o f a s sumpt ions ex i s t i n the 
e s t i m a t i o n o f βψ f r o m v i s i b l e 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 
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398 BIOLOGICAL REDOX COMPONENTS 

r e p o r t e d es t imates w e r e c o n s i d e r e d accura te to o n l y a factor o f t w o 
(27) . F u r t h e r m o r e , the c o n d i t i o n s u n d e r w h i c h the m e a s u r e m e n t s 
w e r e m a d e are s o m e w h a t dif ferent : the i r o n p o r p h y r i n w a s five t imes 
as c o n c e n t r a t e d i n the e l e c t r o c h e m i c a l s tud ies , b u t th is factor is p r o b a 
b l y not i m p o r t a n t b a s e d o n o u r p r e v i o u s s tud ies o f the d e p e n d e n c e o f 
βψ o n [ T P P F e C l J o (27) . O f greater i m p o r t a n c e is the fact that the s o l u 
t i on a l so c o n t a i n e d 1 0 " 1 M T B A P , not p resen t i n the so lu t ions o f the 
e l e c t r o n i c s p e c t r a l s tud ies . I f the factor o f abou t a 2.4 r e d u c t i o n i n βψ 
is r e a l , t hen there m a y w e l l b e a D e b y e - H u c k e l r e l a t i o n s h i p b e t w e e n 
a c t i v i t y a n d c o n c e n t r a t i o n , p a r t i c u l a r l y o f the i o n - p a i r e d p r o d u c t 
T P P F e ( 2 V - M e I m ) 2

+ C l - i n D M F . ( T h i s hypo thes i s has not ye t b e e n 
tested.) N e v e r t h e l e s s , the resu l t s i n D M F suggest that the r e l a t i v e 
s izes o f constants for a series o f r e l a t e d reac t ions m e a s u r e d b y c y c l i c 
v o l t a m m e t r y are r e l i a b l e . A c o m p a r i s o n o f the e s t i m a t e d β\ι for a d d i 
t i o n o f one I V - m e t h y l i m i d a z o l e a n d one 2 - m e t h y l i m i d a z o l e l i g a n d to 
T P P F e ( I I ) i n D M F s h o w e d that the constants are a l m o s t i d e n t i c a l . 
D e s p i t e th is fact, T P P F e ( N - M e l m ) r e a d i l y adds a s e c o n d N - M e l m 
l i g a n d (52) , w h e r e a s T P P F e ( 2 - M e I m ) does not a d d a s e c o n d 2 - M e I m 
l i g a n d (52) . T h i s b e h a v i o r is a l l the m o r e c u r i o u s w h e n one notes 
( T a b l e II) that T P P F e ( I I I ) forms a s t ab le b i s ( 2 - M e I m ) c o m p l e x (27) . 
T h e reasons for th is u n i q u e b e h a v i o r o f 2 - M e I m o n i ron( I I ) h a v e no t 
b e e n e x p l a i n e d a d e q u a t e l y to date , a n d w e h a v e no n e w ins igh t s to 
offer. 

T h e p r o b a b l e c o m p l e x a t i o n o f D M F to i ron( I I ) a n d its p o s s i b l e 
c o m p l e x a t i o n to i ron ( I I I ) w e r e seen to b e p o t e n t i a l l y c o m p l i c a t i n g 
features o f o u r i n t e rp re t a t i on o f the e q u i l i b r i u m constants for l i g a n d 
a d d i t i o n a n d o u r d e s i r e d i n v e s t i g a t i o n o f the d e p e n d e n c e o f r e d o x 
p o t e n t i a l o n the na tu re a n d d i s t r i b u t i o n o f p h e n y l subs t i tuen t s on 
the u n s y m m e t r i c a l T P P s . T h u s , w e i n v e s t i g a t e d the N - m e t h y l -
i m i d a z o l e concen t r a t i on d e p e n d e n c e o f E m for the i r o n ( I I I ) / i r o n ( I I ) 
a n d i ron ( I I ) / i r on ( I ) peaks , F i g u r e s 1, 2 b i n C H 2 C 1 2 . U n f o r t u n a t e l y , 
the i ron ( I I ) / i r on ( I ) p e a k i n v o l v e s s u c h s l o w l i g a n d e x c h a n g e that no 
i n f o r m a t i o n c o u l d b e o b t a i n e d d i r e c t l y f rom that r e d o x r eac t i on 
c o n c e r n i n g the s i z e o f β\ι or β2

ι. T h e i r o n ( I I I ) / i r o n ( I I ) peak , h o w e v e r , 
β III /Di l l 

e n a b l e d us to c a l c u l a t e that logoff = - 2 . 2 4 , l o g ^ = - 1 . 9 0 , a n d that 
P 2 P i 

βΙΙΙ 
l o g = - 4 . 5 8 . T a k i n g the v a l u e o f βψ i n C H 2 C 1 2 d e t e r m i n e d f rom 

P2 

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 g ives the resul t s s h o w n i n T a b l e I I . 
A g a i n , as i n D M F , there is a c c e p t a b l e a g r e e m e n t i n the v a l u e o f 
βψ d e t e r m i n e d b y the t w o m e t h o d s , c o n s i d e r i n g the i n a d e q u a c i e s 
i n the a s sumpt ions m a d e i n e s t i m a t i n g βψ b y v i s i b l e s p e c t r o s c o p y 
(27 ). N e i t h e r o u r e l e c t r o c h e m i c a l r e su l t nor that o b t a i n e d f rom v i s i b l e 
s p e c t r o s c o p y ( 2 7 ) are i n a c c e p t a b l e a g r e e m e n t w i t h the v a l u e o f 
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βψ e s t i m a t e d f rom i n d i r e c t m e a s u r e m e n t o f the e l e c t r o n abso rp t ion 
s p e c t r u m o f the m o n o - I V - M e l m c o m p l e x o f T P P F e C l u s i n g s t o p p e d -
flow p h o t o m e t r y (53 , 54) ( T a b l e I I ) . T h e la rge d i f fe rence i n the 
βψ v a l u e s p o s s i b l y is d u e to the fact that the m o n o - I V - M e l m c o m p l e x 
c a n ex is t i n t w o p o s s i b l e fo rms : the h e x a c o o r d i n a t e d T P P F e C l ( I V -
M e l m ) a n d the p e n t a c o o r d i n a t e d i o n p a i r T P P F e ( I V - M e I m ) + C l . T h e 
t i m e sca le o f the s topped- f low p h o t o m e t r i c m e a s u r e m e n t (53 , 54) 
m a y b e fast e n o u g h to c a t c h the m o n o - I V - M e l m c o m p l e x be fore C I " 
has d i s s o c i a t e d . S e v e r a l l i n e s o f u n p u b l i s h e d e v i d e n c e o b t a i n e d i n 
this l abora to ry , i n c l u d i n g E S R a n d N M R spec t r a o f m o n o i m i d a z o l e 
i ron ( I I I ) p o r p h y r i n c o m p l e x e s , s u g g e s t e d that the major f o rm o f these 
c o m p l e x e s i n C H 2 C 1 2 a n d C H C 1 3 is the p e n t a c o o r d i n a t e d i o n pa i r . 
T h e t i m e scales o f b o t h v i s i b l e s p e c t r o s c o p y a n d c y c l i c v o l t a m m e t r y 
(at the s l o w scan rates e m p l o y e d i n th is s tudy) are s u c h that the 
m o n o - I V - M e l m c o m p l e x s h o u l d b e i n its t h e r m o d y n a m i c a l l y s t ab le 
ra t io o f p e n t a c o o r d i n a t e d a n d h e x a c o o r d i n a t e d forms . C o m p a r i s o n o f 
these da ta to those o f S w e i g e r t et a l . (53 , 54) suggests that the ra t io o f 
h e x a c o o r d i n a t e d to p e n t a c o o r d i n a t e d forms p resen t at e q u i l i b r i u m i n 
C H 2 C 1 2 m a y b e o f the o rde r o f 1 0 : 1 . 

A c o m p a r i s o n o f the da ta for I V - M e l m a d d i t i o n to T P P F e ( I I I ) a n d 
T P P F e ( I I ) s h o w s that i n g o i n g f rom the less p o l a r [e = 9 (55) , ET = 41 .1 
(56)] C H 2 C 1 2 to the m o r e p o l a r D M F [e = 37 (55) , ET = 43.8 (56) ] , β\ι 

a n d β2

ι d o not c h a n g e s i g n i f i c a n t l y , ye t βψ increases b y a b o u t a factor 
o f 2.4 a n d βψ b y a factor o f a b o u t 5.6. T h i s r e su l t suggests that the 
c h l o r i d e i on is d i s s o c i a t e d m o r e c o m p l e t e l y f r o m i ron ( I I I ) i n the 
m o n o - N - m e t h y l i m i d a z o l e c o m p l e x i n D M F t h a n i n C H 2 C 1 2 . 

F o r pu rpose s o f the f o l l o w i n g sec t ion , the i m p o r t a n t c o n c l u s i o n to 
b e d r a w n f rom the da ta o f F i g u r e 2 b a n d T a b l e I I is that a b o v e [ I V -
M e l m ] 0 = 2.5 x Ι Ο " 3 M b o t h i ron ( I I I ) a n d i ron ( I I ) h a v e t w o 
N - m e t h y l i m i d a z o l e l i g a n d s b o u n d , a n d t h e E 1 / 2 o f the i ron ( I I I ) / i ron ( I I ) 
c o u p l e is i n d e p e n d e n t o f [ I V - M e l m ] . T h u s , to b e c e r t a i n that the 
I V - M e l m c o m p l e x e s o f the F e T P P s w i t h v e r y e l e c t r o n - w i t h d r a w i n g 
subs t i t uen t s a re m e a s u r e d i n th i s l i m i t , w e m e a s u r e d the EV2 v a l u e s 
d i s c u s s e d i n the f o l l o w i n g sec t ion i n the p resence o f not o n l y 5 x 10~ 3 

M , b u t a lso Ι Ο " 1 M I V - M e l m . 
T h e D e p e n d e n c e o f the I ron( I I I ) / I ron( I I ) R e d o x P o t e n t i a l o n the 

E l e c t r o n - D o n a t i n g or E l e c t r o n - W i t h d r a w i n g N a t u r e o f S u b s t i t u e n t s i n 
S y m m e t r i c a l a n d U n s y m m e t r i c a l T e t r a p h e n y l p o r p h y r i n C o m p l e x e s . 

I N T H E P R E S E N C E O F E X C E S S I V - M E T H Y L I M I D A Z O L E : C Y T O 

C H R O M E Β M O D E L S . W h e n b o u n d to t w o N - m e t h y l i m i d a z o l e s , 
i r on ( I I I ) a n d i ron( I I ) p o r p h y r i n s are b o t h l o w s p i n (52 , 57) (one 
a n d ze ro u n p a i r e d e l ec t rons , r e s p e c t i v e l y ) . T h u s , the e l e c t r o n trans
fer b e t w e e n these t w o o x i d a t i o n states i n the i r l o w s p i n ( L S ) 
forms [ L S d5 ^±LS d6, w i t h e l e c t r o n conf igura t ions (dxy)2(dXZtyz)3 ^± 
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400 BIOLOGICAL REDOX COMPONENTS 

(dxy)2(dXZtyz)4], s h o u l d b e e x c e e d i n g l y f a c i l e a n d s h o u l d l e a d to re 
v e r s i b l e w a v e s w i t h Ep - Ec

p t h e o r e t i c a l l y e q u a l to 57 m V at r o o m 
t e m p e r a t u r e (58) . A b o v e 8.7 χ Ι Ο " 3 M N - M e l m i n D M F , E%-E% = 
57 ± 2 m V ; ye t i n C H 2 C 1 2 a b o v e 2.5 x Ι Ο " 3 M N - M e l m , E% - Ec

p was 
77 ± 2 m V at a 2 0 - m V / m i n s c a n rate, a n d was i n d e p e n d e n t o f l i g a n d 
c o n c e n t r a t i o n a b o v e these p o i n t s i n e a c h so lven t . A l t h o u g h the v a l u e 
o b t a i n e d i n C H 2 C 1 2 is l a rge r t h a n the t h e o r e t i c a l p r e d i c t i o n (58) , i t is 
a c t u a l l y less t h a n the E J - Ec

p o b s e r v e d for fe r rocene i n the same 
s o l v e n t ( T a b l e I I I , footnote a ) , s u g g e s t i n g that s o l v e n t - d e p e n d e n t 
e l e c t r o d e effects l e a d to the l a rge r - than - theo re t i ca l separa t ion . B e 
cause the spec i e s i n v o l v e d i n th is r e d o x r eac t ion are i d e n t i c a l i n D M F 
a n d C H 2 C 1 2 , the L S i ron ( I I I ) ^ L S i ron ( I I ) r e d o x r eac t ion is c o n s i d e r e d 
r e v e r s i b l e . T h i s r e v e r s i b i l i t y is necessa ry i f the p resen t c o m p o u n d s 
are to b e a c c e p t a b l e m o d e l s o f the c y t o c h r o m e s b , b e c a u s e the s ame 
a x i a l l i g a n d s a n d m e t a l s p i n states are i n v o l v e d i n those i ron ( I I I ) / 
i ron ( I I ) ( e l ec t ron transfer) r e d o x reac t ions . 

N o r e l a t i o n s h i p w a s f o u n d b e t w e e n E i / 2 a n d the di f fe rence i n 
σ - c o n s t a n t s b e t w e e n u n l i k e subs t i tuen t s for the l o w s p i n i r o n forms 
( T a b l e I I I ) . H e n c e the E i / 2 v a lue s , i n vo l t s , o f the c o m p o u n d s f r o m 
T a b l e I I I , w e r e p l o t t e d vs . the s u m o f the H a m m e t t σ - c o n s t a n t s o f the 
subs t i t uen t s p re sen t on the p h e n y l r i ngs ( F i g u r e 3) to see w h e t h e r a n y 
e v i d e n c e exis ts for a n o m a l o u s b e h a v i o r o f u n s y m m e t r i c a l l y s u b s t i 
t u t e d t e t r a p h e n y l p o r p h y r i n s as c o m p a r e d to s y m m e t r i c a l l y s u b s t i t u t e d 
ones . A s F i g u r e 3 shows , the E 1 / 2 d e p e n d e n c e s o f b o t h s y m m e t r i c a l 
a n d u n s y m m e t r i c a l c o m p o u n d s f a l l o n the same l i n e w i t h r e l a t i v e l y 
l i t t l e scatter. T h e s l o p e o f th i s l i n e , p , is 0 .048 V , w h i c h is s i m i l a r to the 
v a l u e f o u n d (d i s cus sed later) for the h i g h s p i n i r o n c o m p l e x e s . T h e 
la rges t d e v i a t i o n s are s h o w n b y the E 1 / 2 v a l u e s o f m o n o ( p - N H C O C H 3 ) 
T P P F e ( N - M e I m ) 2

+ 0 , m o n o ( m - N H C O C H 3 ) T P P F e ( N - M e I m ) 2

+ 0 , te t ra-
( m - C N ) T P P F e ( N - M e I m ) 2

+ ' ° , a n d ( m - N O 2 ) 3 ( m - F ) T P P F e ( N - M e I m ) 2

+ 0 . 
T h e first t w o E i / 2 v a l u e s a p p e a r to b e excep t ions to the g e n e r a l l i n e a r 
r e l a t i o n s h i p s f o u n d i n th is s t u d y i n te rms o f not o n l y t he i r e l e c t r o 
c h e m i c a l , b u t a l so t he i r N M R b e h a v i o r (43) ( d i s cus sed later) . T h e i r 
b e h a v i o r suggests that the N - b o u n d meta- a n d para - a m i d e g roups 
h a v e v e r y di f ferent a p p a r e n t σ - c o n s t a n t s i n the t e t r a p h e n y l p o r p h y r i n 
s y s t e m (ca. - 0 . 5 a n d - 1 . 5 , r e s p e c t i v e l y ) t h a n those l i s t e d i n T a b l e I I I , 
a n d th is p o s s i b i l i t y is p r e s e n t l y u n d e r fur ther i n v e s t i g a t i o n . T h e las t 
t w o E 1 / 2 v a l u e s a p p e a r a n o m a l o u s for another reason : f r o m N M R 
s i g n a l in t ens i t i e s a n d l i n e w i d t h s o f the (ra-tetracyano)tetraphenylpor-
p h i n a t o i r o n b i s ( N - m e t h y l i m i d a z o l e ) c a t i o n [ ( r a - C N ) 4 T P P F e ( N - M e I m ) 2

+ ] 
a n d t r i (m-n i t ro ) -m- f luo ro te t r apheny lpo rph ina to i ron b i s ( I V - m e t h y l i m -
i d a z o l e ) c a t i o n [ ( m - N 0 2 ) 3 ( r a - F ) T P P F e ( N - M e I m ) 2

+ ] peaks , w e suspec t 
that there is a l o w s p i n (S = i) ^± i n t e r m e d i a t e s p i n (S = f) or h i g h s p i n 
(S = f) e q u i l i b r i u m i n v o l v e d i n these c o m p l e x e s that c o n t a i n ex t r eme 
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17. WALKER ET AL. Models of the Cytochromes b 401 

e l e c t r o n - w i t h d r a w i n g subs t i tuents ; a n d that this e q u i l i b r i u m m a y 
affect the i ron(I I I ) / i ron(I I ) r e d o x po ten t i a l . 

T h e fact that the Ell2 va lues o f b o t h s y m m e t r i c a l a n d u n s y m m e t r i 
c a l T P P F e ( N - M e I m ) 2

+ 0 c o m p l e x e s cor re la te w i t h the s u m o f the H a m 
m e t t σ - c o n s t a n t s o f the subs t i tuen t s i n d i c a t e s that the β - s y m m e t r y 
d - o r b i t a l s o f i r o n ( I I I ) i n t o w h i c h the e l e c t r o n goes o n r e d u c t i o n , dxz 

a n d dyz, a p p e a r degene ra t e i n these l o w s p i n i r o n p o r p h y r i n s , e v e n 
t h o u g h N M R s tud ies sugges t that the e - s y m m e t r y o rb i t a l s o f the por 
p h y r i n r i n g i n t o w h i c h the u n p a i r e d e l e c t r o n d e n s i t y o f l o w s p i n 
i r on ( I I I ) is d e l o c a l i z e d are no t degene ra t e (43). T h i s r e s u l t w i l l b e 
d i s c u s s e d further , a n d p o s s i b l e exp l ana t i ons w i l l b e g i v e n . 

T h e l i n e a r cor re la t ion b e t w e e n E m a n d Σ σ for l o w s p i n i r o n por
p h y r i n s s h o w n i n F i g u r e 3 can b e u s e d to ass ign σ - c o n s t a n t s to m o n o -
o r t / i o - subs t i t u t ed F e T P P c o m p l e x e s i f i t is a s s u m e d that p o t e n t i a l 
res t r ic t ion o f rotat ion o f one N - M e l m l i g a n d b y the o r t / io - subs t i tuen t 
does not affect £ 1 / 2 . T h e σ - v a l u e s d e r i v e d f rom F i g u r e 3 are l i s t e d i n 
the final s ec t i on o f T a b l e I I I . T h e a p p a r e n t σ - v a l u e s o f the 
o - N H C 0 2 C H 3 a n d o - N H C 0 2 C H 2 I m g r o u p s are v e r y di f ferent . T h i s 
i n d i c a t e s that r e s t r i c t i o n o f ro t a t ion o f a n a x i a l i m i d a z o l e does affect 
E 1 / 2 . T h u s the E m v a lue s , as- w e l l as the N M R con tac t shi f t pat terns 
(59 ) , o f m o n o - o r f / i o - s u b s t i t u t e d T P P F e i l V - M e l m ) ^ c o m p l e x e s are d e 
t e r m i n e d b y a c o m b i n a t i o n o f s u b s t i t u e n t effect a n d h i n d e r e d l i g a n d 
ro ta t ion . 

I N T H E A B S E N C E O F A D D E D L I G A N D . B o t t o m l e y a n d K a d i s h re 
c e n t l y s h o w e d (48) that , i n the n o n b o n d i n g so lven t s d i c h l o r o m e t h a n e 
a n d d i c h l o r o e t h a n e , the f o l l o w i n g e l e c t r o n transfer s e q u e n c e is i n 
v o l v e d for T P P F e X ( X = F , N 3 , C I , B r , . . . C 1 0 4 ) : 

I n the l i m i t o f s l o w s w e e p rate, for X = C I , the c a t h o d i c w a v e 
represents R e a c t i o n 7a a n d the a n o d i c w a v e represents a c o m b i n a t i o n 
o f R e a c t i o n s 7a a n d 7b . I r o n (III) is k n o w n to b e h i g h s p i n (five u n 
p a i r e d e l ec t rons ) (31) w h e n b o u n d to c h l o r i d e , a n d i n t e r m e d i a t e s p i n 
( three u n p a i r e d e lec t rons ) w h e n b o u n d to p e r c h l o r a t e (60). T h e t w o 
i ron ( I I ) spec i e s p r o b a b l y a lso h a v e d i f ferent s p i n states: t e t r a c o o r d i -
n a t e d i ron( I I ) p o r p h y r i n s are o f i n t e r m e d i a t e s p i n state ( two u n p a i r e d 
e lec t rons ) (61) a n d T P P F e X " p r o b a b l y is h i g h s p i n (four u n p a i r e d 
e l ec t rons ) , as are o ther p e n t a c o o r d i n a t e d i ron( I I ) p o r p h y r i n s (52 , 6 2 ) . 
B e c a u s e the c a t h o d i c p e a k was w e l l f o r m e d for a l l o f the c o m p o u n d s 

T P P F e X ^ T P P F e X " (7a) 

χ-1 cio4- ι 
T P P F e C 1 0 4 T P P F e (7b) Pu
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402 BIOLOGICAL REDOX COMPONENTS 

s t u d i e d , a n d b e c a u s e i t represents the fo rmat ion o f a s i n g l e spec i e s o n 
e l e c t r o n transfer, w e l o o k e d for cor re la t ions b e t w e e n the c a t h o d i c p e a k 
po t en t i a l s o f the i ron( I I I ) / i ron( I I ) r e d u c t i o n a n d the H a m m e t t σ -
constants o f the subs t i tuen t s o f o u r s y m m e t r i c a l a n d u n s y m m e t r i c a l 
i r o n p o r p h y r i n s . A l t h o u g h the c a t h o d i c p e a k p o t e n t i a l does not , o f 
i t se l f , r ep resen t a t rue t h e r m o d y n a m i c q u a n t i t y , i t is a m e a s u r e o f the 
r e l a t i v e s t a b i l i t y o f the h i g h s p i n states o f i ron ( I I I ) a n d i ron( I I ) . T h e 
c a t h o d i c p e a k p o t e n t i a l s o f the h i g h s p i n c o m p o u n d s f rom T a b l e I I I 
w e r e p l o t t e d vs . the s u m o f the H a m m e t t σ - c o n s t a n t s o f the s u b 
s t i tuents p resen t on the p h e n y l r i n g s ( F i g u r e 4). F i g u r e 4 s h o w s that 
the v a l u e s o f Εp o f s y m m e t r i c a l t e t r a p h e n y l p o r p h y r i n c o m p l e x e s o f 
h i g h s p i n i ron( I I I ) / i ron( I I ) f o l l o w a f a i r l y l i n e a r r e l a t i o n s h i p w i t h the 
s u m o f the H a m m e t t σ - c o n s t a n t s o f the subs t i tuen t s . W e find that ρ = 
0 .052 V , s o m e w h a t l a rger t h a n the v a l u e r e p o r t e d for the l inea r - f ree -
ene rgy r e l a t i onsh ip o f E m o f the m i x e d h i g h s p i n - i n t e r m e d i a t e s p i n 
i ron( I I I ) / i ron( I I ) c o u p l e , (p = 0.038) (63). H o w e v e r , a major c o n t r i b u 
t ion to the d i f fe rence i n ρ is p r o b a b l y d u e to the d i f fe rence i n the 
σ - v a l u e s u s e d , e s p e c i a l l y for ra-CN, i n th is w o r k a n d R e f e r e n c e 63 . 

U n s y m m e t r i c a l t e t r a p h e n y l p o r p h y r i n c o m p l e x e s d e v i a t e f rom the 
l i n e a r c o r r e l a t i o n f o u n d for s y m m e t r i c a l i r o n T P P s , w i t h those u n 
s y m m e t r i c a l c o m p l e x e s h a v i n g th ree e l e c t r o n - d o n a t i n g g r o u p s a n d 
one e l e c t r o n - w i t h d r a w i n g g r o u p ( Δ σ p o s i t i v e , b y o u r de f in i t i on ) g e n 
e r a l l y l y i n g a b o v e the l i n e a n d those h a v i n g th ree e l e c t r o n -
w i t h d r a w i n g g roups a n d one e l e c t r o n - d o n a t i n g g r o u p ( Δ σ n e g a t i v e ) 
l y i n g b e l o w the l i n e . N o t a b l e excep t ions to th is r u l e are a g a i n the 
m o n o - p - N H C O C H 3 ( Δ σ = 0) a n d the m o n o - m - N H C O C H 3 ( Δ σ = 
+0 .210) d e r i v a t i v e s , b o t h o f w h i c h w o u l d a g a i n a p p e a r to b e " n o r m a l " 
i f the σ - c o n s t a n t s o f the meta- a n d p a r a - N - b o u n d a m i d e s w e r e q u i t e 
n e g a t i v e ( - 2 . 0 a n d - 1 . 0 , r e s p e c t i v e l y , i n th is case). 

Porphyrin Ring Oxidation and Reduction: Electrochemistry of 
Symmetrical and Unsymmetrical Zinc(II) Porphyrins. I n T a b l e I V 
are s u m m a r i z e d the E i / 2 va lues , i n vo l t s , for the t w o pos s ib l e steps o f 
r i n g o x i d a t i o n , m e a s u r e d i n C H 2 C 1 2 , a n d the t w o p o s s i b l e s teps o f 
r i n g r e d u c t i o n , m e a s u r e d i n D M F , for a series o f s y m m e t r i c a l a n d 
u n s y m m e t r i c a l de r iva t ives o f Z n T P P . I n a l l cases the waves b e h a v e d 
r e v e r s i b l y , a n d no e v i d e n c e o f format ion o f p h l o r i n s or i soporphyr ins 
(64) was d e t e c t e d from c y c l i c v o l t a m m o g r a m s . T h e r e s u l t i n g E 1 / 2 

va lues are p l o t t e d vs . Σ σ i n F i g u r e 6. 
T h e r edox po ten t i a l s o f a l l four r i n g reduc t ions o f s y m m e t r i c a l 

Z n T P P s c l e a r l y var ies l i n e a r l y w i t h Σ σ , as r e p o r t e d p r e v i o u s l y (37) , 
s u c h that e l e c t r o n - w i t h d r a w i n g g roups shift E 1 / 2 to m o r e p o s i t i v e 
po ten t ia l s for a l l r e d u c t i o n react ions . T h e sens i t iv i ty o f e a c h r e d o x 
r e a c t i o n to subs t i t uen t s ( i .e . , the p - v a l u e s l i s t e d i n F i g u r e 6) differ 
s o m e w h a t f r o m those r e p o r t e d p r e v i o u s l y (37 ) . W e find that the o n e -
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e l e c t r o n r i n g o x i d a t i o n a n d r e d u c t i o n reac t ions are c o n s i d e r a b l y m o r e 
sens i t ive to the e l e c t r o n i c proper t ies o f subs t i tuents than are the for
m a t i o n o f the d i c a t i o n or d i a n i o n . 

U n s y m m e t r i e a l l y s u b s t i t u t e d Z n T P P c o m p l e x e s h a v e f a i r l y nor
m a l (based o n t h e i r l i nea r - f r ee -ene rgy co r re l a t ion ) o x i d a t i o n po t en t i a l s , 
b u t g e n e r a l l y h a v e m o r e p o s i t i v e r e d u c t i o n po t en t i a l s , t h a n t h e i r Σ σ -
v a l u e w o u l d h a v e p r e d i c t e d — n e v e r m o r e nega t i ve va lues o f E 1 / 2 t han 
p r e d i c t e d — i r r e s p e c t i v e o f w h e t h e r one s u b s t i t u e n t is e l e c t r o n w i t h 
d r a w i n g a n d th ree e l e c t r o n d o n a t i n g , or the reve rse . T h e same s i tua
t i on a p p l i e s to r e d u c t i o n p o t e n t i a l s o f the 2 p - C l , 2 p - N E t 2 i somers . 
T h u s , i t g e n e r a l l y is eas ier to r e d u c e an u n s y m m e t r i c a l Z n T P P d e r i v a 
t i v e t h a n i t is to r e d u c e its s y m m e t r i c a l coun te rpa r t w i t h the s ame 
Σ σ - v a l u e . O n the o ther h a n d , the ease o f r i n g o x i d a t i o n is e s sen t i a l l y 
i n d e p e n d e n t o f w h e t h e r the Z n T P P is s y m m e t r i c a l l y or u n s y m m e t r i 
e a l l y s u b s t i t u t e d . T h e s e resu l t s are t o t a l l y c o m p a t i b l e w i t h the na tu r e 
o f the π - o r b i t a l s i n v o l v e d i n r i n g r e d u c t i o n vs . r i n g o x i d a t i o n : for r i n g 
r e d u c t i o n , e lec t rons are a d d e d to the l o w e s 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 ) Eg o rb i t a l s (64 , 65) c a l l e d the 4β(π) o rb i t a l s b y 
L o n g u e t - H i g g i n s a n d P o p l e (65) . T h e s e o rb i t a l s h a v e l a rge e l e c t r o n 
p r o b a b i l i t i e s at o p p o s i t e meso-pos i t ions , a n d differ b y 9 0 ° i n the o r i e n 
ta t ion o f t he i r n o d a l p l anes (66) ( F i g u r e 7). T h e a n i o n r a d i c a l o f the 
s u p p o s e d l y s y m m e t r i c a l Z n ( e t i o I I ) " ( w h e r e e t io represen ts e t iopor-
p h y r i n ) e x h i b i t s (67) a n abso rp t i on s p e c t r u m cons is ten t w i t h o n l y one 
c o m p o n e n t o f the 2Eg g r o u n d state (one o f the t w o o rb i t a l s o f F i g u r e 7) 
c o n t r i b u t i n g to the first e l e c t r o n i c t r ans i t ion ; thus , e v e n s y m m e t r i c a l l y 
s u b s t i t u t e d z i n c ( I I ) p o r p h y r i n a n i o n r a d i c a l s h a v e a d i s t o r t e d 
g e o m e t r y , w h i c h r e m o v e s the d e g e n e r a c y o f the 4β(π) o rb i t a l s on the 
t i m e sca l e o f the e l e c t r o n i c e x c i t a t i o n . F o r the u n s y m m e t r i e a l l y s u b s t i 
t u t e d Z n T P P s , the d e g e n e r a c y o f the 4β(π) o rb i t a l s is e x p e c t e d to b e 
p e r m a n e n t l y r e m o v e d , thus p l a c i n g one o f the t w o o rb i t a l s o f F i g u r e 7 
at l o w e r ene rgy t h a n i t w o u l d h a v e b e e n i n the s y m m e t r i c a l l y s u b s t i 
t u t e d Z n T P P a n a l o g ( a n d the o ther at h i g h e r ene rgy) . A d d i t i o n o f a n 
e l e c t r o n to the l o w e r e n e r g y o r b i t a l thus s h o u l d o c c u r at less n e g a t i v e 
p o t e n t i a l t han e x p e c t e d for a s y m m e t r i c a l l y s u b s t i t u t e d Z n T P P . 

I n contrast , i t has b e e n s h o w n (68 ) that, i n r i n g o x i d a t i o n o f 
Z n T P P to the c a t i o n r a d i c a l i n the p r e sence o f C 1 0 4 ~ , the e l e c t r o n is 
r e m o v e d f r o m the a2u o r b i t a l . B e c a u s e th is o r b i t a l is nondegene ra t e 
(66) , u n s y m m e t r i c a l s u b s t i t u t i o n c a n n o t cause c h o i c e o f one o r b i t a l 
o v e r another . T h e r e f o r e , i n r i n g o x i d a t i o n , u n l i k e r i n g r e d u c t i o n , u n 
s y m m e t r i e a l l y s u b s t i t u t e d Z n T P P s b e h a v e no d i f f e ren t ly t h a n t h e i r 
s y m m e t r i c a l l y s u b s t i t u t e d coun te rpa r t s . 

C o m p a r i s o n o f E l e c t r o c h e m i c a l R e s u l t s w i t h E S R D a t a for L o w 
S p i n Iron(III) P o r p h y r i n s . T h e g - v a l u e s o f the r h o m b i c l o w s p i n 
i r o n ( I I I ) c o m p l e x e s o f the s y m m e t r i c a l l y a n d u n s y m m e t r i e a l l y s u b s t i -
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t u t e d t e t r a p h e n y l p o r p h y r i n c o m p l e x e s s t u d i e d v a r i e d l i n e a r l y w i t h 
the s u m o f the H a m m e t t σ - c o n s t a n t s o f the subs t i tuen t s (45). P e r h a p s 
the mos t u s e f u l w a y to s h o w this r e l a t i o n s h i p g r a p h i c a l l y is to p l o t the 
te t r agona l a n d r h o m b i c m a g n e t i c a n i s o t r o p y t e rms , g 2 - Hg2

2 + g 3

2 ) 
a n d g 2

2 - g 3

2 , r e s p e c t i v e l y , agains t the s u m o f the σ - c o n s t a n t s , as s h o w n 
i n F i g u r e 8. T h u s , b o t h the t e t r agona l a n d r h o m b i c m a g n e t i c an iso
t rop i c s o f l o w s p i n i r o n ( I I I ) dec rease w i t h i n c r e a s i n g e l e c t r o n -
w i t h d r a w i n g character o f the p o r p h y r i n r i n g , i r r e s p e c t i v e o f w h e t h e r 
subs t i tuen t s are p l a c e d s y m m e t r i c a l l y o r u n s y m m e t r i e a l l y (45). C o m 
p a r i n g F i g u r e s 4 a n d 8, w e see that ESR da ta for l o w s p i n i ron ( I I I ) 
p o r p h y r i n s , as w e l l as r e d o x p o t e n t i a l s for the l o w s p i n i ron( I I I ) / i ron( I I ) 
c o u p l e , co r re l a t e w i t h the s u m o f the σ - c o n s t a n t s o f the subs t i t uen t s . 

Comparison of Electrochemical Results with NMR Data for Low 
Spin Iron(III) Complexes. W e h a v e r e c e n t l y d i s c u s s e d the NMR 
spec t r a o f u n s y m m e t r i e a l l y s u b s t i t u t e d t e t r a p h e n y l p o r p h y r i n c o m 
p l e x e s o f l o w s p i n i r o n ( I I I ) (43). T h e c o m b i n a t i o n contac t - a n d 
d i p o l a r - s h i f t e d p y r r o l e p r o t o n resonances a p p e a r as a pa t t e rn o f p e a k s 
( F i g u r e 9) w h o s e r e l a t i v e in tens i t i e s a n d pos i t ions are t o t a l l y cons i s 
tent w i t h the pa t t e rn o f u n s y m m e t r i c a l s u b s t i t u t i o n , i n l i g h t o f the fact 
(43) that the u n p a i r e d e l e c t r o n is k n o w n to b e d e l o c a l i z e d i n t o the 
(f i l led) 3e (π) p o r p h y r i n o rb i t a l s ( F i g u r e 10) b y l i g a n d - t o - m e t a l π 

a b 

Figure 7. Electron density distribution in the porphyrin 4β(π) orbitals 
(65), which are the LUMOs of ZnTPPs. The sizes of the circles depict the 
relative sizes of the squares of the atomic orbital mixing coefficients, c\ , 
for each atom, and thus represent the relative electron density expected 
at that position. The 4e(n) orbitals shown in a and b are linear 
combinations of those shown in Ref. 63; the linear combinations are 

appropriate for meso-substituted porphyrins. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

17



17. WALKER ET AL. Models of the Cytochromes b 
405 

4 

I ι ι ι ι ι » » » ι ι ι I 

-aO -2.0 -1.0 0.0 1.0 20 
Ζο-

Figure 8. ESR data for low spin derivatives of TPPFe(N-MeIm)2

+Cl~ 
plotted as the tetragonal magnetic anisotropy term g 2 - i(g2

2 - g3

2) 
(left axis, circles) and the rhombic magnetic anisotropy term g2

2 = g3

2 

(right axis, triangles) vs. the sum of the Hammett sigma constants (44) 
of the substituents. Φ and A represent symmetrical complexes; Ο and 
Δ represent unsymmetrieally substituted complexes. Data taken from 
Ref. 45. The slopes, ptet = -0.066 and prhom = -0.052 (where tet and 

rhom represent tetragonal and rhombic, respectively). 
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I I I 

14 16 18 

PPM upf ie ld f r o m TMS 

Figure 9. NMR spectra of the pyrrole-H region of four unsym
metrieally (3X, 1Y) and one symmetrically substituted derivatives of 
TPPFe(N-MeIm)2

+, arranged from top to bottom in order of decreasing 
difference in άσ (σγ — σχ). 
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d 

Figure 10. a and b: Symmetry and electron density distribution in the 
two degenerate 3e(n) orbitals of porphine and symmetrical meso-
tetraphenylporphyrins (60, 61); c: the modified electron density dis
tribution in that 3β(π) orbital of unsymmetrical (3X, 1Y) TPPs into 
which unpaired electron density is delocalized by L —» Μ π back-
bonding when Y is more electron donating than X; d: the modified 
electron density distribution in that 3e(n) orbital utilized when Y is 

more electron withdrawing than X. 
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408 BIOLOGICAL REDOX COMPONENTS 

b a c k - b o n d i n g (57 ) . T h u s , the p re sence o f one e l e c t r o n - d o n a t i n g g r o u p , 
w i t h th ree e l e c t r o n - w i t h d r a w i n g g r o u p s o n the four p h e n y l r i n g s i n 
creases the to ta l e l e c t r o n d e n s i t y at the u n i q u e meso-position. T h i s 
i n c r e a s e d e l e c t r o n d e n s i t y is fe l t as far a w a y as the c loses t /3 -pyrro le 
pos i t i ons . I n c r e a s e d e l e c t r o n d e n s i t y at the c loses t /3-pyrrole pos i t ions 
encourages the c h o i c e o f the 3β(π) o r b i t a l , w h i c h has l a rge e l e c t r o n 
d e n s i t y at those p a r t i c u l a r p y r r o l e pos i t i ons , as the one i n t o w h i c h the 
u n p a i r e d e l e c t r o n w i l l b e d e l o c a l i z e d . T h a t is , i n t r o d u c t i o n o f one 
e l e c t r o n - d o n a t i n g s u b s t i t u e n t o n o n e p h e n y l r i n g sp l i t s the d e g e n e r a c y 
o f the 3e(n) o rb i t a l s , so that the o r b i t a l h a v i n g la rge e l e c t r o n d e n s i t y at 
those p y r r o l e pos i t ions c loses t to the u n i q u e p h e n y l is sh i f t ed to h i g h e r 
e n e r g y ; a n d its fo rmer pa r tne r is s h i f t e d to l o w e r e n e r g y . L i g a n d - t o -
m e t a l π b a c k - b o n d i n g o c c u r s w i t h the h i g h e r e n e r g y o f the t w o n o w 
n o n d e g e n e r a t e 3e(n) o rb i t a l s ( F i g u r e 10c) , so that the p y r r o l e pos i t ions 
c loses t to the e l e c t r o n - d o n a t i n g p h e n y l g r o u p w i l l h a v e a p a r t i c u l a r l y 
l a rge u n p a i r e d e l e c t r o n d e n s i t y . T h i s c o n d i t i o n l e ads to a l a rge r c o n 
tact shi f t at these p y r r o l e pos i t i ons , a n d thus the p y r r o l e p r o t o n p e a k 
furthest u p f i e l d f r o m t e t r a m e t h y l s i l a n e ( T M S ) is d u e to the pro tons at 
the p y r r o l e pos i t ions c loses t to the u n i q u e p h e n y l . B a s e d o n the pa t t e rn 
o f e l e c t r o n d i s t r i b u t i o n i n the 3e(n) o rb i t a l s ( F i g u r e 10c), the nex t 
m o s t u p f i e l d p y r r o l e p e a k c a n b e a s s i g n e d to the p y r r o l e p ro tons fur th
est a w a y f r o m the u n i q u e p h e n y l , a n d the m o s t d o w n f i e l d p y r r o l e p e a k 
( t w i c e as in t ense as e a c h o f the others) to the r e m a i n i n g four p y r r o l e 
p ro tons . T h e r eve r se s i t ua t i on o c c u r s w h e n the u n s y m m e t r i c a l m o l e 
c u l e con ta in s th ree e l e c t r o n - d o n a t i n g g r o u p s a n d one e l e c t r o n -
w i t h d r a w i n g g r o u p ( F i g u r e l O d ) . T h u s , the sepa ra t ion b e t w e e n 
h i g h e s t - f i e l d a n d l o w e s t - f i e l d p y r r o l e p e a k s ( F i g u r e 9), as e x p e c t e d , 
increases as the d i f fe rence i n e l e c t r o n - d o n a t i n g a n d e l e c t r o n -
w i t h d r a w i n g cha rac t e r o f the t w o types o f subs t i t uen t s inc reases ; a n d 
the pa t t e rn o f p e a k in t ens i t i e s reverses f r o m 2 : 1 : 1 w h e n Y is m o r e 
e l e c t r o n w i t h d r a w i n g t h a n X to 1 : 1 : 2 w h e n X is m o r e e l e c t r o n w i t h 
d r a w i n g t h a n Y ( F i g u r e 9) (43) . T h i s fact m a y b e q u a n t i f i e d b y p l o t t i n g 
the separa t ion b e t w e e n the p e a k o f i n t e n s i t y 2 a n d the m o s t d i s t an t 
p e a k o f i n t e n s i t y 1 (Δδ) aga ins t the d i f ference i n the H a m m e t t 
σ - c o n s t a n t s for the t w o types o f subs t i t uen t s ( Δ σ ) , as s h o w n i n F i g u r e 
11 (43 ). A s i m i l a r p l o t o f Δ δ v s . the s u m o f the H a m m e t t σ - c o n s t a n t s o f 
the subs t i t uen t s does no t p r o d u c e a l i n e a r c o r r e l a t i o n . T h u s , the N M R 
p e a k separa t ions o f the p y r r o l e p ro tons o f l o w s p i n i ron ( I I I ) p o r p h y r i n s 
co r r e l a t e w i t h Δ σ , a n d the r e d o x p o t e n t i a l s o f the l o w s p i n i ron ( I I I ) / 
i ron( I I ) c o u p l e co r re l a t e w i t h Δ σ . 

Comparison of Electrochemical Results with the Equilibrium 
Constants for Axial Ligation of Symmetrical and Unsymmetrical 
Iron(III) and Zinc(II) Porphyrins. W e r e c e n t l y m e a s u r e d the e q u i l i b -
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3 

Δ$, 0 
PPM 
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Figure 11. Plot of the separation (Δσ) between the pyrrole peak of 
area 1 vs. the difference (σγ - σχ) in Hammett sigma constants (45). 

Taken from Ref. 43. 

r i u m constants βψ a n d βψ for a d d i t i o n o f N - m e t h y l i m i d a z o l e to the 
series o f s ix c o m p o u n d s , ( p - N E t 2 ) < c ( p - C l ) î / T P P F e C l (x + t/ = 4 ; x = 0 -
4), i n c h l o r o f o r m (69) a n d β'ίη for a d d i t i o n o f 3 - p i c o l i n e to (p-NEt2)x(p-
C l ^ T P P Z n i n t o l u e n e (70) b y e l e c t r o n i c absorpt ion spec t roscopy , a n d 
the resul ts w e r e c o m p a r e d to a l r eady e x i s t i n g data (27 , 34) for other 
s y m m e t r i c a l t e t r a p h e n y l p o r p h y r i n s o f these t w o meta l s . T h e re l a t i on 
s h i p b e t w e e n l o g βψ or l o g β ί η a n d the s u m o f the H a m m e t t σ - c o n s t a n t s 
o f the subst i tuents is s h o w n i n F i g u r e 12a a n d b , r e s p e c t i v e l y . 
T h e m i x e d c h l o r o - , d i e t h y l a m i n o - s u b s t i t u t e d c o m p l e x e s o f i ron ( I I I ) 
dev i a t e s ign i f i can t ly from the l i n e a r co r re la t ion o b s e r v e d for a l l 
te t ra-subs t i tu ted T P P F e C l de r iva t ives s t u d i e d so far, a l t h o u g h the 
m i x e d subs t i tuen t isomers o f Z n T P P l i e on the same l i n e as the 
te t ra -subs t i tu ted c o m p o u n d s . Z i n c ( I I ) has a filled 3d s h e l l a n d 
i ron( I I I ) has a 3d5 conf igura t ion a n d goes f rom the s y m m e t r i c a l 
(dxy)i(dxz,yz)2(dz2)l(dx2-y2)i h i g h s p i n e l ec t ron conf igura t ion to the u n 
s y m m e t r i c a l (dxy)2(dXZtyZ)3 l o w s p i n conf igura t ion on c o m p l e x a t i o n o f 
t w o I V - M e l m l i g a n d s . B e c a u s e the m i x e d - s u b s t i t u e n t i somers fo rm 
less s tab le c o m p l e x e s w i t h I V - M e l m than p r e d i c t e d f rom the b e h a v i o r 
o f the te t ra -subs t i tu ted c o m p o u n d s , i t w o u l d appea r that b y i m p o s i n g 
a p l a n e o f s y m m e t r y on the p o r p h y r i n r i n g one makes i t m o r e d i f f icu l t 
for I V - M e l m to b i n d , w h e t h e r the pa t te rn o f subs t i tuents is that o f one 
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410 BIOLOGICAL REDOX COMPONENTS 

3.0 J · » · « 1 1 1 1 H 

-3.0 -2.0 -1.0 0.0 1.0 

ί > 

F igure 12. P / o i of a: log βι

2

11 (Equation 4) for bis(N-Melm) com-
plex formation of (l-Cl)x(p-NEt2)yTPP-FeCl (x + y = 4, χ = 0 - 4) 
(Φ), and b: log β/-" for mono-3-picoline complex formation of 
(p-Cl)x(p-NEt2)yTPPZn (Φ) vs. the sum of the Hammett sigma con
stants (44). Data taken from Refs. 69 and 70, respectively. Open circles 
in a and b are published data [(27) and (34), respectively] for the same 

reactions of other symmetrically substituted TPPs. 

e l e c t r o n - d o n a t i n g a n d th ree e l e c t r o n - w i t h d r a w i n g , one e l e c t r o n -
w i t h d r a w i n g a n d t h r e e - e l e c t r o n d o n a t i n g , or t w o o f e a c h i n the t w o 
p o s s i b l e g e o m e t r i e s . T h u s , the d e p e n d e n c e o f l o g βψ for u n s y m m e t r i 
c a l i r o n T P P s is ne i the r o n Σ σ as f o u n d for Ευ2 or g -va lue an iso t ropy, 
nor o n Δ<τ as f o u n d for the N M R p e a k separations o f the p y r r o l e p ro 
tons (69); whereas the d e p e n d e n c e o f l o g Κψ is on Σ σ for s y m m e t r i c a l 
a n d u n s y m m e t r i c a l T P P s a l i k e (70). 
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17. WALKER ET AL. Models of the Cytochromes b 411 

A Unified Approach to the Linear-Free-Energy Relationships 
Found in this Study: Electrochemistry, ESR, NMR, and Thermody
namics of Ligand Addition 

L o w S P I N I R O N P O R P H Y R I N S — M O D E L S O F T H E C Y T O C H R O M E S b . 
T h e Ε va lues a n d m a g n e t i c an iso t rop ics for l o w s p i n i r o n p o r p h y 
r ins co r re l a t e w i t h Σ σ , y e t N M R p e a k separat ions o f u n s y m m e t r i e a l l y 
s u b s t i t u t e d l o w s p i n T P P F e ( I I I ) d e r i v a t i v e s cor re la te w i t h Δ σ , a n d the 
v a l u e s o f l o g βψ for N - m e t h y l i m i d a z o l e a d d i t i o n to i r o n p o r p h y r i n s d o 
not co r r e l a t e w i t h e i ther . A s the e x p l a n a t i o n a l r e a d y g i v e n for the b e 
h a v i o r o f r i n g o x i d a t i o n a n d r e d u c t i o n po t en t i a l s o f Z n T P P s suggests , 
the reason for these resul ts m u s t i n v o l v e the s y m m e t r y of, a n d e l e c t r o n 
d i s t r i b u t i o n i n , the orbi ta l (s) i n v o l v e d i n e a c h o f these la t ter p h e n o m 
ena : the dXZtVZ set o n i r o n a n d the 3e(n) p a i r on the p o r p h y r i n . N M R 
s p e c t r o s c o p y p r o b e s the u n p a i r e d e l e c t r o n d e n s i t y d i s t r i b u t i o n i n the 
3e(ir) p o r p h y r i n o rb i t a l s ; w e find that o n l o w e r i n g the s y m m e t r y o f the 
p o r p h y r i n r i n g , the d e g e n e r a c y o f th is p a i r is sp l i t . T h e o ther th ree 
types o f m e a s u r e m e n t p r o b e m o s t d i r e c t l y the i r o n cen te r , a n d sugges t 
that the p o r p h y r i n r i n g is sens i t ive to u n s y m m e t r i c a l s u b s t i t u t i o n , b u t 
a p p a r e n t l y i r o n is not . H o w e v e r , th is c o n c l u s i o n m a y no t b e e n t i r e l y 
t rue , b e c a u s e the s y m m e t r y o f e l e c t r o n d i s t r i b u t i o n i m p o s e d o n the π 
s y s t e m o f the p o r p h y r i n b y u n s y m m e t r i c a l raeso-substitution does no t 
m a t c h the s y m m e t r y o f the dxz or dyz o rb i t a l s o f i r o n , nor the i r l i n e a r 
c o m b i n a t i o n s , w i t h w h i c h the p o r p h y r i n π - s y s t e m in te rac t s . T h a t is , 
adjacent ra ther t h a n oppos i t e p o r p h y r i n n i t rogens h a v e e n h a n c e d e l e c 
t ron dens i ty ( F i g u r e 10); a n d thus , there is no dif ferent ia t ion i n the en 
ergy o f the dxz a n d dyz orbi ta ls . There fo re , E 1 / 2 for the iron(III)/iron(II) 
c o u p l e a n d the m a g n e t i c an i so t ropy o f l o w s p i n iron(III) c o m p l e x e s 
c a n n o t d i s t i n g u i s h b e t w e e n the s y m m e t r i c a l a n d u n s y m m e t r i c a l sub 
s t i t u t ion pa t te rn o n the meso-phenyl r i ngs , a n d l o g βψ de tec ts o n l y 
that u n s y m m e t r i e a l l y s u b s t i t u t e d c o m p l e x e s p r o v i d e p o o r e r in te rac 
t ion b e t w e e n the π - s y s t e m s o f the a x i a l l i g a n d s , iron(III), a n d the por 
p h y r i n t h a n d o the s y m m e t r i c a l l y s u b s t i t u t e d c o m p l e x e s . T h u s , w e 
m u s t c o n c l u d e that u n s y m m e t r i c a l s u b s t i t u t i o n at the meso-positions, 
a l t h o u g h e x c e l l e n t for d e t e r m i n i n g q u a n t i t a t i v e l y the na tu re a n d o r b i 
ta l s y m m e t r y o f u n p a i r e d e l e c t r o n d e r e a l i z a t i o n onto the p o r p h y r i n 
r i n g , cannot , for s y m m e t r y reasons, a l l o w us to p r o b e the effect o f 
u n s y m m e t r i c a l s u b s t i t u t i o n o n the energ ies o f the i r o n dxz a n d dyz 

orbi ta ls a n d thus , on E 1 / 2 a n d m a g n e t i c anisot ropy. C o n v e r s e l y , u n s y m 
m e t r i c a l β - p y r r o l e s u b s t i t u t i o n s h o u l d a l l o w us to p r o b e the la t ter fac
tors b u t p r o d u c e m u c h m o r e c o m p l e x a n d p o s s i b l y u n i n t e r p r e t a b l e 
N M R spec t ra , b e c a u s e i n m o n o p y r r o l e - s u b s t i t u t e d p o r p h y r i n s , a l l 
s e v e n r e m a i n i n g p y r r o l e - H are i n e q u i v a l e n t , a n d i n the " a , c " 
d i p y r r o l e - s u b s t i t u t e d T P P d e r i v a t i v e s o f G i r a u d e a u et a l . (71), there 
are th ree types o f p y r r o l e - H . 
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412 BIOLOGICAL REDOX COMPONENTS 

H I G H S P I N I R O N P O R P H Y R I N S — A D D I T I O N A L I N F O R M A T I O N O N 

O R B I T A L E F F E C T S . I n s o m e w a y s , h i g h s p i n i r o n p o r p h y r i n s y i e l d e d 
the types o f e l e c t r o c h e m i c a l resu l t s that one m i g h t n a i v e l y e x p e c t to 
o b t a i n f rom the l o w s p i n c y t o c h r o m e b m o d e l s . T h a t is, the c a t h o d i c 
p e a k p o t e n t i a l s for the i ron ( I I I ) / i ron ( I I ) r e d u c t i o n o f u n s y m m e t r i e a l l y 
s u b s t i t u t e d d e r i v a t i v e s o f T P P F e C l s h o w d e v i a t i o n s f rom the l i n e a r 
c o r r e l a t i o n o b t a i n e d for the s y m m e t r i c a l l y s u b s t i t u t e d d e r i v a t i v e s 
( F i g u r e 5). T h o s e c o n t a i n i n g one e l e c t r o n - w i t h d r a w i n g a n d three 
e l e c t r o n - d o n a t i n g subs t i t uen t s g e n e r a l l y are eas ie r to r e d u c e , a n d 
those c o n t a i n i n g one e l e c t r o n - d o n a t i n g a n d th ree e l e c t r o n - w i t h 
d r a w i n g subs t i tuents g e n e r a l l y are m o r e d i f f icu l t to r e d u c e t han 
the s y m m e t r i c a l m o l e c u l e s . T o u n d e r s t a n d w h y th is effect o c c u r s 
w i t h o u t s u c h d e v i a t i o n s for the l o w s p i n c y t o c h r o m e b m o d e l s , one 
m u s t r e c a l l that on r e d u c t i o n o f the e l e c t r o n i c a l l y s y m m e t r i c a l h i g h 
s p i n ( H S ) i r on ( I I I ) c o m p l e x e s to H S i r on ( I I ) , the e l e c t r o n enters the 
dxy o r b i t a l . A l t h o u g h n o n e o f the p o r p h y r i n τ τ - o r b i t a l s has p r o p e r 
s y m m e t r y to o v e r l a p w i t h dxy, t h i s o r b i t a l s t i l l m a y b e m o d i f i e d b y the 
σ i n d u c t i v e effect o f u n s y m m e t r i e a l l y p l a c e d subs t i t uen t s . F i g u r e 13a 
s h o w s the e l e c t r o n d e n s i t y d i s t r i b u t i o n a n d n o d a l p rope r t i e s o f dxy a n d 
the e x p e c t e d m o d i f i c a t i o n o f the e l e c t r o n d e n s i t y d i s t r i b u t i o n w h e n 
one e l e c t r o n - d o n a t i n g ( F i g u r e 13b) or o n e e l e c t r o n - w i t h d r a w i n g ( F i g 
u r e 13c) raeso-substituent is i n t r o d u c e d i n t o the m o l e c u l e . T h e r e su l t 
i n the fo rmer case ( F i g u r e 13b) is that th ree l obes o f dxy b e c o m e 
s m a l l e r w h i l e one b e c o m e s la rger . W e h y p o t h e s i z e that th is m o d i f i c a 
t i o n makes i t m o r e d i f f i cu l t for the e n t e r i n g e l e c t r o n to find i ts w a y , 
c a u s i n g Ec

p to b e m o r e n e g a t i v e t h a n e x p e c t e d for a s y m m e t r i c a l c o m 
p o u n d o f the s ame e l e c t r o n i c effect (as m e a s u r e d b y Σ σ ) . C o n v e r s e l y , 
i n the la t ter case ( F i g u r e 13c), th ree l o b e s o f dxy b e c o m e l a rge r w h i l e 
one b e c o m e s s m a l l e r , w h i c h , h y p o t h e t i c a l l y , m a k e s i t eas ie r for the 
e n t e r i n g e l e c t r o n to find its w a y , thus c a u s i n g Ε £ to b e less n e g a t i v e 
t h a n e x p e c t e d for a s y m m e t r i c a l c o m p o u n d o f the s ame Σ σ . 

T h e fact that u n s y m m e t r i c a l s u b s t i t u t i o n does affect Ec

p for the 
i ron ( I I I ) / i ron ( I I ) r e d u c t i o n o f h i g h s p i n i r o n , i n v i e w o f the na tu re o f 
the o r b i t a l i n t o w h i c h the e l e c t r o n enters (dxy), l e n d s c r e d e n c e to the 
sugges t ion ju s t m a d e that u n s y m m e t r i c a l p y r r o l e subs t i tu t ion w i l l 
affect Ei/2 for the i ron(I I I ) / i ron(I I ) r edox c o u p l e o f l o w s p i n i r o n 
p o r p h y r i n s b y r e m o v i n g the d e g e n e r a c y o f the dxz a n d dyz o rb i ta l s in to 
w h i c h the u n p a i r e d e l e c t r o n enters. 

S u m m a r y a n d P e r s p e c t i v e s o n the R e l a t i o n s h i p B e t w e e n the R e 
su l t s o f th i s S t u d y a n d the B e h a v i o r o f t he C y t o c h r o m e s b . T h e effect 
o f u n s y m m e t r i c a l meso- s u b s t i t u t i o n on the r e d o x p o t e n t i a l s o f o u r l o w 
s p i n i r o n c y t o c h r o m e b m o d e l s a n d t h e i r h i g h s p i n p recu r so r s m a y b e 
e x p l a i n e d i n t e rms o f the s y m m e t r y a n d e l e c t r o n d e n s i t y d i s t r i b u t i o n 
o f the p o r p h y r i n 7r-orbital(s), w h o s e s y m m e t r y matches that o f the 
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b c 

Figure 13. a, Electron density distribution in the d x y orbital of iron 
into which the electron goes on reduction of high spin Fe(III) to high 
spin Fe(II); b, the modified electron density distribution when Y is 
more electron donating than X; and c, when Y is more electron 

withdrawing than X. 

d-orb i ta l ( s ) i n t o w h i c h the e l e c t r o n goes o n r e d u c t i o n o f i ron ( I I I ) to 
i ron( I I ) . F o r the l o w s p i n forms o f i r on ( I I I ) a n d i ron ( I I ) , u n s y m m e t r i c a l 
m e s o - s u b s t i t u t i o n does no t r e m o v e the d e g e n e r a c y o f dxz a n d dyz; a n d 
thus , the r e d o x po t en t i a l s o f the l o w s p i n c o m p l e x e s o f u n s y m m e t r i c a l 
meso-substituted t e t r a p h e n y l p o r p h y r i n s are no di f ferent f r o m those o f 
t h e i r f o u r f o l d - s y m m e t r i c a l ana logs o f e q u a l e l e c t r o n i c effect ( Σ σ ) . 
H o w e v e r , as a r e su l t o f the u n d e r s t a n d i n g o f o r b i t a l s y m m e t r y a n d 
e l e c t r o n d e n s i t y effects g a i n e d i n th is s t u d y , w e p r e d i c t that u n s y m 
m e t r i e a l l y p y r r o l e - s u b s t i t u t e d l o w s p i n i r o n p o r p h y r i n s s h o u l d s h o w 
d e v i a t i o n s f r o m the l i n e a r c o r r e l a t i o n o f Eu2 for the i ron( I I I ) / i ron( I I ) 
c o u p l e d w i t h Σ σ d u e to the n o n d e g e n e r a c y o f dxz a n d dyz. 

W i t h r e g a r d to the p o s s i b i l i t y r a i s e d i n the i n t r o d u c t i o n ( p o s s i b i l 
i t y 2) that the pressu re o f d i f ferent h y d r o p h o b i c g roups agains t the 
h e m e s o f the v a r i o u s c y t o c h r o m e s b changes the π - e l e c t r o n d e n s i t y 
d i s t r i b u t i o n i n the h e m e a n d thus changes the r e d o x p o t e n t i a l o f the 
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414 BIOLOGICAL REDOX COMPONENTS 

iron(III)/iron(II) couple from one protein to another (Table I), we now 
conclude that hydrophobic groups located above or below meso-
positions of the heme can have no effect on the redox potentials; rather, 
only those groups located above or below two opposite (but not two 
adjacent) pyrrole rings may affect, in principle, the redox potentials. 
Whether differences in such interactions actually exist for the cyto
chromes b of Table I remains for protein crystallographers to deter
mine. 
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18 
Electrochemistry of Aliphatic 
Thioethers as Models for Biological 
Electron Transfer 

BRIAN R. COLEMAN, RICHARD S. GLASS, 
WILLIAM N. SETZER, USHA DEVI G. PRABHU, 
and GEORGE S. WILSON1 

University of Arizona, Department of Chemistry, Tucson, AZ 85721 

The electrochemical oxidation of a series of aliphatic 
thioethers was examined in aprotic medium (acetoni
trile). The resulting electron transfer process, typically 
involving two electrons, is significantly facilitated by 
suitably disposed electron-rich neighboring groups. 
These moieties aid in stabilizing the positive charge 
created on the sulfur as a result of electron loss. The 
nature of this interaction was examined by x-ray studies 
of selected parent compounds and stable cyclic interme
diates, and through models where intramolecular in
teractions are geometrically precluded. Good correlation 
was observed between voltammetric peak potentials and 
ionization potentials determined by UV photoelectron 
spectroscopy for systems where neighboring-group par
ticipation is possible. On the other hand, noninteracting 
systems show no apparent correlation. The importance 
of molecular conformation is discussed in light of biolog
ical examples. 

he r e d o x c h e m i s t r y o f a l i p h a t i c su l f ides , as e x e m p l i f i e d b y the s i d e 
c h a i n o f m e t h i o n i n e , is p o o r l y u n d e r s t o o d , i n cont ras t to b i o l o g i c a l 

r e d o x reac t ions i n v o l v i n g t h i o l s a n d d i s u l f i d e s . S - A d e n o s y l m e t h i o n i n e 
is a k e y b i o l o g i c a l m e t h y l a t i n g agen t a n d m e t h i o n i n e is i n v o l v e d i n the 
p r o d u c t i o n o f c o e n z y m e A d e r i v a t i v e s (2) . T h i s essen t ia l a m i n o a c i d 
a l so serves as a n a x i a l i r o n l i g a n d i n the h e m e m o i e t y o f a n u m b e r o f 

1 Author to whom correspondence should be addressed. 

0065-2393/82/0201-0417$07.25/0 
© 1982 Amer ican C h e m i c a l Society 
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418 BIOLOGICAL REDOX COMPONENTS 

c- type c y t o c h r o m e s , a n d i n the a c t i v e site o f s eve ra l b l u e c o p p e r p r o 
te ins . T h e r o l e o f m e t h i o n i n e i n d e f i n i n g the r e d o x p o t e n t i a l o f cy to 
c h r o m e c w a s c o n s i d e r e d i n d e t a i l e l s e w h e r e (2) . 

T h e p u r p o s e o f the p resen t w o r k is to c o n s i d e r the c h e m i c a l a n d 
b i o c h e m i c a l e v i d e n c e i n s u p p o r t o f the d i r e c t i n v o l v e m e n t o f 
e l e c t r o n - d e f i c i e n t su l f ides , t y p i c a l l y r a d i c a l ca t ions a n d d i ca t i ons , i n 
b i o l o g i c a l e l e c t r o n transfer. B e c a u s e these i n t e r m e d i a t e s are g e n e r a l l y 
u n s t a b l e , i t is necessa ry to e m p l o y t rans ient t e c h n i q u e s , p a r t i c u l a r l y 
e l e c t r o c h e m i c a l a n d s p e c t r o s c o p i c , to e v a l u a t e t h e i r p rope r t i e s . 

Chemistry of Electron-Deficient Sulfur 

S o m e i m p o r t a n t reac t ions i n v o l v i n g e l e c t r o n - d e f i c i e n t su l f ides are 
s u m m a r i z e d i n T a b l e I . I n d e e d , a l i p h a t i c su l fu r c a t i on r a d i c a l s are so 
r eac t i ve that the " s i m p l e " ca t ion r a d i c a l ( A ) c a n b e o b s e r v e d d i r e c t l y 
i n o n l y one s i tua t ion : w h e r e the p re sence o f b u l k y g roups s u c h as i n 
d i - t e r £ - b u t y l s u l f i d e (7) h i n d e r s fur ther su l fu r reac t ions , a n d thus loss 
o f an α - p r o t o n is not p o s s i b l e . T y p i c a l l y , the fo rma t ion o f a p a r a m a g 
n e t i c d i m e r is s t r o n g l y f a v o r e d as i n d i c a t e d i n R e a c t i o n 7, a n d th is 
spec i e s was often c o n f u s e d w i t h the ca t ion r a d i c a l i t s e l f (4) . I n gene ra l , 
s u l f u r - c e n t e r e d c a t i o n r a d i c a l s w i l l h a v e l i m i t e d s t a b i l i t y un l e s s the 
p o s i t i v e cha rge o n the s u l f u r c a n b e d e l o c a l i z e d b y i n t e r a c t i o n w i t h an 
e l e c t r o n - r i c h m o i e t y . 

W e p r e v i o u s l y s u g g e s t e d (16) tha t the o r d i n a r i l y d i f f i cu l t o x i d a t i o n 
o f a l i p h a t i c su l f ides m a y b e f a c i l i t a t e d b y i n t e r a c t i o n o f the r e s u l t i n g 
e l e c t r o n - d e f i c i e n t su l fu r w i t h s u i t a b l y d i s p o s e d n e i g h b o r i n g g roups . 
T h i s s i tua t ion is s h o w n i n R e a c t i o n 2 i n w h i c h X m a y b e a n u c l e o p h i l e 
s u c h as a n a m i n o , a m i d o , c a r b o x y l a t e , o r h y d r o x y l g r o u p . X a lso c o u l d 
b e the π - e l e c t r o n s y s t e m o f a n a r o m a t i c a m i n o a c i d s i d e c h a i n , a f l a v i n , 
or a p o r p h y r i n r i n g . In te rac t ions o f the fo rmer t y p e w e r e s h o w n to h a v e 
s ign i f i can t i n f l uence o n the cou r se o f su l fu r o x i d a t i o n (8) a n d w i l l b e 
d i s c u s s e d i n th is chap te r . A s p e c i a l case o f n e i g h b o r i n g - g r o u p p a r t i c i 
p a t i o n is g i v e n i n R e a c t i o n s 3 a n d 4, a n d is t y p i f i e d b y the m e s o c y c l i c 
d i t h i o e t h e r s i n T a b l e I I . 

A l t h o u g h s tab le a r o m a t i c su l fu r ca t ion r a d i c a l s are w e l l - k n o w n 
(25) , the o b s e r v a t i o n o f a c a t i on r a d i c a l o f 5 b y M u s k e r (11) w a s some
w h a t u n e x p e c t e d . S u b s e q u e n t observa t ions o f a c a t i o n r a d i c a l o f 6 a n d 
i s o l a b l e d i ca t ions for 5-7 as w e l l as the d e t e c t i o n o f a n u m b e r o f 
a c y c l i c d i t h i o e t h e r s a l so w e r e s u r p r i s i n g . T h i s w o r k was r e c e n t l y re
v i e w e d (13). T h e r e m a r k a b l e s t a b i l i t y o f these e l e c t r o n - d e f i c i e n t 
su l f ides was a t t r i b u t e d to a t r a n s a n n u l a r i n t e r a c t i o n b e t w e e n the t w o 
su l furs r e s u l t i n g i n the fo rma t ion o f a s u l f u r a n y l r a d i c a l w i t h a t w o -
center , t h r e e - e l e c t r o n b o n d ( R e a c t i o n 3). B o n d i n g s c h e m e s i n s u c h 
spec i e s w e r e e x t e n s i v e l y c o n s i d e r e d (12) . T h e s p e c t r o s c o p i c a n d k i 
n e t i c p rope r t i e s o f these c a t i o n r a d i c a l s w e r e s t u d i e d b y p u l s e r a d i o l y s i s 
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430 BIOLOGICAL REDOX COMPONENTS 

a n d r e c e n t l y r e v i e w e d (26). T h e v i s i b l e abso rp t ion is p o s s i b l y d u e to a 
σ —» σ * t r ans i t i on . T h e ene rgy for th i s t r ans i t ion d e p e n d s u p o n the 
d e g r e e o f ρ - o r b i t a l o v e r l a p b e t w e e n the t w o i n t e r a c t i n g s u l f u r a toms . 
F u r t h e r m o r e , b o t h c h e m i c a l a n d e l e c t r o c h e m i c a l e v i d e n c e suggests 
the ex i s t ence o f a d i a m a g n e t i c d i m e r ( R e a c t i o n 8). 

I n the absence o f s t a b i l i z i n g g r o u p s , reac t ions that m a y o c c u r i n 
c l u d e α - p r o t o n e l i m i n a t i o n ( R e a c t i o n 11), b o n d c l e a v a g e (Reac t ions 5 
a n d 6), or r eac t i on w i t h the so lven t m e d i u m ( R e a c t i o n 12). R e a c t i o n o f 
su l fu r c a t i o n r a d i c a l s a n d d i ca t ions (9, 10) was u s e d to effect phos 
p h o r y l a t i o n o f A D P i n the p resence o f o r thophospha te (16). 

T h e o x i d a t i o n o f m e t h i o n i n e a n d m e t h i o n i n e d e r i v a t i v e s w a s a l so 
e x a m i n e d . C h e m i c a l a n d e l e c t r o c h e m i c a l o x i d a t i o n r e su l t i n a s tab le 
p r o d u c t : d e h y d r o m e t h i o n i n e ( R e a c t i o n 15). T h e s t ruc tu re o f th i s c o m 
p o u n d was c o n f i r m e d b y x-ray c r y s t a l l o g r a p h y (23) . U n d e r c o n d i t i o n s 
w h e r e r a d i c a l s are gene ra t ed , for e x a m p l e , p u l s e r a d i o l y s i s or pho to 
lys i s , reac t ions are s u g g e s t e d to l e a d to d e a m i n a t i o n a n d d e c a r b o x y l a 
t i o n (Reac t ions 17 a n d 18). P a r a m a g n e t i c d i m e r s ( E i n R e a c t i o n 7) are 
a lso a p p a r e n t l y i n v o l v e d . 

S u i t a b l e m o d e l s for t h i o e t h e r r e d o x reac t ions i n b i o l o g i c a l sys tems 
m u s t take i n t o a c c o u n t the b i o e n e r g e t i c s o f su l fu r o x i d a t i o n , the p r o d 
ucts that s h o u l d fo rm, a n d the e n v i r o n m e n t i n w h i c h m e t h i o n i n e a n d 
o ther th ioe thers are l i k e l y to b e f o u n d . 

Redox Biochemistry of Thioethers 

A n i m p o r t a n t b i o l o g i c a l r e d o x r eac t i on o f th ioe the r s i n v o l v e s for
m a t i o n o f the s u l f o x i d e b y su l f i de o x i d a t i o n . T h e r e s u l t i n g p r o d u c t is 
t h e n s i g n i f i c a n t l y more s o l u b l e i n w a t e r a n d th is process , c a r r i e d ou t 
b y c y t o c h r o m e P - 4 5 0 monooxygenase s , is essen t ia l to d r u g m e t a b o l i s m 
a n d p e s t i c i d e de tox i f i ca t ion b y m a m m a l s (27 , 28). R e c e n t l y (29) i t was 
s h o w n that the l o g a r i t h m o f the m a x i m u m rate o f su l fox ida t ions ( l o g 
Vmax) o f a series o f t h i o a n i s o l e d e r i v a t i v e s ( A r S M e ) b y a r e c o n s t i t u t e d 
c y t o c h r o m e P - 4 5 0 c o m p l e x i s o l a t e d f rom r a b b i t h e p a t i c m i c r o s o m e s 
corre la tes w e l l w i t h p e a k po t en t i a l s d e t e r m i n e d b y c y c l i c 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 a n d a l so w i t h H a m m e t t σ+ v a l u e s . T h e fo rma t ion o f the 
c o r r e s p o n d i n g su l fu r c a t i on r ad i ca l s w a s s u g g e s t e d as the rate-
d e t e r m i n i n g s tep . S u l f u r ca t ion r a d i c a l s w e r e a lso sugges t ed i n the 
b i o s y n t h e s i s o f e t h y l e n e . E t h y l e n e p l a y s an i m p o r t a n t r o l e i n the 
f r u i t - r i p e n i n g process i n p l an t s . A l t h o u g h the exac t m e c h a n i s m for the 
c o n v e r s i o n o f m e t h i o n i n e i n t o e t h y l e n e is the sub jec t o f deba t e (24) , 
s eve ra l r eac t ion paths h a v e b e e n s u g g e s t e d as s h o w n i n T a b l e I (Reac 
t ions 16-22). 

H o f r m a n n et a l . (30) s u g g e s t e d that the e n z y m a t i c a l l y a c t i v e 
p a r a m a g n e t i c i n t e r m e d i a t e i n the r eac t ion o f yeas t c y t o c h r o m e c 
p e r o x i d a s e w i t h h y d r o g e n p e r o x i d e con ta in s a n i r o n ( I V ) h e m e (S = 1) 
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18. COLEMAN ET AL. Aliphatic Thioethers as Models 431 

a n d a m e t h i o n y l s u l f u r - b a s e d free r a d i c a l (S = i), the la t ter e x h i b i t i n g 
u n u s u a l s t a b i l i t y . A s u l f u r - c e n t e r e d r a d i c a l i n t e r m e d i a t e was p o s t u 
l a t ed , b a s e d o n E P R a n d E N D O R m e a s u r e m e n t s , a n a l o g o u s to m o d e l 
c o m p o u n d s s u c h as E , ( R 2 S S R 2 ) + * (26) , or the n i t r o g e n a n a l o g 
( R 2 S N R 3 ) + (31) . S t u d i e s o f the x-ray p h o t o e l e c t r o n s p e c t r o s c o p y o f 
c y t o c h r o m e c (32) suggest p a r t i a l p o s i t i v e cha rge o n the M e t - 8 0 su l fu r , 
a l t h o u g h no f o r m a l i n v o l v e m e n t o f this su l fu r i n the r e d o x react ions is 
k n o w n . 

T h e i n t e r a c t i o n o f su l fu r a toms w i t h a r o m a t i c sys tems i n 
b i o m o l e c u l e s is s u g g e s t e d b y a s t u d y (33) o f the c r y s t a l s t ruc tures o f 
e i g h t s m a l l g l o b u l a r p ro t e in s . T h e s i d e c h a i n s o f s u l f u r - c o n t a i n i n g 
a m i n o a c i d s ( cys te ine a n d m e t h i o n i n e ) w e r e c lo se to, a n d a l te rna te 
w i t h , the s ide c h a i n s o f a r o m a t i c a m i n o a c i d s s u c h as h i s t i d i n e , 
p h e n y l a l a n i n e , t r y p t o p h a n , a n d t y r o s i n e . In t e r ac t ion w i t h the 
7r -e lectron sys tems o f flavins a n d p o r p h y r i n s w a s a lso sugges t ed . B e 
cause m a n y m o l e c u l e s i n w h i c h s u c h in te rac t ions are f o u n d are i n 
v o l v e d i n r e d o x reac t ions , the s-π c h a i n s w e r e sugges t ed as c o n d u i t s 
for e l ec t rons . N e i g h b o r i n g g roups o ther t h a n a r o m a t i c m o i e t i e s , s u c h 
as h y d r o x y l , c a r b o x y l , a m i n o , a m i d o , g u a n i d i n o , o r s u l f u r - c o n t a i n i n g 
m o i e t i e s , are o the r p o s s i b i l i t i e s . 

I n t r a m o l e c u l a r in te rac t ions o f m o d e l c o m p o u n d s , l i k e t h e i r b i o 
l o g i c a l coun te rpa r t s , of ten p r o c e e d at e l e v a t e d rates (34) . T h i s u n u s u a l 
b e h a v i o r c anno t b e a t t r i b u t e d m e r e l y to h i g h l o c a l concen t ra t ions . 
C o n s i d e r a b l e loss o f t r ans l a t iona l e n t r o p y o c c u r s i n the t r ans i t ion state 
a n d , i f the r e a c t i n g a toms are h e l d i n p r o p e r o r i en t a t i on , a n a d d i t i o n a l 
en t rop i e advan tage is g a i n e d as w e l l . T h u s , the s u i t a b l e d i s p o s i t i o n o f 
n e i g h b o r i n g g roups m a y h a v e the d u a l advan tage o f r e n d e r i n g the 
o x i d a t i o n m o r e f ac i l e w h i l e a l so l i m i t i n g s i d e reac t ions . T h i s d i s p o s i 
t i o n is p a r t i c u l a r l y i m p o r t a n t i n s i tuat ions w h e r e the t h i o e t h e r m a y b e 
p l a y i n g a c a t a l y t i c r o l e . T h e r e f o r e , d e t a i l s o f the ene rge t i c s o f su l fu r 
e l e c t r o n loss a n d the charac te r i s t i c s o f o x i d a t i o n i n t e r m e d i a t e s are o f 
in te res t here . 

Aliphatic Thioether Electrochemistry 
T h e o x i d a t i o n o f a l i p h a t i c th ioe thers i n a p r o t i c m e d i u m (ace ton i -

t r i l e ) g e n e r a l l y l eads to the f o r m a t i o n o f s u l f o n i u m ions , su l fox ide s , a n d 
v a r i o u s c o n d e n s e d spec i e s (17, 25 ) . T h e first s tep is u s u a l l y a t w o -
e l e c t r o n i r r e v e r s i b l e process o c c u r r i n g at a p o t e n t i a l greater t h a n 1.0 V 
vs . a A g / A g + (0.1 M ) reference e l e c t r o d e ( a p p r o x i m a t e l y 1.3 V vs . 
S C E ) . S e v e r a l p r e s u m e d r eac t i on paths are g i v e n i n T a b l e I (Reac t ions 
5, 11 , a n d 12). S u l f u r - b a s e d ca t i on r a d i c a l s w e r e f o r m e d d u r i n g o x i d a 
t i o n o f some a r y l su l f ides ( 3 5 - 3 8 ) . 

T o test the hypo thes i s that n e i g h b o r i n g - g r o u p p a r t i c i p a t i o n m i g h t 
fac i l i t a t e su l fu r o x i d a t i o n , n o r b o r n a n e d e r i v a t i v e s o f Se r i e s A a n d Β 
w e r e p r e p a r e d (8): 
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432 BIOLOGICAL REDOX COMPONENTS 

C H 3 S X C H 3 S 

Series A Series Β 

17 X = C O O H 18 X = C O O H 

17 ' X = C O O " 18 ' X = C O O " 

2 0 X = C H 2 O H 21 X = C H 2 O H 

2 2 X = C 0 2 C H 3 2 3 X = C 0 2 C H 3 

24 X = N H C 0 2 E t 2 5 X = N H C 0 2 E t 
2 6 X = C H 2 S C H 3 2 7 X = C H 2 S C H 3 

2 8 X = C O S C H 3 2 9 X = C O S C H S 

30 X = S C H 3 ( 3 - e x o , 5 - e x o - d i c h l o r o ) 

T h e e l e c t r o c h e m i c a l o x i d a t i o n o f Se r i e s A a n d Β c o m p o u n d s w a s 
s t u d i e d b y c y c l i c 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 w i t h p l a t i n u m as the 
i n d i c a t i n g e l e c t r o d e a n d a A g / 0 . 1 M A g 4 " r e fe rence e l e c t r o d e . I n Se r i e s 
A the g e o m e t r y o f the n o r b o r n a n e r i n g resu l t s i n the endo - subs t i tuen t s 
b e i n g w e l l - p o s i t i o n e d for n e i g h b o r i n g - g r o u p p a r t i c i p a t i o n . T h e c r y s t a l 
a n d m o l e c u l a r s t ruc tures o f s o m e o f these d e r i v a t i v e s w e r e d e t e r m i n e d 
b y x-ray d i f f rac t ion (39 , 40) a n d the d i s t ance b e t w e e n the n e i g h b o r i n g 
g r o u p a n d the su l fu r was f r e q u e n t l y less t h a n the s u m o f the v a n d e r 
W a a l s r a d i i . F o r 17 , the i n t e r a c t i o n causes a con t ra - twis t o f the norbor 
n a n e s k e l e t o n . Ser ies B , w i t h exo-substituents, i l l u s t r a t e s the effect o f 
g r o u p s that are p o s i t i o n e d so that i n t r a m o l e c u l a r in te rac t ions are not 
p o s s i b l e . 

C o m p o u n d s 17 a n d 18 i n i t i a l l y g i v e c o m p a r a b l e p e a k p o t e n t i a l s 
( E p ) c o r r e s p o n d i n g to a n i r r e v e r s i b l e t w o - e l e c t r o n o x i d a t i o n , b u t w h e n 
the free a c i d s are c o n v e r t e d to the c o r r e s p o n d i n g ca rboxy la t e s (17% 
18 ' ) , the e n d o - d e r i v a t i v e e x h i b i t s a shi f t o f o v e r 6 0 0 m V , r e s u l t i n g i n a 
m o r e f a c i l e o x i d a t i o n . B y contras t , Ep for 18 a n d 18 ' are the same (8). I n 
a d d i t i o n to 1 7 ' , th ree c o m p o u n d s w i t h i n the n o r b o r n a n e series e x h i b i t 
l a rge n e g a t i v e p o t e n t i a l shif ts : 2 0 , 2 6 a n d 3 0 , u n d o u b t e d l y r e l a t e d to 
n e i g h b o r i n g - g r o u p i n t e r a c t i o n . T h e ex i s t ence o f a c y c l i c i n t e r m e d i a t e 
d u r i n g the e l e c t r o c h e m i c a l o x i d a t i o n o f 17 ' a n d 2 0 w a s e s t a b l i s h e d (8) . 
T h e a n o d i c o x i d a t i o n o f 17 ' ( S c h e m e I) l e ads to the fo rma t ion o f a n 
i n t e r m e d i a t e a c y l o x y s u l f o n i u m sal t that c a n react w i t h w a t e r to y i e l d 
t w o d i a s t e r e o m e r i c a c i d s u l f o x i d e s (41 ). B e c a u s e the y i e l d o f the s u l 
f o x i d e p r o d u c t s o b t a i n e d b y c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s is grea ter 
t h a n 9 0 % , the p o s s i b i l i t y o f s ign i f i can t s i d e reac t ions , s u c h as the 
P u m m e r e r r e a r r a n g e m e n t (42) or a K o l b e - t y p e o x i d a t i v e d e c a r b o x y l a 
t i o n (43) , c a n b e s p e c i f i c a l l y r u l e d out . I f the e l e c t r o c h e m i c a l o x i d a t i o n 
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18. COLEMAN ET AL. Aliphatic Thioethers as Models 433 

- 2 e 
base 

C H 3 S C O O H S + c = o 

C H 3 Ο 

C H 3 S c = o 

O — 

Scheme I 

is c a r r i e d ou t i n the p re sence o f H 2

l s O , s ign i f i can t i n c o r p o r a t i o n o f l s O 
i n t o b o t h the c a r b o x y l a t e a n d s u l f o x i d e m o i e t i e s is o b s e r v e d . I n c o r p o 
ra t ion o f l a b e l e d o x y g e n at the s u l f u r cen t e r is m o r e e x t e n s i v e ( 6 0 : 4 0 ) , 
as e x p e c t e d . E l e c t r o c h e m i c a l o x i d a t i o n , m o r e o v e r , s h o w s some 
s t e r e o s e l e c t i v i t y ( 7 0 : 3 0 ra t io o f the d i a s t e r eomers ) . C h e m i c a l o x i d a 
t i on o f 2 0 y i e l d s a r e a s o n a b l y s tab le a l k o x y s u l f o n i u m sal t w h o s e x- ray 
s t ruc tu re w a s d e t e r m i n e d (44) . T h e x-ray s t ruc tu re o f 17 suppor t s the 
n o t i o n o f s t rong i n t e r a c t i o n o f the n e i g h b o r i n g g r o u p w i t h the s u l f u r 
e v e n be fore the i n i t i a t i o n o f the e l e c t r o n transfer p rocess . 

T h e e l e c t r o c h e m i s t r y o f the m e s o c y c l i c d i t h i o e t h e r s (3, 5 - 7 ) w a s 
e x a m i n e d i n d e t a i l . F o r 5 , r e v e r s i b l e e l e c t r o n transfer w a s o b s e r v e d at 
p o t e n t i a l s m o r e t h a n 0.8 V l o w e r t h a n that c o r r e s p o n d i n g to its m o n o -
t h i o e t h e r a n a l o g (11). T h i s o b s e r v a t i o n s t r o n g l y suppor t s the i n f l u e n c e 
o f the t r a n s a n n u l a r i n t e r a c t i o n p r e v i o u s l y n o t e d . D e t a i l e d ana lys i s o f 
the c u r r e n t - v o l t a g e c u r v e s (9, 10) r e v e a l s t w o c l o s e l y s p a c e d , one -
e l e c t r o n transfer s teps i n w h i c h the s e c o n d e l e c t r o n transfer is a b o u t 2 0 
m V eas ie r t h a n the first. A n e x p l a n a t i o n for this s o m e w h a t s u r p r i s i n g 
b e h a v i o r b e c o m e s a p p a r e n t o n c o n s i d e r a t i o n o f the e l e c t r o n i c s t ruc
tu re o f the c a t i o n r a d i c a l . A s m u s et a l . (19) sugges t ed that the o d d 
e l e c t r o n is i n a n a n t i b o n d i n g o r b i t a l ( σ * ) . R e m o v a l o f th is e l e c t r o n o n 
fo rma t ion o f the d i c a t i o n is a n e n e r g e t i c a l l y f avo rab l e s i tua t ion i n sp i t e 
o f the i n c r e a s e i n cha rge that resu l t s b e c a u s e o f the inc rea se i n b o n d 
i n g b e t w e e n the t w o su l fu r a toms . A d i m e r is a l so f o r m e d i n a r e v e r s i 
b l e p rocess (see R e a c t i o n 8). U n d e r the c o n d i t i o n s o f these e x p e r i 
men t s , no c o n t r i b u t i o n f r o m the p a r a m a g n e t i c d i m e r ( R e a c t i o n 7) was 
o b s e r v e d (10). 

Correlation of Electrochemical and Spectroscopic Data 

T h e c o r r e l a t i o n o f e l e c t r o c h e m i c a l da ta (ease o f e l e c t r o n loss or 
ga in ) w i t h o r b i t a l e n e r g y l e v e l s , H O M O a n d L U M O , r e s p e c t i v e l y , has 
l o n g b e e n o f in teres t . M o s t s tud ies i n v o l v e d r e v e r s i b l e e l e c t r o n trans
fer o f h o m o l o g o u s series ( t y p i c a l l y a r o m a t i c h y d r o c a r b o n s ) w h e r e s o l 
v a t i o n ene rg ie s c a n b e a s s u m e d to b e e s sen t i a l l y cons tan t (45,46). W e 
h a v e e x a m i n e d m o r e t h a n 4 0 a l i p h a t i c th ioe the r s at a p l a t i n u m e l e c -
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434 BIOLOGICAL REDOX COMPONENTS 

t rode i n a c e t o n i t r i l e a n d , i n g e n e r a l , t hey e x h i b i t i r r e v e r s i b l e t w o -
e l e c t r o n o x i d a t i o n . A l t h o u g h cor re la t ions o f H a m m e t t σ v a l u e s a n d 
h a l f - w a v e po t en t i a l s o f i r r e v e r s i b l e processes are w e l l - k n o w n (47) , 
cor re la t ions o f s p e c t r o s c o p i c da ta are u n c o m m o n (48) . T h i s s i tua t ion is 
d u e to the fact that i r r e v e r s i b l e e l e c t r o n transfer g e n e r a l l y obscu re s the 
d e s i r e d t h e r m o d y n a m i c i n f o r m a t i o n (49) . 

N e v e r t h e l e s s , the p o s s i b i l i t y o f e l e c t r o c h e m i c a l gene ra t ion a n d 
c h a r a c t e r i z a t i o n o f r e a c t i v e i n t e r m e d i a t e s r e m a i n s a t t rac t ive , a n d s ig 
n i f i can t progress was m a d e i n c o r r e l a t i n g q u a n t u m m e c h a n i c a l , k i n e t i c 
(50) , a n d s p e c t r o s c o p i c resu l t s (51 , 52) . 

V e r t i c a l i o n i z a t i o n po t en t i a l s o b t a i n e d f rom U V p h o t o e l e c t r o n 
s p e c t r o s c o p i c (pes) m e a s u r e m e n t s are cha rac t e r i s t i c o f e l e c t r o n loss on 
a t i m e sca le that does not p e r m i t m o l e c u l a r r e a r r a n g e m e n t (53) . F o r 
m o l e c u l e s h a v i n g l o c a l i z e d a n d n o n b o n d i n g e lec t rons , m o l e c u l a r rear
r a n g e m e n t is m i n i m a l so that the v e r t i c a l a n d a d i a b a t i c i o n i z a t i o n p o 
ten t i a l s are u s u a l l y q u i t e c o m p a r a b l e . T h u s , the su l fu r l o n e p a i r o r b i 
tals w i l l c o r r e s p o n d to the h i g h e s t o c c u p i e d m o l e c u l a r o rb i t a l s 
( H O M O ) . B y contrast , the e l e c t r o c h e m i c a l process not o n l y p e r m i t s 
m o l e c u l a r r ea r r angemen t s b u t m a y a lso i n c l u d e s o l v a t i o n effects. 

T a b l e I I g i v e s the v e r t i c a l i o n i z a t i o n p o t e n t i a l s (iPpes) for a series 
o f a l i p h a t i c su l fu r c o m p o u n d s a l o n g w i t h p e a k po t en t i a l s (Ep) o b t a i n e d 
u n d e r u n i f o r m c o n d i t i o n s . T h e s e resul t s are p l o t t e d i n F i g u r e s 1 A a n d 
I B . T h e p l o t for the m e s o c y c l i c a n d a c y c l i c th ioe thers e x h i b i t s a l a rge r 
i n t e r c e p t t han that for the n o r b o r n a n e d e r i v a t i v e s , u n d o u b t e d l y d u e to 
the w e l l - k n o w n i n d u c t i v e effect o f a l k y l s u b s t i t u t i o n (54-58), w h i c h 
resu l t s i n a l o w e r i n g o f the i o n i z a t i o n p o t e n t i a l . I n th i s case the nor
b o r n a n e d e r i v a t i v e s are m o r e h i g h l y s u b s t i t u t e d , r e s u l t i n g i n a n aver
age l o w e r i n g o f the i o n i z a t i o n p o t e n t i a l b y 0.16 e V . T h i s r e s u l t is i n 
r ea sonab le a g r e e m e n t w i t h the o b s e r v e d shif t f r om t h i a c y c l o h e x a n e 
(8.45 e V ) to d i i s o p r o p y l s u l f i d e (8.26 e V ) (55) o f 0 .19 e V . 

S o m e c o m p o u n d s d o no t f a l l o n the l i n e . A l l s u c h c o m p o u n d s 
h a v i n g p e a k po t en t i a l s i n the r e g i o n o f 1 .0-1 .4 V vs . A g / 0 . 1 M A g + 

re fe rence e l e c t r o d e ( 1 . 3 - 1 . 7 V vs . S C E ) are i d e n t i f i e d w i t h a n " i s o 
l a t e d " a l i p h a t i c su l fu r i n a m o l e c u l e w h e r e n e i g h b o r i n g - g r o u p p a r t i c i 
p a t i o n is not p o s s i b l e nor l i k e l y . A l t h o u g h the i o n i z a t i o n po t en t i a l s 
v a r y o v e r 0.4 e V , the Ep v a l u e s f a l l w i t h i n a v e r y n a r r o w r ange . T h e r e is 
no o b v i o u s c o r r e l a t i o n o f Ep a n d IP for th is g r o u p . 

F o r e l e c t r o c h e m i c a l l y i r r e v e r s i b l e sys tems , the Ep o f the r e s u l t i n g 
c y c l i c v o l t a m m e t r i c c u r v e is g i v e n b y 

Ep=f(E°',k8, a, n , D , ku v) 

w h e r e E°' is the f o r m a l p o t e n t i a l ( r e l a t ed to the re fe rence e l e c t r o d e ) , ks 

the h e t e r o g e n e o u s e l e c t r o n transfer rate constant , a is the e l e c t r o n 
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e o l I I I I I I I I I I I I ι I 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

PEAK POTENTIAL (V.) 

Figure 1. Correlation of peak potential (Ep) from cyclic voltammetry 
with vertical ionization potentials from photoelectron spectroscopy. 
Key: A, norbornane derivatives; B, mesocyclic and acyclic thioethers; 
• , neighboring group present; and · , neighboring group not present. 
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436 BIOLOGICAL REDOX COMPONENTS 

t ransfer coef f ic ien t , η is the n u m b e r o f e l ec t rons , D is the d i f fus ion 
coef f ic ien t , kt is the rate cons tan t for a n i r r e v e r s i b l e c h e m i c a l r e ac t i on 
f o l l o w i n g e l e c t r o n transfer, a n d ν is the rate o f p o t e n t i a l s can . T h e 
r a t e - d e t e r m i n i n g s tep m a y b e c o n t r o l l e d b y d i f fus ion , h e t e r o g e n e o u s 
e l e c t r o n transfer, the f o l l o w i n g c h e m i c a l r e a c t i o n , or a m i x e d process 
(59 ) . T h e c o r r e l a t i o n o f F i g u r e I B is p a r t i c u l a r l y r e m a r k a b l e b e 
cause the i n t e r a c t i n g sys t ems i n c l u d e cases r a n g i n g f rom q u a s i -
r e v e r s i b l e ( 1 0 " 2 cm/sec) (JO) to i r r e v e r s i b l e e l e c t r o n transfer . P o s s i b l y 
the n e i g h b o r i n g g r o u p c a n e f f e c t i v e l y so lva te the s u l f u r before e l e c 
t ron transfer, m i n i m i z i n g the necess i ty for so lven t r e o r g a n i z a t i o n dur 
i n g the e l e c t r o n transfer s tep , thus l e a d i n g to ou te r sphe re e l e c t r o n 
transfer. B y contras t , e x t e n s i v e r e o r g a n i z a t i o n w o u l d b e r e q u i r e d i n 
the n o n i n t e r a c t i n g or i s o l a t e d sys tems , r e s u l t i n g i n s l o w e l e c t r o n trans
fer. T h e p e a k p o t e n t i a l s for th is la t ter g r o u p are e s s e n t i a l l y i n d e p e n 
d e n t o f the t y p e o f e l e c t r o d e e m p l o y e d ( p l a t i n u m , g lassy c a r b o n , g o l d ) , 
s u g g e s t i n g that the p r o b l e m is i n t r i n s i c to the e l e c t r o n transfer i tself . 
T h i s q u e s t i o n is p r e s e n t l y u n d e r m o r e d e t a i l e d i n v e s t i g a t i o n . 

G o o d c o r r e l a t i o n w a s s h o w n (52) b e t w e e n p h o t o e l e c t r o n spec -
t r o s c o p i c a l l y d e t e r m i n e d i o n i z a t i o n po t en t i a l s a n d Ep for the i r r e v e r s i 
b l e o x i d a t i o n o f a series o f h o m o l e p t i c a l k y l m e t a l s . E l e c t r o n t ransfer 
w a s the r a t e - d e t e r m i n i n g s t ep a n d Ep w a s r e l a t e d to the a c t i v a t i o n free 
e n e r g y for ou t e r sphe re e l e c t r o n transfer . T h e s e c o n d i t i o n s m a y a l so b e 
t rue for the i n t e r a c t i n g sys t ems e v e n t h o u g h the o v e r a l l process is not 
a l w a y s i r r e v e r s i b l e . I n cont ras t to the w o r k i n R e f e r e n c e 52 , w h e r e 
a l k y l subs t i tuen t s h a v e a ra ther s t rong i n f l uence o n the i o n i z a t i o n p o 
t e n t i a l , w e o b s e r v e d a c h a n g e o f o n l y 0.5 e V as the subs t i tuen t s w e r e 
v a r i e d f rom m e t h y l to tert-butyl. T h i s r e s u l t is cons i s t en t w i t h the fact 
that the H O M O for the s u l f u r c o m p o u n d s is a n o n b o n d i n g o r b i t a l a n d 
therefore is less s ens i t i ve to C - S b o n d p e r t u r b a t i o n . 

T h e e l e c t r o n donor p rope r t i e s o f o rganosu l fu r a toms w e r e the sub 
j e c t o f n u m e r o u s s tud ies (60-64). T h e i o n i z a t i o n p o t e n t i a l m a y b e 
c a l c u l a t e d for w e a k cha rge transfer c o m p l e x e s 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 o f the cha rge t ransfer t r ans i t i on a c c o r d i n g to the s e c o n d -
o rde r p e r t u r b a t i o n t r ea tmen t o f ^ M u l l i k e n : 

hpCT=IPD-EA-£- + P (1) 

w h e r e IPD c o r r e s p o n d s to the i o n i z a t i o n p o t e n t i a l o f the d o n o r (a 
t h i o e t h e r i n th is case), EA is the e l e c t r o n aff ini ty o f the a c c e p t o r (tet-
r a c y a n o e t h y l e n e [ T C N E ] ) , RDA, i n the c o u l o m b i c t e r m , c o r r e s p o n d s to 
the m e a n separa t ion o f the d o n o r a n d accep to r , a n d Ρ is a s econd-o rde r 
p e r t u r b a t i o n t e r m t a k i n g re sonance in te rac t ions i n t o a c c o u n t (65 , 66). 
F o r s i m p l e sys t ems the las t th ree t e rms o f E q u a t i o n 1 are a s s u m e d to 
r e m a i n cons tan t g i v i n g the r e l a t i o n s h i p 
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18. COLEMAN ET AL. Aliphatic Thioethers as Models 437 

hvCT = mIPD + cons tan t (2) 

w h e r e m = 1. T a b l e I I a n d F i g u r e 2 s h o w the resu l t s o f these m e a s u r e 
men t s . I f the w a v e l e n g t h m a x i m u m for the cha rge transfer c o m p l e x 
(hvCT) is e x p r e s s e d i n e l e c t r o n vo l t s , t h e n the s l o p e c a l c u l a t e d f rom 
E q u a t i o n 2 w o u l d b e 0.84. S o m e s ign i f i can t d e v i a t i o n s f rom the l i n e 
are g e n e r a l l y endo-norbornane d e r i v a t i v e s i n w h i c h RDA p r o b a b l y has 
i n c r e a s e d d u e to s te r ic h i n d r a n c e . T h e w a v e l e n g t h m a x i m u m for the 
cha rge transfer c o m p l e x appears to b e s o l v e n t i n d e p e n d e n t b e c a u s e 
m e a s u r e m e n t s i n c h l o r o f o r m g i v e v a l u e s s i m i l a r to those i n m e t h y l e n e 
c h l o r i d e . 

Conformational Analysis of Thioethers 

T h e c lo se p r o x i m i t y o f n e i g h b o r i n g g r o u p s o f s e v e r a l c o m p o u n d s 
i n T a b l e I I was w e l l - e s t a b l i s h e d b y s i n g l e c r y s t a l x- ray c r y s t a l l o g -

9 . 0 ι 1 
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438 BIOLOGICAL REDOX COMPONENTS 

r a p h y . I t is neve r the l e s s o f in te res t to k n o w to w h a t ex ten t th i s b e h a v 
io r is r e f l ec t ed i n the e l e c t r o n transfer process . W e a p p l i e d force field 
( M M I ) (67) C N D O / 2 a n d M I N D O / 3 (68) c a l c u l a t i o n s to the con fo rma
t i o n a l ana lys i s o f m e s o c y c l i c d i t h ioe the r s (69) w h o s e x-ray s t ruc tures 
w e r e p r e v i o u s l y d e t e r m i n e d (70) . T h i s w o r k c o n f i r m e d the sugges t ion 
(19) that the o r b i t a l g e o m e t r y a n d no t the S - S d i s t ance p e r se deter
m i n e s the ex ten t o f the S - S i n t e r a c t i o n i n the g r o u n d state. T h e pes 
m e a s u r e m e n t s s h o w s p l i t t i n g s r e s u l t i n g f rom S - S in te rac t ions a n d , as 
T a b l e I I I i n d i c a t e s , there is no s i m p l e c o r r e l a t i o n b e t w e e n these v a l u e s 
a n d the S - S d i s t ance . T h e o r b i t a l g e o m e t r y is s h o w n i n F i g u r e s 3 a n d 
4 a n d , a l t h o u g h 5 i n d e e d has the shortest S - S d i s t ance , the f avo rab l e 
o r b i t a l o v e r l a p accoun t s for the o b s e r v e d s p l i t t i n g s . O u r s e m i e m p i r i c a l 
M I N D O / 3 S C F m o l e c u l a r o r b i t a l c a l c u l a t i o n s w i t h f u l l g e o m e t r i c op
t i m i z a t i o n s h o w that o x i d a t i o n to the ca t ion r a d i c a l a n d d i c a t i o n does 
not r e q u i r e major changes i n g e o m e t r y e x c e p t for a s ign i f i can t e v e n t u a l 
s h o r t e n i n g o f the S - S d i s t ance b y m o r e t h a n 1 Â . T h e a n t i b o n d i n g 
o r b i t a l has a s t rong d e s t a b i l i z i n g i n f l u e n c e o n the rather w e a k th ree-
e l e c t r o n b o n d , w h o s e e n e r g y was e s t i m a t e d at 4 0 - 1 2 0 k j / m o l (19) . 
T h u s , the u n u s u a l e l e c t r o c h e m i c a l b e h a v i o r o f 5 is d u e to a t r a n s a n n u -
la r i n t e r a c t i o n that is s t rong e n o u g h to s t a b i l i z e the p o s i t i v e cha rge o n 
the su l fu r b u t w e a k e n o u g h to p e r m i t r e v e r s i b l e e l e c t r o n transfer. 

Table III. Structural Aspects of Mesocyclic Polythioethers 

Compounds S-S Distance (x-ray) (À) S - S Splitting0 (eV) 

3 
5 
6 
7 

3.58 
3.44* 
4.11 
4 .86 

0.01 
0.43 
0.10 
0.15 

a Determined from photoelectron spectroscopy. 
* From Ref. 71. 

Figure 3. Schematic drawings showing the orientation of the sulfur 
atoms in Compounds 3, 6, and 7. 
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18. COLEMAN ET AL. Aliphatic Thioethers as Models 439 

Figure 4. Schematic drawing of sulfur atom orientation in Com
pound 5. 

Thioether redox chemistry in biological systems may involve the 
rather strict conformational requirements exhibited by the model sys
tems studied. Successful resolution of these questions must await the 
more detailed spectroscopic examination of intermediates now in 
progress. 
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19 
Spectroelectrochemical Examination 
of the Reactions of Chlorpromazine 
Cation Radical with 
Physiological Nucleophiles 

J. S. MAYAUSKY, H. Y. CHENG, P. H. SACKETT, 
and R. L. McCREERY 

The Ohio State University, Department of Chemistry, Columbus, OH 43210 

Previously, the reactions of cation radicals derived from 
phenothiazine drugs were examined using conventional 
spectrophotometry and liquid chromatography. The 
time scale of the techniques limited the pH range to 5 
and below, where the reactions were slow enough to 
monitor accurately. In the present work, the pH range 
was extended to 4 to 9 using a reflective spectroelec
trochemical technique. Reactions of chlorpromazine ca
tion radical with acetate, phosphate, and citrate buffer 
were examined as a function of pH and buffer concentra
tion. The observed rate was critically dependent on 
which buffer species were present and on the degree of 
protonation for polyprotic buffers. The dianions of phos
phate and citrate had rates that were 62 and 330 times 
faster than the monoanions, all else being equal. This 
rate difference may be due to the ability of the buffer to 
simultaneously interact with two radicals, thus promot
ing charge transfer. 

T j r u g s b a s e d o n the p h e n o t h i a z i n e n u c l e u s , p a r t i c u l a r l y c h l o r 
p r o m a z i n e ( C P Z ) , h a v e b e c o m e the major class o f a n t i p s y c h o t i c s 

for the t r ea tmen t o f m e n t a l d i so rde r s , i n c l u d i n g s c h i z o p h r e n i a . T h e 
i m p a c t o f the ex i s t ence o f these d rugs o n the t r ea tmen t o f m e n t a l i l l 
ness has b e e n e n o r m o u s , w i t h the n e e d for i n s t i t u t i o n a l care of ten 
b e i n g e l i m i n a t e d t h r o u g h p r o p e r d r u g the rapy . T h e c l i n i c a l i m p o r -

0065-2393/82/0201-0443$06.00/0 
© 1982 Amer ican C h e m i c a l Society 
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t ance o f the p h e n o t h i a z i n e s has s p a w n e d a la rge n u m b e r o f r e sea rch 
efforts on t h e i r c h e m i s t r y , p h a r m a c o l o g y , ana lys i s , a n d m e t a b o l i s m . 
S e v e r a l r e v i e w s o f th is w o r k h a v e a p p e a r e d , b o t h i n m e d i c a l a n d i n 
c h e m i c a l p u b l i c a t i o n s (1-3). 

O f p a r t i c u l a r r e l e v a n c e to the p resen t d i s c u s s i o n are i nves t i ga t i ons 
o f the ca t ion r a d i c a l o f C P Z a n d r e l a t e d d rugs f o r m e d u p o n the re
m o v a l o f one e l e c t r o n f r o m the r i n g s y s t e m . T h e ca t i on r a d i c a l a n d 
o ther o x i d i z e d forms h a v e b e e n e x a m i n e d i n s o m e d e t a i l f r om b o t h 
b i o l o g i c a l a n d s t r i c t l y c h e m i c a l s t a n d p o i n t s . T h e in te res t i n the r a d i c a l 
s tems f rom th ree g e n e r a l p o i n t s . F i r s t , C P Z forms a c a t i o n r a d i c a l (4,5) 
that is s i m i l a r to those o f p o l y n u c l e a r a roma t i c s (e.g. , an th r acen e a n d 
t h i a n t h r e n e ) , a n d is therefore a n e x a m p l e o f a class o f w i d e l y s t u d i e d 
h e t e r o c y c l i c r a d i c a l ions . T h e cha rac te r i s t i c s a n d reac t ions o f these 
m o l e c u l e s h a v e b e e n s t u d i e d i n some d e t a i l , b u t ques t ions r e m a i n 
a b o u t w h a t factors affect r a d i c a l b e h a v i o r . U n l i k e d i p h e n y l a n t h r a c e n e 
a n d t h i a n t h r e n e , the 10 - subs t i t u t ed p h e n o t h i a z i n e s fo rm r e l a t i v e l y 
s t ab le r a d i c a l s i n a q u e o u s so lu t ions , b u t the reasons for th is s t a b i l i t y are 
not c l ea r . S e c o n d , the ca t ion r a d i c a l o f C P Z is b e l i e v e d to b e a k e y 
i n t e r m e d i a t e i n the m e t a b o l i s m o f the d r u g (6 , 7). R a d i c a l i o n pa th 
w a y s h a v e b e e n p r o p o s e d i n the fo rma t ion o f t w o o f the th ree major 
m e t a b o l i t e s , the s u l f o x i d e a n d r i n g h y d r o x y l a t e d spec i e s , a n d a r a d i c a l 
has b e e n d e t e c t e d b y E S R i n pa t ien ts b e i n g t r e a t ed w i t h C P Z (8). 
T h i r d , the C P Z r a d i c a l ( C P Z + * ) has a v a r i e t y o f effects o n b i o l o g i c a l 
sys t ems , i n c l u d i n g e n z y m e s (9) , D N A (10) , a n d m e m b r a n e s ( J J ) . 
C P Z + m a y b e r e s p o n s i b l e for some o f the s ide effects o f C P Z treat
m e n t , or e v e n for the d e s i r e d a n t i p s y c h o t i c effect (4, 6,12). I n a n y case , 
the r a d i c a l is v e r y l i k e l y to b e f o r m e d i n v i v o , a n d its b e h a v i o r is l i k e l y 
to b e i m p o r t a n t to the m e t a b o l i s m a n d a c t i v i t y o f the pa ren t d r u g . 

U n t i l 1975 , the great ma jo r i t y o f w o r k o n p h e n o t h i a z i n e r a d i c a l 
ions was c a r r i e d ou t i n s t rong a q u e o u s a c i d s (e.g. , 4 M H 2 S O 4 ) to 
s t a b i l i z e the r a d i c a l e n o u g h to o b t a i n s p e c t r o s c o p i c or k i n e t i c da ta 
(13). M o s t w o r k e r s c o n c l u d e d that the d e c a y o f C P Z + w a s s e c o n d o rde r 
a n d r e s u l t e d f r o m d i s p r o p o r t i o n a t i o n o f the r a d i c a l to C P Z a n d C P Z 
s u l f o x i d e . H o w e v e r , the k i n e t i c s w e r e no t s t r a igh t fo rward , a n d the 
s t a b i l i t y o f the r a d i c a l w a s h i g h l y d e p e n d e n t o n the s o l u t i o n e n v i r o n -
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19. MAYAUSKY ET AL. Chlorpromazine Cation Radical Reactions 445 

m e n t for reasons that w e r e not c l ea r . A n e x c e l l e n t e x a m i n a t i o n o f 
1 0 - p h e n y l p h e n o t h i a z i n e c a t i o n r a d i c a l i n a c e t o n i t r i l e a n d p y r i d i n e 
r e v e a l e d that the r a d i c a l d i d no t d i sp ropo r t i ona t e b u t w a s a t t a cked 
d i r e c t l y b y a v a i l a b l e n u c l e o p h i l e s (14 ) . T h i s r e su l t i n d i c a t e s that the 
p r e v i o u s w o r k o n r a d i c a l ions o f p h e n o t h i a z i n e d rugs i n a q u e o u s s o l u 
t i o n war ran t s r e e x a m i n a t i o n . 

I n a d d i t i o n to w o r k s p e c i f i c a l l y r e l a t e d to p h e n o t h i a z i n e d rugs , 
o ther h e t e r o c y c l i c r a d i c a l ions h a v e b e e n s t u d i e d e x t e n s i v e l y i n 
n o n a q u e o u s m e d i a . T h e vas t ma jo r i ty i n d i c a t e that the r a d i c a l ions 
react a c c o r d i n g to R e a c t i o n s 1 -3 , w h e r e A + is the i n i t i a l r a d i c a l i o n a n d 
Ζ is a n u c l e o p h i l e . 

A + + Z ^ Α Ζ + · (1) 

A Z + + A + A Z 2 + + A (2) 

A Z 2 + p r o d u c t s (3) 

A 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 s 4 - 6 , 

2Α+· - * A + A 2 + (4) 

A 2 ~ + Ζ -+ A Z 2 + (5) 

A Z 2 + - » p r o d u c t s (6) 

w o u l d l e a d to the s ame o v e r a l l s t o i c h i o m e t r y , b u t the r e a c t i v e spec i e s 
for the d i s p r o p o r t i o n a t i o n case is a d i c a t i o n ra ther t h a n a ca t ion r a d i c a l . 

G i v e n this b a c k g r o u n d , o u r l abora to ry i n v e s t i g a t e d the k i n e t i c s 
a n d m e c h a n i s m o f the reac t ions o f p h e n o t h i a z i n e r a d i c a l s i n a q u e o u s 
s o l u t i o n i n the p H range 2 - 7 . T h e r a d i c a l s w e r e d e r i v e d f rom c h l o r 
p r o m a z i n e a n d o ther c l i n i c a l l y i m p o r t a n t p h e n o t h i a z i n e s , a n d the 
o ther s o l u t i o n cons t i tuen t s w e r e r e s t r i c t e d to p h y s i o l o g i c a l l y o c c u r r i n g 
ma te r i a l s . T h e ob jec t ives o f th i s a p p r o a c h w e r e as f o l l o w s : (1) de ter 
m i n a t i o n o f the p r o d u c t d i s t r i b u t i o n o f c a t i o n r a d i c a l reac t ions as a 
f u n c t i o n o f m e d i u m , p H , a n d r a d i c a l s t ruc tu re ; (2) o b s e r v a t i o n o f the 
rate o f r a d i c a l d e c a y o v e r a w i d e r ange o f c o n d i t i o n s ; a n d (3) estab
l i s h m e n t o f a r e a c t i o n m e c h a n i s m for r a d i c a l d e c a y a n d c l a r i f i c a t i on o f 
h o w r a d i c a l s t ruc tu re or r e a c t i o n m e d i u m affects th is m e c h a n i s m . 

P r e v i o u s repor t s d e m o n s t r a t e d that the p r o d u c t s o f a p h e n o 
t h i a z i n e ca t ion r a d i c a l r e a c t i o n i n a q u e o u s s o l u t i o n are h i g h l y de 
p e n d e n t o n b o t h the s t ruc tu re o f the r a d i c a l a n d o n the i d e n t i t y o f 
n u c l e o p h i l e s i n the r eac t i on m e d i u m . F o r C P Z + i n p h o s p h a t e or car-
b o x y l a t e buffers, 1 m o l o f r a d i c a l reacts to fo rm 0.5 m o l e a c h o f C P Z 
a n d c h l o r p r o m a z i n e s u l f o x i d e (15) . I f a n a m i n e is p resen t i n the m e 
d i u m , p a r t i c u l a r l y a n a m i n e w i t h a l o w ρ Κ « , r i n g h y d r o x y l a t i o n o c c u r s 
a n d the y i e l d o f s u l f o x i d e is s u b s t a n t i a l l y b e l o w 5 0 % (16) . I f a 
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446 BIOLOGICAL REDOX COMPONENTS 

p i p e r a z i n e r i n g is i n c l u d e d i n the s i d e c h a i n (as i n fluphenazine), 
h y d r o x y l a t i o n is o b s e r v e d regard less o f the buffer e m p l o y e d (17). 
F i n a l l y , s u b s t i t u t i o n at the 2 - p o s i t i o n does not affect p r o d u c t d i s t r i b u 
t i o n , nor does d e m e t h y l a t i o n o f the C P Z s i d e - c h a i n a m i n e (18). 

T h e resu l t s p e r m i t the c o n c l u s i o n that the r a d i c a l w i l l e i the r b e 
h y d r o x y l a t e d or f o r m s u l f o x i d e , d e p e n d i n g o n the p re sence o f n u -
c l e o p h i l i c , d e p r o t o n a t e d a m i n e s . I n C P Z , the s i d e - c h a i n n i t r o g e n ρ Κ α 
is h i g h (9.30) a n d is u n l i k e l y to b e i n v o l v e d i n n u c l e o p h i l i c attack. 
T h e r e f o r e , the i m p o r t a n t n u c l e o p h i l e s are buffer c o m p o n e n t s a n d o n l y 
s u l f o x i d e a n d pa ren t c o m p o u n d are o b s e r v e d as p r o d u c t s i n phos 
pha t e , c i t ra te , or acetate m e d i u m . H o w e v e r , w h e n n u c l e o p h i l i c 
a m i n e s are present , e i t he r as a buffer c o m p o n e n t [e .g. , N - m o r p h o -
l i n o e t h a n e s u l f o n i c a c i d ( M E S ) , ρ Κ α = 6.2] or i n the r a d i c a l ' s o w n s ide 
c h a i n (e.g., fluphenazine, p ^ = 3.9), h y d r o x y l a t i o n is o b s e r v e d (17). 
F o r a n a m i n e to at tack the r a d i c a l a n d cause h y d r o x y l a t i o n its ρ Κ α m u s t 
b e l o w e n o u g h so a suff ic ient f rac t ion o f the a m i n e is d e p r o t o n a t e d to 
c o m p e t e w i t h other , n o n a m i n e n u c l e o p h i l e s . T h e d e t a i l s o f the h y 
d r o x y l a t i o n process are not k n o w n , b u t the s u l f o x i d e a n d h y d r o x y l a t e d 
d e r i v a t i v e s are t w o o f the th ree major classes o f m e t a b o l i c p r o d u c t s i n 
v i v o . 

B e c a u s e the s t o i c h i o m e t r y o f the r e a c t i o n o f the r a d i c a l i n c a r b o x y -
la te o r p h o s p h a t e buffers w a s e s t a b l i s h e d q u a n t i t a t i v e l y , the k i n e t i c s 
a n d m e c h a n i s m s o f the d e c a y o f s e v e r a l r a d i c a l s w e r e e x a m i n e d i n 
d e t a i l i n these m e d i a (15, 16, 18). T h e o v e r a l l r e a c t i o n is g i v e n b y 
E q u a t i o n 7, w h e r e C P Z O represents C P Z s u l f o x i d e . S y n t h e t i c r a d i c a l 
p e r c h l o r a t e sal t ( p r e p a r e d e l e c t r o c h e m i c a l l y ) w a s d i s s o l v e d i n a p p r o 
p r i a t e s o l u t i o n , a n d the d e c a y 

o f C P Z + ' was m o n i t o 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 at 5 2 5 n m . C a r e f u l 
ana lys i s o f the d e c a y k i n e t i c s c o n f i r m e d that the r eac t i on w a s s e c o n d 
o rder , b u t that i t d i d not i n v o l v e a d i s p r o p o r t i o n a t i o n . T h e buffer a n i o n 
a c t e d as a ca ta lys t , w i t h the m e c h a n i s m b e i n g r e p r e s e n t e d b y R e a c 
t ions 8 - 1 0 , w h e r e B " is buffer a n i o n . 

2 C P Z + + H 2 0 - » C P Z + C P Z O + 2 H + (7) 

C P Z + + B - ^ ( C P Z B ) -

( C P Z B ) - + C P Z + d = ± ( C P Z B ) + + C P Z 
k.9 i_9 

(8) 

(9) 

H 2 0 + ( C P Z B ) + C P Z O + H B + H + (10) 

T h e rate l a w for th is r e a c t i o n is g i v e n b y E q u a t i o n l l 1 

1 The involvement of water in Reaction 10 dictates that the rate law involve water 
as a reagent. For the sake of clarity, k10 will be assumed to include the water term. So 
wherever k10 appears, it in fact equals k[0 [H20]. 
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19. MAYAUSKY ET AL. Chlorpromazine Cation Radical Reactions 447 

d[CPZ+] _ -2K8UIQ[B-][CPZ^]2

 N N 

dt k.9[CPZ] + k10

 U A ; 

T h e o r i g i n a l repor t s s h o u l d b e c o n s u l t e d for the d e t a i l s o f th is r e a c t i o n 
b u t s e v e r a l i m p o r t a n t p o i n t s de se rve c o m m e n t . F i r s t , a d i s p r o p o r t i o n a 
t i on o f r a d i c a l to d i c a t i o n w a s r u l e d ou t for a l l the sys t ems s t u d i e d , a n d 
the m e c h a n i s m is cons i s ten t w i t h reac t ions o f o ther r a d i c a l ions i n 
n o n a q u e o u s m e d i a (14 , 19) . S e c o n d , the buffer n u c l e o p h i l e g r ea t l y 
acce le ra tes the r e a c t i o n r e l a t i v e to that i n p l a i n wate r . T h e h a l f - l i f e o f 
C P Z + * i n w a t e r at p H 7 ( u s i n g a p H stat w i t h no buffer) is 4 m i n (16) , 
a n d the ha l f - l i f e i n p H 7 p h o s p h a t e buffer is a p p r o x i m a t e l y 100 m s . 
T h e r e f o r e , w a t e r is a p o o r n u c l e o p h i l e for th i s r e a c t i o n , a n d the r a d i c a l 
w i l l b e a t t a c k e d b y e v e n w e a k e r n u c l e o p h i l e s s u c h as phospha te s a n d 
c a r b o x y l a t e s i f t h e y are present . T h i r d , p r o t o n a t i o n o f B ~ r e d u c e s the 
free B " c o n c e n t r a t i o n , s l o w i n g the rate at l o w e r p H . I n the w o r k p r e 
s en t ed so far, the p H range w a s l i m i t e d to the r e g i o n f r o m 2 to 5, 
b e c a u s e the rate at h i g h e r p H w a s too fast to m o n i t o r b y c o n v e n t i o n a l 
s p e c t r o p h o t o m e t r y . T h e p H d e p e n d e n c e resu l t s f r o m p r o t o n loss i n 
R e a c t i o n 8. B e c a u s e R e a c t i o n 8 is i n e q u i l i b r i u m , the case w h e r e 
H P 0 4

2 ~ at tacks c a n n o t b e d i s t i n g u i s h e d k i n e t i c a l l y f rom the case 
w h e r e H 2 P 0 4 ~ at tacks w i t h loss o f a p r o t o n . F o u r t h , t he r a d i c a l fo rms a 
c o v a l e n t a d d u c t w i t h the n u c l e o p h i l e , w h i c h e v e n t u a l l y h y d r o l y z e s to 
regenera te buffer . T h u s , the m o s t l i k e l y fate o f the r a d i c a l i n a p h y s i o 
l o g i c a l e n v i r o n m e n t is at tack b y b i o l o g i c a l l y o c c u r r i n g n u c l e o p h i l e s , 
pe rhaps p e p t i d e s f rom r ecep to r sites. F i f t h , s u b s t i t u t i o n o f C P Z at the 
2 - p o s i t i o n changes the rate i n a p r e d i c t a b l e f a sh ion p r o v i d e d the 
m e c h a n i s m is the same (18) . E l e c t r o n - w i t h d r a w i n g subs t i tuen t s i n 
crease the rate o f r eac t ion b e c a u s e the r a d i c a l b e c o m e s m o r e e l e c -
t r o p h i l i c . 

T h e m a i n o b j e c t i v e o f the n e w resu l t s p r e s e n t e d i n the f o l l o w i n g 
sec t ion w a s to e x t e n d the k i n e t i c ana lys i s o f r a d i c a l d e c a y to the p H 
range 2 - 9 . I n a d d i t i o n to the grea ter p h y s i o l o g i c a l i m p o r t a n c e o f these 
resu l t s , t he factors a f fec t ing n u c l e o p h i l e r e a c t i v i t y c a n b e e l u c i d a t e d . 

Experimental 

T h e technique used to determine the reaction rate o f C P Z + * decay i n 
buffers of near neutral p H was a combinat ion of the approach used by Blount 
(20) and a recently developed reflective spectroelectrochemical technique 
(21) . A light beam reflected off a glassy carbon electrode immersed i n solu
tion was used to monitor C P Z + * generated at the electrode ( X m a x = 525 nm). 
The absorbance vs. t ime transient occurring after the beg inn ing of elec
trolysis was recorded i n the absence and i n the presence of a nucleophi le . In 
al l cases where nucleophi le was absent, the A vs. t1/2 plot was linear, as ex
pected for an uncomplicated diffusion-controlled generation of chromophore. 
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448 BIOLOGICAL REDOX COMPONENTS 

In the presence of a nucleophi le (phosphate, citrate, or acetate) the 
absorbance was smaller than the uncomplicated case, because the C P Z + " 
generated at the electrode reacted to form uncolored products ( C P Z + 
C P Z O ) . The ratio of the absorbance w i t h reaction to that without reaction w i l l 
be referred to as normal ized absorbance, A n . The shape of an A n vs. t ime (or 
log t) plot was characteristic of the rate and mechanism of the reaction be
tween C P Z + and nucleophi le . Comparisons of experimental and theoretical 
A n vs. log t plots a l lowed determination of observed rate constants for 
CPZ + " /nuc l eoph i l e reactions having t ime scales i n the 10-m s to 10-s range. 

When C P Z + is generated from reduced C P Z at an electrode, the reaction 
sequence is the same as that i n Equations 8-10, except that Reaction 8 is 
preceded by the one-electron oxidation of C P Z . The decay of C P Z + ' after 
electrogeneration was simulated wi th well-established finite difference 
methods, us ing the fact that the observed quantity is the integral of the C P Z + 

concentration throughout the diffusion layer (20). When the rate law (Equa
tion 12) is converted to a finite difference form one obtains 

AFRj _ - 2 U E R / , m 

àt " FCj + X U ; 

where FRj is the fractional radical concentration (relative to bulk C P Z ) ; FCj is 
the fractional C P Z concentration (relative to bulk); kobs is the observed rate 
constant, equal to lQK 9 fc 1 0 [B~] where K9 = k9/k-9; and X equals k10/k-9-
[ C P Z ] b u l k . Working curves of A n vs. log (knbst) were calculated based on Equa
tion 12, w i th the absorbance be ing determined from the integrated concen
tration in a l l boxes. The value of kl0/k„9, and therefore X , was calculated 
from homogeneous kinet ic data obtained at lower p H for a l l three nucleo
philes examined here (15, 16). 

In a l l cases, the absorbance of the reflected beam was monitored at 525 nm 
after a potential step corresponding to diffusion-controlled generation of 
C P Z + . The C P Z cation radical was the only solution component that absorbed 
l ight at this wavelength. Since C P Z and similar drugs adsorb significantly on 
sol id electrodes, it was necessary to add 50% by volume of methanol to the 
aqueous buffers to el iminate adsorption. It was verified that the stoichiometry 
of the reaction was unchanged in this med ium. Spectrophotometric examina
tion of the decay kinetics i n 50% m e t h a n o l - H 2 0 , using the approach described 
previously (15), revealed that the mechanism was quali tat ively unchanged 
from purely aqueous solution. Plots of l/kobs

 v s - [ C P Z ] (15) revealed that the 
value kl0/k-9 i n 50% methanol was 2.8 χ 10~ 3 for citrate at p H 2.46, 43 χ 10" 3 

for phosphate at p H 3.14, and 0 for acetate ( p H 3.4). These values are some
what larger than those i n water, and w i l l be used i n a l l subsequent calcula
tions. The pKa values of the buffers employed were determined i n 50% 
methanol by p H titration and were as follows: acetate pKa, 5.20; phosphate 
p K j , 3.30; phosphate p K 2 , 7.65; phosphate p K 3 , 11.75; citrate pKt = 3.70; 
citrate p K 2 , 5.30; citrate pK^, 6.85. The use of 50% methanol solutions for both 
the titration and kinet ic experiments ensures that species distributions can be 
accurately calculated from these p K a values. However , 100% aqueous buffers 
were used for meter calibrations i n this work so that p H and pKa values are 
internally consistent but shifted slightly i n the absolute sense. In a l l experi
ments the ionic strength was adjusted to 0.2 M wi th N a C l . Kine t ic runs were 
conducted at ambient temperature, 23 ± 1°C, w i t h the total buffer concentra
tion at least an order of magnitude greater than the bulk C P Z concentration. 
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19. MAYAUSKY ET AL. Chlorpromazine Cation Radical Reactions 449 

Results 

T y p i c a l abso rbance vs . t i m e t rans ients for the e l e c t r o g e n e r a t i o n o f 
C P Z + * are s h o w n i n F i g u r e 1. I n the absence o f a n u c l e o p h i l e the 
c u r v e has the t1/2 b e h a v i o r ( C u r v e 1) e x p e c t e d for a s t ab le e l e c t r o g e n -
e r a t e d c h r o m o p h o r e . W h e n p h o s p h a t e is p resen t , the abso rbance is 
l o w e r d u e to d e c a y o f e l e c t r o g e n e r a t e d C P Z + * . T h e d e c a y rate i n 
creases w i t h p H as s h o w n i n C u r v e s 2 - 4 . F i g u r e 2 c o m p a r e s p lo t s o f 
n o r m a l i z e d abso rbance vs . l o g kt for s e v e r a l k i n e t i c cases w i t h the 
e x p e r i m e n t a l p o i n t s for p h o s p h a t e buffer . C u r v e 3 s h o w s the w o r k i n g 
c u r v e for a first-order r e a c t i o n , as w o u l d b e o b s e r v e d i f R e a c t i o n 8 w e r e 
rate l i m i t i n g . C u r v e 2 is the case for X = 0, w h i c h c o r r e s p o n d s to 
Reac t i ons 8 a n d 9 i n e q u i l i b r i u m , w i t h R e a c t i o n 10 rate l i m i t i n g . 
C u r v e 2 w o u l d a l so b e o b s e r v e d for a d i s p r o p o r t i o n a t i o n o f C P Z + " to 
C P Z a n d C P Z + 2 f o l l o w e d b y r e a c t i o n o f C P Z + 2 . C u r v e 1 is a p l o t for X 
= 8.3, the v a l u e c a l c u l a t e d f r o m the k10/k-9 ra t io for p h o s p h a t e de ter 
m i n e d f rom c o n v e n t i o n a l 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 s . T h e p o i n t s are 
e x p e r i m e n t a l resu l t s for s e v e r a l p H v a l u e s i n p h o s p h a t e buffer , w h i c h 

ι » ι I I I I I 1 1 
1 2 3 4 5 6 7 8 9 10 

T i m e (s) 

Figure 1. Experimental absorbance vs. time curves (single runs) for 
5.0 m M C P Z in 50% MeOHIH20 solutions. The potential step was from 
0 to +0.8 V vs. S C E , the observation wavelength was 525 nm, and the 
input beam angle was 3.2°. The medium for Curve 1 was 0.2 M NaCl; 
Curves 2, 3, and 4 were 0.02 F phosphate buffer at pH 3.0, 5.0, and 7.0, 

respectively. 
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450 BIOLOGICAL REDOX COMPONENTS 

log (kt) 

Figure 2. Comparison of theoretical vs. observed normalized ab
sorbance vs. log (k o 6 e t) . Curve 1 was calculated from Equation 13 with 
X = 8.3, and Curve 2 was calculated from the same equation with X = 0. 
Curve 3 was calculated for a reaction that was first order in C P Z + ' . Points 
are experimental values in conditions corresponding to the theoretical 
Curve 1 (0.02 F phosphate buffer, X = 8.3), at various pH values. Key: O, 

pH 4.20; X, pH 5.45; Δ , pH 6.4; • , pH 7.12; and · , pH 7.41. 

w e r e fit to C u r v e 1 b y a d j u s t i n g &o b s . T h e b u l k C P Z c o n c e n t r a t i o n u s e d 
e x p e r i m e n t a l l y w a s that u s e d to c a l c u l a t e the X v a l u e a p p r o p r i a t e to 
C u r v e 1. T h u s , o n c e a n e x p e r i m e n t a l An v s . t t rans ien t is a v a i l a b l e , kobs 

m a y b e c a l c u l a t e d b y c o m p a r i s o n w i t h C u r v e 1, or one l i k e i t co r re 
s p o n d i n g to the X v a l u e a p p r o p r i a t e to the buffer e m p l o y e d . 

T h e p r o c e d u r e i l l u s t r a t e d i n F i g u r e 2 was u s e d to d e t e r m i n e o b 
s e r v e d rate constants for reac t ions o f C P Z + " w i t h c i t ra te , p h o s p h a t e , a n d 
aceta te buffers as a func t ion o f p H . F o r cases w h e r e Χ Φ 0 (ci trate a n d 
phospha t e ) , the v a l u e K8k9 c o u l d b e c a l c u l a t e d f rom kohs, X , a n d the 
b u l k C P Z concen t r a t i on . F o r the case w h e r e X = 0 (acetate) o n l y the 
o v e r a l l cons tan t Κ8Κ^ί0 c o u l d b e d e t e r m i n e d . V a l u e s for fc0bs are l i s t e d 
i n T a b l e I for the th ree n u c l e o p h i l e s e x a m i n e d . O b s e r v e d rate c o n 
stants are p r e s e n t e d i n g r a p h i c a l fo rm i n F i g u r e 3 o v e r the p H range 4 
to 9. A b o v e p H 9 C P Z w i l l not d i s s o l v e s i g n i f i c a n t l y a n d m e a n i n g f u l 
resu l t s w e r e not o b t a i n e d . F i g u r e 4 s h o w s the d e p e n d e n c e o f kobs o n 
to ta l buffer concen t r a t i on at p H 7. 
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19. MAYAUSKY ET AL. Chlorpromazine Cation Radical Reactions 451 

T a b l e L O b s e r v e d S p e c t r o e l e c t r o c h e m i c a l R a t e C o n s t a n t s for 
C P Z + D e c a y 

Acetate Phosphate Citrate 
(0.2 F ) (0 .025 F ) (0 .005 F ) 

pH KtoiM-'s'1) pH pH kobs 

3.96 0 .029 4 .30 0.23 3.61 0 .035 
4 .45 0 .076 4 .40 0 .230 4 .05 0 .238 
5.0 0 .197 4 .88 0 .343 4 .50 0 .579 
5.5 0 .337 5.00 0 .439 5 .05 1.49 
6.0 0 .425 5.25 0 .697 5.53 2 .79 
6.5 0 .495 5 .75 1.10 6.00 4 .95 
7.0 0 .562 6.5 5.04 6 .40 5.01 
7.5 0 .510 6.9 17.2 6.60 6.09 

7.0 20 .3 6.92 6.24 
7.5 44 .9 7.26 6.16 
7.7 67 .0 7 .80 6.18 
7.75 67 .7 
8.00 75 .5 
8.20 75 .7 
8.70 80.4 
9.1 80 .7 

Discussion 

T h e a g r e e m e n t b e t w e e n t heo ry a n d e x p e r i m e n t s h o w n i n F i g u r e 2 
i n d i c a t e s that s p e c t r o e l e c t r o c h e m i c a l resu l t s are cons is ten t w i t h the 
m e c h a n i s m o f R e a c t i o n s 8 - 1 0 . T h e s p e c t r o e l e c t r o c h e m i c a l response 
c a n b e u s e d to d i s c r i m i n a t e b e t w e e n first- a n d second -o rde r reac t ions , 
b u t p r e v i o u s w o r k e r s d e m o n s t r a t e d that the response is not p a r t i c u 
l a r l y sens i t ive to less o b v i o u s changes i n k i n e t i c pa ramete r s , s u c h as 
the r a t e - d e t e r m i n i n g s tep. I n the p resen t m e t h o d , h o w e v e r , a d d i t i o n a l 
c h e c k s be s ide s c u r v e shape are a v a i l a b l e to e s t a b l i s h the v a l i d i t y o f the 
resu l t s . A g r e e m e n t w i t h s p e c t r o p h o t o m e t r i c da ta o b t a i n e d at l o w e r p H 
va lue s suppor t s the c o n c l u s i o n that the m e c h a n i s m at p H 7 is the same 
as that at l o w e r p H v a l u e s . T h u s , the s p e c t r o 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 is not b e i n g u s e d to d e t e r m i n e a m e c h a n i s m , b u t to a l l o w m e a 
su remen t s i n a shorter t i m e d o m a i n . T h e resu l t s s h o w n i n F i g u r e 2 d o 
not b y t h e m s e l v e s e s t a b l i s h the m e c h a n i s m , b u t c o m b i n e d w i t h da t a 
f rom other m e t h o d s , i n d i c a t e that the o b s e r v e d rate constants are 
m e a n i n g f u l n u m b e r s r e f l e c t i ng rates o f r eac t i on . A d d i t i o n a l s u p p o r t for 
the v a l i d i t y o f the s p e c t r o e l e c t r o c h e m i c a l resu l t s is p r o v i d e d b y F i g 
u re 4. T h i s f igure demons t ra tes the e x p e c t e d f irs t-order d e p e n d e n c e o n 
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452 BIOLOGICAL REDOX COMPONENTS 

Figure 3. Observed rate constants vs. pH for citrate, phosphate, and 
acetate buffers (ionic strength = 0.2). Key: · , 0.025 F phosphate; O , 

0.005 F citrate; and A, 0.2 F acetate. 
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19. MAYAUSKY ET AL. Chlorpromazine Cation Radical Reactions 453 

buffer ( n u c l e o p h i l e ) c o n c e n t r a t i o n a n d the l i n e a r i t y , at v e r y l o w to ta l 
c o n c e n t r a t i o n , reflects the c a t a l y t i c na tu re o f the buffer . 

K i n e t i c resu l t s o b t a i n e d o v e r the w i d e p H range p e r m i t s eve ra l 
c o n c l u s i o n s a b o u t the a c t i v e fo rm o f the n u c l e o p h i l e i n v o l v e d i n the 
r eac t i on . W i t h acetate i o n , the l o g kohs v s . p H p l o t ( F i g u r e 3) s h o w s a 
b r e a k at the pKa for a ce t i c a c i d a n d a p H i n d e p e n d e n t r e g i o n a b o v e 
th is v a l u e . W h e n K8K9k10 is c a l c u l a t e d f rom kohs b y d i v i d i n g b y free 
acetate c o n c e n t r a t i o n , the v a l u e is cons tan t to 1 0 % o v e r the p H range 
4 - 8 . T h e cons tant v a l u e o f KgK9k10 c a l c u l a t e d for th i s r ange i n d i c a t e s 
that the p H effect o n kohs is c a u s e d s o l e l y b y changes i n free acetate 
c o n c e n t r a t i o n , a n d that the en t i r e d e c a y c a n b e e x p l a i n e d b y n u 
c l e o p h i l i c a t tack o f C P Z + ' b y acetate i o n . E v e n at p H 7, reac t ions o f 
o ther n u c l e o p h i l e s , s u c h as wa te r , h y d r o x i d e , or the C P Z s i d e c h a i n , 
are u n d e t e c t a b l e c o m p a r e d to the acetate r eac t i on . 

Q u a l i t a t i v e l y s i m i l a r b e h a v i o r w a s o b s e r v e d for p h o s p h a t e , w i t h 
the rate a b o v e p K 2 b e i n g p H i n d e p e n d e n t . I n the p H range 8 - 9 , 
H P 0 4 ~ is c l e a r l y the a c t i v e f o r m o f to ta l p h o s p h a t e a n d P 0 4

3 " p r o v i d e s 
no o b s e r v a b l e c o n t r i b u t i o n . I n the p H r e g i o n 6 - 7 , the o b s e r v e d rate 
reflects the v a r i a t i o n i n H P 0 4

2 ~ c o n c e n t r a t i o n w i t h p H , a n d is cons is 
tent w i t h Η Ρ 0 4

2 " at tack o f C P Z + w i t h o u t p r o t o n loss . B e l o w p H 6 the 
rates are too fast to b e a c c o u n t e d for s o l e l y b y H P 0 4

2 " , so H 2 P 0 4 m u s t 
c o n t r i b u t e to the rate. T h e o b s e r v e d rate is therefore g o v e r n e d b y 

fcobsCr = W o 4 - [ H 2 P 0 4 - ] + *ΗΡΟ4'-[ΗΡ04

2-] (13) 

a n d 

Kbs = « 1 ^ H 2 P 0 4 - + « 2 & Η Ρ θ 4 2 - (14) 

w h e r e CT is to ta l p h o s p h a t e c o n c e n t r a t i o n ; at a n d a2 are f rac t iona l 
concen t ra t ions o f H 2 P 0 4 ~ a n d H P 0 4 ~ 2 , r e s p e c t i v e l y ; kH2P04- is the v a l u e 
o f KsK9ki0 for at tack b y H 2 P 0 4 ~ ( w i t h o u t dep ro tona t i on ) ; a n d & H P O 4

2 - is 
the v a l u e o f K8K9k10 for a t tack b y H P 0 4

2 " . T h e v a l u e o f K H p o 4 - 2 w a s 
d e t e r m i n e d f r o m the p H i n d e p e n d e n t r e g i o n a b o v e p H 7, a n d K H 2 p o 4 -
w a s c a l c u l a t e d f r o m the rates i n the p H r e g i o n 3 - 5 . F o r the e n t i r e p H 
range f r o m 3 to 8, E q u a t i o n 14 w a s v a l i d to w i t h i n 1 5 % , i n d i c a t i n g that 
a n y reac t ions d u e to H 3 P 0 4 o r P 0 4

3 " are n e g l i g i b l e . T h e k i n e t i c da ta 
for the t w o p h o s p h a t e spec i e s are i n c l u d e d i n T a b l e I I . 

T h e d i s t i n c t i o n b e t w e e n a rate for H 2 P 0 4 ~ a n d one for H P 0 4

2 ~ 
s h o u l d b e c l a r i f i e d at th is p o i n t . T h e case w h e r e H 2 P 0 4

2 ~ at tacks w i t h 
p r o t o n loss is 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 f r o m at tack b y H P 0 4

2 ~ , b e -
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454 BIOLOGICAL REDOX COMPONENTS 

T a b l e I I . D e r i v e d C o n s t a n t s for V a r i o u s N u c l e o p h i l i c S p e c i e s 

Nucleophile K g K 9 k 1 0 

C H 3 C O O H ~ 0 
C H 3 C O O - — 2.5 
H3PO4 ~ 0 ~ 0 
H 2 P 0 4 - 2.3 x 1 0 3 9.7 
H P O 4 2 - 7.4 x 1 0 5 3 2 0 0 
H 3 C i t ~ 0 ~ 0 
H 2 C i t - 4 .9 x 1 0 3 14 
H C i t 2 - 3.0 x 1 0 5 8 6 0 
C i t 3 - 4.3 x 1 0 5 1200 

cause R e a c t i o n 8 is i n e q u i l i b r i u m . F o r the sake o f c l a r i t y , the process 
w i l l b e r e f e r r ed to as at tack b y H P O 4 2 " , a n d its rate cons tant is k H P 0 4 2 - . 

H o w e v e r , w h e n H 2 P 0 4 ~ at tacks w i t h o u t p r o t o n loss (ana logous to the 
acetate reac t ion) the a p p r o p r i a t e cons tan t is k H 2 P 0 4 - . T h e r e f o r e , the v a l 
ues o f KBk9 i n T a b l e I I for H P O 4 2 " a n d H 2 P 0 4 ~ r ep resen t s i m i l a r reac
t ions that differ b y the a d d i t i o n a l p r o t o n on the p h o s p h a t e g r o u p , 
w h i c h is not los t d u r i n g R e a c t i o n 8. 

T h e p H d e p e n d e n c e o f the c i t ra te r eac t i on c a n b e a n a l y z e d i n a 
s i m i l a r f a sh ion e x c e p t that th ree d i s t i n c t c i t ra te spec i e s c o n t r i b u t e d to 
the d e c a y rate. T h e o b s e r v e d rate is a c c u r a t e l y d e s c r i b e d b y E q u a t i o n 
16 w h e r e a t e rms 

Khs = OLlkuzCxt- + « 2 ^ H C i t 2 - + « 3 f c C I T 3 - (16) 

a n d k t e rms h a v e m e a n i n g s a n a l o g o u s to the p h o s p h a t e case. T h e 
en t i r e p H p ro f i l e c a n b e d e s c r i b e d b y th is expres s ion to w i t h i n 1 0 % , 
a n d the v a l u e s o f rate constants for p a r t i c u l a r spec i e s are g i v e n i n 
T a b l e I I . 

T h e v a l u e s o f d e r i v e d constants i n T a b l e I I are d i r e c t i n d i c a t i o n s 
o f the o v e r a l l rates o f r e ac t i on o f i n d i v i d u a l n u c l e o p h i l i c spec i e s after 
r e m o v a l o f the effects o f p H a n d concen t r a t i on . S e v e r a l i m p o r t a n t o b 
servat ions c a n b e m a d e b y c o m p a r i n g the v a l u e s o f K%K9ki9 for the six 
spec i e s e x a m i n e d . F i r s t , the m o n o a n i o n i c n u c l e o p h i l e s ( C H s C O O - , 
H 2 P 0 4 " , a n d H 2 C i t ~ h a v e rates that are c o m p a r a b l e , v a r y i n g b y 
o n l y a factor o f 5 d e s p i t e s ign i f i can t c h a n g e s i n s t ruc tu re . T h e r e f o r e , 
the l a rge rate d i f fe rence b e t w e e n c i t ra te a n d acetate buffers is d u e to 
the m o r e h i g h l y i o n i z e d forms o f c i t ra te . S e c o n d , r e m o v a l o f a s e c o n d 
p r o t o n (as i n H P 0 4

2 " ) g rea t ly acce le ra tes the rate, b y a factor o f 3 3 0 for 
p h o s p h a t e a n d 62 for c i t ra te . T h i r d , r e m o v a l o f the t h i r d p r o t o n f rom 
c i t ra te causes a s m a l l i nc rease i n rate o f a b o u t 4 0 % . F i n a l l y , the rate 
inc rease f rom s i n g l y to d o u b l y i o n i z e d p h o s p h a t e a n d c i t ra te spec i e s is 
d u e to the K8k9 t e r m , a n d therefore resu l t s f r om c h a n g e s i n the first t w o 
reac t ions o f the th ree-s tep process . 
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19. MAYAUSKY ET AL. Chlorpromazine Cation Radical Reactions 455 

Because the rate difference between C i t 3 " and H C i t 2 - is fairly 
small, the rate acceleration with deprotonation probably is not simply 
an electrostatic effect. Removal of protons may aid the oxidation of the 
adduct, which increases the value of k9, or the greater negative charge 
may influence other steps in the mechanism. However, the small dif
ference in rate between C i t 3 - and H C i t 2 " indicates that the influence of 
electrostatic charge is minor and unlikely to account for the large dif
ference between the singly and doubly ionized nucleophiles. 

A more likely explanation for the rate difference between singly 
and doubly deprotonated nucleophiles can be provided after consider
ing the intermediate formed by Reaction 8. For H P 0 4

2 ~ and H C i t 2 " , 
this intermediate possesses a second nucleophilic site. When a second 
molecule of C P Z + , necessary as an oxidizing agent in Reaction 9, 
approaches, it can bond to the intermediate through the available site. 
The proximity of the two radicals can then accelerate the charge trans
fer of Reaction 9. When the intermediate contains Η 2 Ρ θ 4 ~ or H 2 C i t ~ , 
no free site is available and no facilitation can occur. T h e C i t 3 " species 
provides two extra sites when only one is necessary, resulting in only a 
modest rate enhancement over that for H C i t 2 " . 

Another possibility for the rate difference between singly t and 
doubly ionized nucleophiles is variation in kl0/k-9 with p H . Previous 
work (15) showed this value to be constant with p H in a limited range 
in the region of p H 2-3. With the wide range of p H employed in the 
present work, proton loss may occur in Reaction 9, making the ratio 
kw/k-9 (and therefore X) p H dependent. This possibility is presently 
being investigated with stop-flow techniques. 

In conclusion, the kinetics of the decay of chlorpromazine cation 
radical depend on p H in a fairly complex fashion over the p H range 
from 3 to 8. E a c h buffer component has a different rate of reaction with 
C P Z + , and the variation in overall rate with p H results from changes 
in the distribution of buffer species. When the nucleophile has two 
nucleophilic sites, the rate of reaction is greatly enhanced over the case 
where only one site is available. 
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20 
Electrochemistry of Reduced Pterin 
Cofactors 

GLENN DRYHURST, R. RAGHAVAN, DENIZ EGE-SERPKENCI, and 
LIONEL G. KARBER 

University of Oklahoma, Department of Chemistry, Norman, OK 73019 

The redox chemistry of 5,6,7,8-tetrahydropterin (THP) 
and its 6-methyl and 6,7-dimethyl derivatives has been 
studied by electrochemical and related methods. The ini
tial electrooxidation of the tetrahydro compounds is an 
almost reversible 2e-2H+ process giving an unstable 
quinonoid-dihydropterin, which rearranges in a first
-order reaction to give the corresponding 7,8-dihydro
pterins. The latter species react with water to form an 
equilibrium mixture of covalently hydrated and non
-hydrated 7,8-dihydropterins. The covalently hydrated 
7,8-dihydropterins are structurally similar to the 
tetrahydropterins and are therefore electrooxidized at 
almost the same potentials. This reaction is also a quasi
-reversible 2e-2H + process giving another unstable 
quinonoid. The latter compound undergoes a rather fast 
chemical rearrangement to another intermediate, 
thought to be an isomeric, but more stable quinonoid. 
The quinonoids formed from covalently hydrated 7,8-
dihydropterin break down to an equimolar mixture of 
pterin and 7,8-dihydroxanthopterin. The quinonoids 
formed by oxidation of the hydrated forms of 6-methyl 
and 6,7-dimethyl-7,8-dihydropterin break down to the 
corresponding methylated pterins. The non-hydrated 
forms of the 7,8-dihydropterins are electrooxidized to 
the corresponding pterins but at more positive poten
tials. 

e t r a h y d r o b i o p t e r i n (1) is the n a t u r a l cofaetor for a n u m b e r o f h y 
d r o x y l a s e e n z y m e s that u t i l i z e m o l e c u l a r o x y g e n to i n t r o d u c e a 

0065-2393/82/0201-0457$08.75/0 
© 1982 Amer ican Chemica l Society 
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Ο Η 

C H O H C H O H C H 3 

Η 

l 

h y d r o x y l g r o u p i n t o the a r o m a t i c a m i n o a c i d s p h e n y l a l a n i n e , t y r o s i n e , 
a n d t r y p t o p h a n (1-3). F o l l o w i n g h i s i n i t i a l s tud ies o n the h y d r o x y l a 
t i on o f p h e n y l a l a n i n e , K a u f m a n ( 4 - 6 ) p r o p o s e d S c h e m e I to e x p l a i n 
the e n z y m i c h y d r o x y l a t i o n o f p h e n y l a l a n i n e b y o x y g e n i n the p re sence 
o f p h e n y l a l a n i n e h y d r o x y l a s e a n d a t e t r a h y d r o p t e r i n cofactor . T h u s , 
i n a d d i t i o n to o x i d a t i o n o f p h e n y l a l a n i n e to t y r o s i n e , a n o x i d a t i o n o f 
the cofactor to a q u i n o n o i d - d i h y d r o fo rm was p r o p o s e d . A s e c o n d 
e n z y m e , d i h y d r o p t e r i d i n e r educ tase , ca ta lyzes r e d u c t i o n o f the 
q u i n o n o i d to the t e t r a h y d r o l e v e l u s i n g the r e d u c e d fo rm o f n i c o 
t i n a m i d e a d e n i n e d i n u c l e o t i d e ( N A D H ) as the r e d u c i n g agent . I n 
this s c h e m e , there is c l e a r l y no o b v i o u s f u n c t i o n a l r o l e for the tet
r a h y d r o p t e r i n cofactor or a p l a u s i b l e rou te for a c t i v a t i o n o f o x y g e n . 
N u m e r o u s theor ies a n d sugges t ions s u b s e q u e n t l y h a v e b e e n a d v a n c e d 
to e x p l a i n the r o l e o f t e t r a h y d r o b i o p t e r i n a n d o ther t e t r a h y d r o p t e r i n 
pseudo-cofac to rs i n s u c h h y d r o x y l a t i o n reac t ions (4-14). M e c h a n i s t i c 
S c h e m e I I p r o p o s e d b y H a m i l t o n (10) to e x p l a i n the h y d r o x y l a t i o n o f 
p h e n y l a l a n i n e b y o x y g e n i n the p re sence o f p h e n y l a l a n i n e h y d r o x y 
lase a n d t e t r a h y d r o b i o p t e r i n appears to b e one o f the m o r e w i d e l y 
a c c e p t e d . I n th is m e c h a n i s m ( S c h e m e I I ) , m o l e c u l a r o x y g e n is p r o 
p o s e d to attack the t e t r a h y d r o p t e r i n cofac tor (I, S c h e m e II) to g i v e a 
h y d r o p e r o x i d e (II, S c h e m e I I ) . T h i s r eac t i on o r i g i n a l l y was sugges t ed 
b y K a u f m a n (7-9). T h e p u t a t i v e h y d r o p e r o x i d e t h e n c l eaves across the 
C ( 4 a ) - N ( 5 ) b o n d g i v i n g a c a r b o n y l o x i d e (III, S c h e m e I I ) . T h i s 
" o x e n e " reagen t was t h o u g h t to b e the a c t i v e h y d r o x y l a t i n g agent b y 
t r ans fe r r ing a n o x y g e n a t o m to the subst ra te S (i .e . , a r o m a t i c a m i n o 
a c i d ) w i t h fo rma t ion o f the p y r i m i d i n e , IV ( S c h e m e I I ) . C y c l i z a t i o n o f 
the p y r i m i d i n e g ives q u i n o n o i d - d i h y d r o p t e r i n (V, S c h e m e I I ) , w h i c h 
t h e n is r e d u c e d to the c o r r e s p o n d i n g t e t r a h y d r o p t e r i n b y N A D H i n the 
p re sence o f d i h y d r o p t e r i d i n e r educ tase . T h e fact that 2 ,5 ,6 - t r i amino-
4 - p y r i m i d o n e a n d 5 - b e n z y l a m i n o - 2 , 6 - d i a m i n o - 4 - p y r i m i d o n e a lso c a n 
f u n c t i o n as cofactors for p h e n y l a l a n i n e h y d r o x y l a s e a n d that b o t h 
c o m p o u n d s are c l e a v e d to a n o x i d i z e d p y r i m i d i n e a n d a n a m i n e (15) 
g ives some s u p p o r t for the r i n g c l e a v a g e m e c h a n i s m (II —» III IV, 
S c h e m e I I ) . 

U n f o r t u n a t e l y , v e r y l i t t l e e x p e r i m e n t a l e v i d e n c e suppor t s the 
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20. DRYHURST ET AL. Reduced Pterin C of actors 461 

ex i s t ence o f the i n t e r m e d i a t e s p e c i e s p r o p o s e d i n S c h e m e I I or i n d e e d 
i n the o the r r eac t ion m e c h a n i s m s p r o p o s e d ( 4 - 1 4 ) . K a u f m a n (7) de 
t e c t e d a t rans ien t i n t e r m e d i a t e ( X m a x = 2 5 0 a n d 2 9 0 n m ) d u r i n g h y 
d r o x y l a t i o n o f p h e n y l a l a n i n e at p H 8 - 8 . 2 i n the p re sence o f l o w c o n 
cent ra t ions o f t e t r a h y d r o b i o p t e r i n a n d h i g h h y d r o x y l a s e concen t ra t ions 
( 7 - 9 ) . T h i s i n t e r m e d i a t e w a s p r o p o s e d to b e a 4 a , 5 - h y d r a t e (2). 

H o w e v e r , o ther m e c h a n i s m s h a v e not f o u n d i t necessa ry to i n v o k e 
s u c h a n i n t e r m e d i a t e (e.g., S c h e m e II ) . F u r t h e r m o r e , the s p e c t r a l l y 
d i s t i n c t i n t e r m e d i a t e n o t e d b y K a u f m a n ( 7 - 9 ) a p p a r e n t l y c a n b e o b 
s e r v e d o n l y w h e n t e t r a h y d r o b i o p t e r i n is the cofactor , not w h e n o ther 
pseudo-cofac to rs are e m p l o y e d . 

L o s s o f a m i n e f r o m p y r i m i d i n e cofactors (15) is cons i s ten t w i t h the 
r i n g o p e n i n g r eac t i on o f the p t e r i n cofactors n o t e d i n S c h e m e I I . H o w 
ever , n o d i r e c t e v i d e n c e suppor t s the ex i s t ence o f a r i n g - o p e n e d 
i n t e r m e d i a t e or, i n fact, a n y o x y g e n a t e d i n t e r m e d i a t e . F u r t h e r m o r e , 
f r agmenta t ion o f p y r i m i d i n e cofactors is not p r o o f o f a spec i f i c a c t i 
v a t e d o x y g e n reagen t s u c h as v i n y l o g o u s o z o n e [(15) S c h e m e I I ] . 

M e c h a n i s m s h a v e b e e n p r o p o s e d for the a u t o o x i d a t i o n o f tet
r a h y d r o b i o p t e r i n a n d t e t r a h y d r o f o l i c a c i d that i n v o l v e the i n t e r m e d i -
a c y o f r a d i c a l s p e c i e s ra ther t h a n h y d r o p e r o x i d e s (11-13). R a d i c a l s 
a lso w e r e r e p o r t e d as i n t e r m e d i a t e s i n c h e m i c a l ox ida t i ons o f t e t rahy-
d r o p t e r i n s w i t h H 2 0 2 i n t r i f luo roace t i c a c i d (16) or i o d i n e i n a l c o h o l 

Q u i n o n o i d - d i h y d r o p t e r i n s h a v e b e e n p r o p o s e d as the i n i t i a l , u n 
s tab le d i h y d r o p r o d u c t s o f c h e m i c a l o x i d a t i o n o f t e t r ahyd rop t e r i n s 
(18-21). A r c h e r a n d S c r i m g e o u r (18) , for e x a m p l e , o x i d i z e d 6 ,7 -d i -
m e t h y l - 5 , 6 , 7 , 8 - t e t r a h y d r o p t e r i n w i t h f e r r i c y a n i d e a n d p r o p o s e d that 
the c o r r e s p o n d i n g q u i n o n o i d - d i h y d r o p t e r i n is f o r m e d . 

Inves t iga to rs r e p o r t e d (22) that 5 ,6 ,7 ,8 - t e t r ahydrop te r in a n d its 
6 - m e t h y l a n d 6 , 7 - d i m e t h y l d e r i v a t i v e s g i v e a s i n g l e p o l a r o g r a p h i c 
o x i d a t i o n w a v e at the d r o p p i n g m e r c u r y e l e c t r o d e ( D M E ) , w h i c h is 
c l a i m e d to p r o c e e d b y a n EE m e c h a n i s m , the first s tep b e i n g a one -
e l e c t r o n r eac t ion to a ca t ion r a d i c a l that is o x i d i z e d fur ther (~le, 
- 2 H + ) to q u i n o n o i d - d i h y d r o p t e r i n . A f e w c y c l i c v o l t a m m e t r i c expe r -

H 

2 

(17) . 
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462 BIOLOGICAL REDOX COMPONENTS 

i m e n t s at a m e r c u r y e l e c t r o d e at p H 9 s h o w e d that some te t rahy-
d rop t e r in s g i v e q u a s i - r e v e r s i b l e c o u p l e s a n d the o x i d a t i o n p e a k was 
p r e s u m e d to b e a 2 e - 2 H + r e ac t i on to g i v e q u i n o n o i d - d i h y d r o p t e r i n 
(19). T e t r a h y d r o f o l i c a c i d w a s r e p o r t e d to b e o x i d i z e d p o l a r o g r a p h i -
c a l l y at p H 6.8 i n a I e - 1 H + r e ac t i on to a n e u t r a l r a d i c a l that c a n e i the r 
d i m e r i z e or u n d e r g o a d d i t i o n a l e l e c t r o o x i d a t i o n to q u i n o n o i d -
d i h y d r o f o l i c a c i d , w h i c h c a n rea r range to 7 , 8 - d i h y d r o p t e r i n a c c o m 
p a n i e d b y s i d e c h a i n c l e a v a g e (23 , 24 ) . 

T h e a v a i l a b l e e v i d e n c e suggests that a n u n s t a b l e q u i n o n o i d -
d i h y d r o p t e r i n i n t e r m e d i a t e is f o r m e d d u r i n g e n z y m i c , c h e m i c a l , a n d 
e l e c t r o c h e m i c a l o x i d a t i o n o f t e t r ahyd rop t e r in s . T h i s t w o - e l e c t r o n de f i 
c i e n t c o m p o u n d is u n s t a b l e a n d r a p i d l y rearranges to the c o r r e s p o n d 
i n g 7 , 8 - d i h y d r o p t e r i n (18). 

A ca re fu l r e v i e w o f the r e p o r t e d w o r k on the e n z y m i c o x i d a t i o n o f 
the a r o m a t i c a m i n o a c i d s r e v e a l s that the r o l e o f the t e t r a h y d r o p t e r i n 
cofactor is not r e a l l y u n d e r s t o o d . F u r t h e r m o r e , a n u m b e r o f c l i n i c a l 
a n d c h e m i c a l observa t ions canno t b e r e c o n c i l e d w i t h a n y o f the p r o 
p o s e d m e c h a n i s t i c s chemes . F o r e x a m p l e , r ecen t repor t s s h o w e d that 
e l e v a t e d l e v e l s o f a p t e r i n , b e l i e v e d to b e 7 , 8 - d i h y d r o x a n t h o p t e r i n (3), 
w e r e d e m o n s t r a t e d i n the u r i n e o f pa t ien t s su f fe r ing f rom p h e n y l 
k e t o n u r i a 1 ( P K U ) a n d w i t h d i h y d r o p t e r i d i n e reduc tase d e f i c i e n c y (25 , 
26). A l s o , a u t o x i d a t i o n (27) o f t e t r a h y d r o b i o p t e r i n at p H 7.5, a n d c h e m 
i c a l o x i d a t i o n o f t e t r a h y d r o f o l i c a c i d (28) g i v e 7 , 8 - d i h y d r o x a n t h o p t e r i n . 
T h e o r i g i n o f the la t ter c o m p o u n d canno t b e r a t i o n a l i z e d on the basis 
o f the k n o w n c h e m i s t r y o f t e t r a h y d r o b i o p t e r i n or t e t r a h y d r o f o l i c a c i d . 

C o n v e n t i o n a l s tud ies o f the e n z y m i c h y d r o x y l a t i o n reac t ions that 
u t i l i z e t e t r a h y d r o p t e r i n cofactors , a n d c h e m i c a l a n d s i m p l e p o l a r o -
g r a p h i c s tud ies o f the ox ida t ions o f t e t r ahyd rop te r in s h a v e not p r o 
v i d e d the r e q u i r e d u n d e r s t a n d i n g o f the c h e m i s t r y o f these cofactor 
s p e c i e s . M e c h a n i s t i c S c h e m e s I a n d I I s h o w e d that i n o rde r to u n d e r 
s t and the ro les o f r e d u c e d p t e r in s i n n o r m a l a n d a b n o r m a l b i o l o g i c a l 
reac t ions , one m u s t u n d e r s t a n d the f u n d a m e n t a l r e d o x a n d r e l a t e d 
c h e m i s t r y o f these c o m p o u n d s . A c c o r d i n g l y , w e i n i t i a t e d a n i n v e s t i g a 
t i on i n t o the r e d o x a n d r e l a t e d c h e m i s t r y o f b i o l o g i c a l l y s ign i f i can t 
r e d u c e d p te r ins to u n d e r s t a n d m o r e c l e a r l y the b i o c h e m i c a l f u n c t i o n 
o f these c o m p o u n d s as cofactors i n e n z y m i c h y d r o x y l a t i o n a n d o ther 
processes . T h e first s tep i n this i n v e s t i g a t i o n was to s t u d y the r e d o x 
c h e m i s t r y o f 5 ,6 ,7 ,8 - t e t r ahydrop te r in ( T H P , 4) , 6 -methyl -5 ,6 ,7 ,8- te t ra -
h y d r o p t e r i n ( 6 - M T H P , 5) a n d 6 , 7 - d i m e t h y l - 5 , 6 , 7 , 8 - t e t r a h y d r o p t e r i n 
( 6 , 7 - D M T H P , 6) u s i n g 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 m e t h o d o l o g i e s . 
T h e s e c o m p o u n d s are a l l s t r u c t u r a l l y s i m p l e r t h a n the n a t u r a l cofactor 

1 When phenylalanine hydroxylase is missing, or is present in abnormally low levels, 
phenylalanine cannot be hydroxylated to tyrosine. This condition results in a form of 
mental retardation. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

20



20. DRYHURST ET AL. Reduced Pterin Cofactors 463 

Η Ν 

H 2 N 

t e t r a h y d r o b i o p t e r i n (1), y e t a l l th ree c a n f u n c t i o n as c o f a c t o r s 2 for the 
p h e n y l a l a n i n e h y d r o x y l a s e - c a t a l y z e d h y d r o x y l a t i o n o f p h e n y l a l a n i n e 
(29) . H o w e v e r , T H P l eads to fo rma t ion o f o n l y abou t o n e - h a l f o f the 
a m o u n t o f t y r o s i n e f o r m e d w h e n t e t r a h y d r o b i o p t e r i n or the o ther 
c o m m o n pseudo-cofac to rs are u s e d . T h i s b e h a v i o r o f T H P is s a i d to 
u n c o u p l e the e n z y m i c process , that is , to cause fo rma t ion o f H 2 0 2 as 
w e l l as the n o r m a l p r o d u c t (30) . 

Experimental 
Chemicals. Pterin (2-amino-4-ketopteridine) was obtained from A l 

dr ich . 7,8-Dihydropterin (7 ,8-DHP) was synthesized using a modification (31) 
of the procedure described elsewhere (32). The procedure of Bobst and V i s -
cont ini (33) was modif ied slightly (31) to prepare T H P . The compounds 
6 - M T H P and 6-methyl-7,8-dihydropterin ( 6 - M D H P ) were obtained from 
Calb iochem. The compound 6 , 7 - D M T H P (monohydrochloride or d ihy-
drochloride) was obtained from A l d r i c h , and 6,7-dimethyl-7,8-dihydropterin 
( 6 , 7 - D M D H P ) was synthesized according to Viscont in i (34). 6 ,7-Dimethyl-
pterin (6 ,7 -DMP) was obtained from Sigma, and 7,8-dihydroxanthopterin 
was prepared by a previously publ ished method (35). 

Apparatus. Conventional electrochemical equipment was used. T h i n -
layer spectroelectrochemistry u t i l i zed a quartz ce l l containing an optically 
transparent reticulated vitreous carbon (RVC) electrode (ca. 0.7-mm thick, 100 
pores per inch, Flurocarbon Co.) . Atmospheric oxygen was excluded from the 
thin-layer ce l l us ing a modified design of Norris et al . (36). Thin- layer spec
troelectrochemical experiments u t i l i zed Harr ick rapid scan spectrometers 

2 They commonly are referred to as pseudo-cofactors. 
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464 BIOLOGICAL REDOX COMPONENTS 

(Models Β and C ) . A l l potentials are reported vs. the saturated calomel elec
trode ( S C E ) at 25°C. Voltammograms were obtained at a pyrolyt ic graphite 
electrode ( P G E ) having a surface area of about 0.02 c m 2 . Unless otherwise 
stated, experiments were carried out i n phosphate buffers having an ionic 
strength of 0.5 M . 

Results 

T h e w o r k r e p o r t e d i n th is c h a p t e r is c o n c e r n e d p r i m a r i l y w i t h 
u n s u b s t i t u t e d p t e r i n spec i e s , that is, p t e r i n , 7 , 8 - D H P a n d T H P . H o w 
eve r , w h e n a p p r o p r i a t e , a n y s ign i f i can t di f ferences b e t w e e n the b e h a v 
ior o f the v a r i o u s o x i d a t i o n states o f p t e r i n a n d the 6 - m e t h y l a n d 6,7-
d i m e t h y l d e r i v a t i v e s w i l l b e n o t e d . 

T o u n d e r s t a n d the e l e c t r o c h e m i s t r y o f T H P , one m u s t first u n d e r 
s t and the b e h a v i o r o f p t e r i n a n d 7 , 8 - D H P . 

P t e r i n is not o x i d i z e d e l e c t r o c h e m i c a l l y at the P G E . H o w e v e r , i t 
does g i v e t w o w e l l - d e f i n e d r e d u c t i o n peaks (peaks I I C a n d I I I C , F i g u r e 
1A) . A t leas t four o x i d a t i o n p e a k s ( I V a , D , I I a a n d I I I a , F i g u r e 1A) are 
o b s e r v e d o n the r eve r se s w e e p a n d t w o n e w r e d u c t i o n p e a k s (Ic a n d I c ) 
are o b s e r v e d o n the s e c o n d c a t h o d i c s w e e p . P e a k s I I a , I I I a , a n d Ic w i l l 
b e d i s c u s s e d s u b s e q u e n t l y u n d e r D H P . P e a k c l i p p i n g e x p e r i m e n t s 
r e v e a l that o x i d a t i o n p e a k s I V a a n d D are f o r m e d as a r e s u l t o f the 
r e d u c t i o n p e a k I I C process ( F i g u r e I B ) . P e a k I V a increases i n h e i g h t 
r e l a t i v e to p e a k I I C w i t h i n c r e a s i n g s w e e p rate. T h e p e a k separa t ion 
b e t w e e n r e d u c t i o n p e a k I I C a n d o x i d a t i o n p e a k I V a w a s 3 5 ± 10 m V at 
a s w e e p rate o f 5 V / s . T h i s b e h a v i o r i n d i c a t e s that p e a k s I I C a n d I V a 

cons t i tu t e a q u a s i - r e v e r s i b l e r e d o x c o u p l e . S c a n n i n g t h r o u g h p e a k s I I C 

a n d I I I C appears to cause the c u r r e n t for p e a k D to inc rease a n d for 
q u a s i - r e v e r s i b l e r e d u c t i o n p e a k I c to a p p e a r ( F i g u r e I C ) . A t l o w p t e r i n 
concen t ra t ions , o x i d a t i o n p e a k D , f o r m e d on s c a n n i n g t h r o u g h p e a k I I C 

a l o n e , is s m a l l c o m p a r e d to p e a k I I C ; b u t p e a k D g rows r e l a t i v e to p e a k 
I I C w i t h i n c r e a s i n g p t e r i n concen t r a t i on . T h i s r e s u l t i m p l i e s that a 
s econd -o rde r process is i n v o l v e d i n the p e a k I I C r e ac t i on , w h i c h gener 
ates the spec i e s r e s p o n s i b l e for o x i d a t i o n p e a k D . 

A t t e m p t s to m e a s u r e c o u l o m e t r i c η - v a l u e s on c o n t r o l l e d p o t e n t i a l 
r e d u c t i o n o f p t e r i n at p e a k I I C po t en t i a l s w e r e u n s u c c e s s f u l . R a t h e r 
l a rge b a c k g r o u n d cur ren t s w e r e n o t e d that a p p a r e n t l y w e r e r e l a t e d to 
ex t ens ive c o a t i n g o f the e l e c t r o d e surface. T h e er ror thus i n t r o d u c e d 
i n c o u l o m e t r i c m e a s u r e m e n t s was c o m p o u n d e d fur ther b y the fact that 
o n l y e x t r e m e l y d i l u t e so lu t ions o f p t e r i n c o u l d b e r e d u c e d , o w i n g to 
its v e r y p o o r s o l u b i l i t y . H o w e v e r , f o l l o w i n g c o n t r o l l e d p o t e n t i a l re 
d u c t i o n o f p t e r i n at p e a k I I C po t en t i a l s , the s p e c t r u m o f the e l e c -
t r o l y z e d s o l u t i o n (e.g. , at p H 7, X m a x = 3 2 5 , 274 , a n d 2 2 9 n m ) w a s v e r y 
s i m i l a r to that o f 7 , 8 - D H P ( X m a x = 330 , 280 , a n d 2 2 9 n m ) . F u r t h e r m o r e , 
c y c l i c v o l t a m m o g r a m s o n the e l e c t r o l y z e d s o l u t i o n c o n f i r m e d the 
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20. DRYHURST ET AL. Reduced Pterin Cofactors 465 

1.0 0.5 0 -0.5 -1 .0 -0.5 

P o t e n t i a l (V<vs. S C E ) 

Figure 1. Cyclic voltammograms at the PGE of ca. 0.1 m M pterin in 
phosphate buffer pH 7.0. Sweep rate: 200 mV/s. 

presence o f 7 , 8 - D H P , a l o n g w i t h s m a l l a m o u n t s o f u n r e d u c e d p t e r i n , 
a n d a s p e c i e s e x h i b i t i n g an o x i d a t i o n p e a k at - 0 . 0 8 V at p H 7 ( i .e . , 
p e a k D ) . I n s eve ra l e x p e r i m e n t s v e r y s m a l l o x i d a t i o n peaks cha rac 
te r i s t i c o f 7 , 8 - d i h y d r o x a n t h o p t e r i n (3) a l so w e r e n o t e d . I so la t ion a n d 
p r o p e r c h a r a c t e r i z a t i o n o f the spec i e s f o r m e d i n the s econd -o rde r p r o 
cess a s soc ia t ed w i t h p e a k I I C w a s not p o s s i b l e . H o w e v e r , s u c h a p r o 
cess p r o b a b l y l eads to fo rmat ion o f a d i m e r , i n v i e w o f the k n o w n 
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466 BIOLOGICAL REDOX COMPONENTS 

t e n d e n c y o f p t e r in s to f o r m s u c h spec i e s (37 , 38). C o m b i n i n g the i n 
fo rma t ion j u s t d e s c r i b e d w i t h that i n the repor t (19) on the e l e c 
t r o c h e m i c a l r e d u c t i o n o f 6 ,7 - subs t i t u t ed p te r ins l eads to the c o n c l u 
s ion that p e a k I I C is a 2 e - 2 H + r e d u c t i o n o f p t e r i n to u n s t a b l e 5,8-
d i h y d r o p t e r i n ( 5 , 8 - D H P , F i g u r e 2). T h i s spec i e s is r e s p o n s i b l e for 

+2Η++2· 

H2N-

Quinonoid Cation 

O H Ο Q 

5.8-DHP 

1 

7,8-DHP-HoO 

+2Η++2· -2Η+-2β 

Η—Ν 
Ο 

Τ" Τ̂Τ" Η Μ—— foMP-Quinonoid-sl Λ ^—τ—. [oHP-Quinonoicl-l] 

î 

P«ak IVa ^ Unknown 

7,8-Dihydroxanthopterin Xanthopterin 

+2Η++2β I Peak llc' 

Η 
7,8—Dihydroxanthopterin 

Figure 2. Redox chemistry of pterin, 7,8-DHP, and THP in aqueous 
solution. 
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20. DRYHURST ET AL. Reduced Pterin Cofactors 467 

p e a k I V a (see F i g u r e 1). 5 , 8 - D i h y d r o p t e r i n c a n rea r range to the m o r e 
s tab le 7 , 8 - D H P ( F i g u r e 2) or d i m e r i z e (or p e r h a p s fo rm some h i g h e r 
m o l e c u l a r aggregate) , the d i m e r s pe c i e s b e i n g r e s p o n s i b l e for o x i d a 
t i on p e a k D . 

6 - M e t h y l p t e r i n a n d 6 , 7 - d i m e t h y l p t e r i n gave v o l t a m m o g r a m s 
s i m i l a r to p t e r i n , e x c e p t that after s c a n n i n g p e a k I I C , the d i m e r o x i d a 
t i on p e a k D d i d not appea r . A g a i n , h o w e v e r , c o u l o m e t r i c e x p e r i m e n t s 
on r e d u c t i o n p e a k I I C d i d not g i v e m e a n i n g f u l n - v a l u e s . 

T h e e l e c t r o c h e m i s t r y o f 7 , 8 - D H P is q u i t e c o m p l e x . T h u s , for 
s i m p l i c i t y , i n i t i a l d i scuss ions w i l l b e r e s t r i c t e d to the b e h a v i o r o b 
s e r v e d at p H 6 - 7 . L i n e a r s w e e p v o l t a m m e t r y s h o w s that 7 , 8 - D H P 
e x h i b i t s four o x i d a t i o n peaks at p H 6 (peaks I a , H a , IHa , a n d I V a , 
F i g u r e 3). A t s l o w s w e e p rates, p e a k I a is m u c h l a rge r t h a n p e a k I I I a 

( F i g u r e 3 A ) ; b u t w i t h i n c r e a s i n g s w e e p rate, p e a k I I I a b e c o m e s l a rge r 
t h a n p e a k I a ( F i g u r e 3 B ) . C o n t r o l l e d p o t e n t i a l c o u l o m e t r y o f 7 , 8 - D H P 
at p e a k I a p o t e n t i a l s at p H 6.0 resu l t s i n the transfer o f 2 ± 0.1 e l e c 
trons p e r m o l e c u l e a n d a p r e c i p i t a t e forms i n the s o l u t i o n . V o l t a m 
m e t r y at p o s i t i v e p o t e n t i a l s o n the p r o d u c t s o l u t i o n ( F i g u r e 4 A ) re
v e a l e d that after e l i m i n a t i o n o f p e a k I a , p e a k s I I a a n d I V a r e m a i n , 
a l o n g w i t h some a d d i t i o n a l v e r y s m a l l o x i d a t i o n p e a k s a n d a s m a l l 
r e d u c t i o n p e a k ( I V C ) . T h i s b e h a v i o r suggests that p e a k s I a a n d I I I a are 
d u e to e l e c t r o o x i d a t i o n o f s pe c i e s that are i n some t y p e o f e q u i l i b r i u m . 
B e c a u s e the he igh t s o f peaks I I a a n d I V a are larges t at s l o w s w e e p rates 
a n d are p resen t after c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s at p e a k I a , t h e y 
u n d o u b t e d l y are d u e to e l e c t r o o x i d a t i o n o f p r o d u c t gene ra t ed i n the 
p e a k I a r e ac t i on . V o l t a m m e t r y o f the p e a k I a p r o d u c t at n e g a t i v e p o t e n 
t i a l s ( F i g u r e 4 B ) s h o w s the p re sence o f p t e r i n r e d u c t i o n p e a k s I I C a n d 
I I I C . T h e U V s p e c t r u m o f the p e a k I a o x i d a t i o n p r o d u c t o f 7 , 8 - D H P 
( X m a x = 3 2 3 , 2 7 8 , a n d 228 n m ) at p H 6 [ X m a x = 348 ( shou lde r ) , 310 , 270 , 
a n d 2 2 0 n m ] i n d i c a t e s that a m i x t u r e o f p t e r i n ( X m a x = 3 4 5 , 269 , a n d 
2 3 0 n m ) a n d ano the r c o m p o n e n t h a v i n g a s i m i l a r s p e c t r u m is present . 
T h i s o ther c o m p o n e n t is 3 ( X m a x = 309 , 2 6 9 , a n d 2 2 0 n m at p H 6). A 
v o l t a m m o g r a m o f 3 at p H 6 is p r e s e n t e d i n F i g u r e 5 that is c l e a r l y 
i d e n t i c a l to the p r o d u c t o f p e a k I a e l e c t r o o x i d a t i o n o f 7 , 8 - D H P ( F i g u r e 
4 A ) . C o n t r o l l e d p o t e n t i a l e l e c t r o o x i d a t i o n o f 3 at p e a k I I a p o t e n t i a l s 
r e v e a l e d that the la t ter p e a k is a 2 e - 2 H + p rocess g i v i n g x a n t h o p t e r i n 
(7) i n q u a n t i t a t i v e y i e l d . U t i l i z i n g th is fact, a c o u l o m e t r i c ana lys i s o f 

7 
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468 BIOLOGICAL REDOX COMPONENTS 

A 

1.0 0.5 ~ 0 
P o t e n t i a l ' (V vs . S C E ) 

Figure 3. A, Linear sweep (5 mV/s) and B, cyclic (200 mV/s) voltam
mograms of 0.95 mM 7,8-DHP in phosphate buffer, pH 6.0. Sweeps ini

tiated at -0.2 V toward positive potentials. 

the p r o d u c t s o l u t i o n f r o m p e a k I a o x i d a t i o n o f 7 , 8 - D H P w a s c a r r i e d ou t 
at p e a k I I a po t en t i a l s at p H 6, 7, a n d 8. T h i s ana lys i s r e v e a l e d that 
50 ± 5 % o f the p e a k I a p r o d u c t is 3. T h u s , the p e a k I a r e ac t i on y i e l d s a 
n e a r l y e q u i m o l a r m i x t u r e o f p t e r i n (the p r e c i p i t a t e fo rmed) a n d 7,8-
d i h y d r o x a n t h o p t e r i n . 

F o r 6 - M D H P a n d 6 , 7 - D M D H P , o n l y t w o v o l t a m m e t r i c o x i d a t i o n 
p e a k s are o b s e r v e d c o r r e s p o n d i n g to p e a k s I a a n d I I I a o f 7 , 8 - D H P (see 
F i g u r e 3). C o n t r o l l e d p o t e n t i a l c o u l o m e t r y o f 6 - M D H P a n d 6,7-
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20. DRYHURST ET AL. Reduced Pterin Cofactors 469 

J I L _ J 
.0 0.5 0 

P o t e n t i a l ( y v s . S C E ) 

Figure 4. Voltammograms at the PGE of the product mixture obtained 
after controlled potential electrooxidation of 0.82 m M 7,8-DHP at peak 
l'a potentials (0.10 V) in phosphate buffer, pH 6.0. A, Voltammetry at 
positive potentials and B, voltammetry at negative potentials. Sweep 

rate: 200 mVls. 

D M D H P at p e a k I a p o t e n t i a l s s h o w e d i t to b e a t w o - e l e c t r o n process 
w i t h 6 - m e t h y l p t e r i n a n d 6 , 7 - d i m e t h y l p t e r i n , r e s p e c t i v e l y , b e i n g the 
so le p r o d u c t s . E l e c t r o l y s i s at p e a k I a p o t e n t i a l s o f 6 - M D H P a n d 6,7-
D M D H P a l w a y s r e s u l t e d i n the loss o f p e a k I I I a . 

T h e v a r i a t i o n o f the p e a k po t en t i a l s w i t h p H for the v o l t a m m e t r i c 
o x i d a t i o n peaks o f 7 , 8 - D H P , 6 - M D H P , a n d 6 , 7 - D M D H P are s h o w n i n 
T a b l e I . V o l t a m m e t r y o f 7 , 8 - D H P b e l o w p H 5.2 r e v e a l e d that, e v e n 
u n d e r an a t m o s p h e r e o f n i t r o g e n i n a d e o x y g e n a t e d s o l u t i o n , the 
h e i g h t o f p e a k I a s l o w l y d e c r e a s e d a n d a n e w o x i d a t i o n p e a k g r e w at 
m o r e n e g a t i v e po t en t i a l s . T h i s b e h a v i o r i n d i c a t e s that 7 , 8 - D H P s l o w l y 
d e c o m p o s e s to m o r e e a s i l y o x i d i z e d s p e c i e s . T h e i d e n t i t y o f th is 
spec ie s is not k n o w n . B e c a u s e o f this effect, d e t a i l e d s tud ies o f the 
r e d o x c h e m i s t r y o f 7 , 8 - D H P w e r e r e s t r i c t e d to p H v a l u e s a b o v e 5.2. 
C o m p o u n d s 6 - M D H P a n d 6 , 7 - D M D H P d i d no t s h o w th i s effect. 

L i n e a r s w e e p a n d c y c l i c v o l t a m m e t r y o f 7 , 8 - D H P , 6 - M D H P , a n d 
6 , 7 - D M D H P r e v e a l e d that p e a k I a b e c a m e l a rge r a n d p e a k I I I a 

s m a l l e r w i t h d e c r e a s i n g p H . C o m p a r i s o n o f the c y c l i c v o l t a m m o g r a m 
o f 7 , 8 - D H P at p H 3.4 ( F i g u r e 6) w i t h that at p H 6.0 ( F i g u r e 3 B ) i l l u s 
trates this effect. F o r 7 , 8 - D H P , p e a k I V a , w h i c h is d u e to e l e c t r o o x i d a 
t i o n o f 7 (by c o m p a r i s o n w i t h the a u t h e n t i c ma te r i a l ) f o r m e d i n the 
p e a k I I a r e ac t i on is m a s k e d b y b a c k g r o u n d cu r ren t . T h e n e w p e a k 
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470 BIOLOGICAL REDOX COMPONENTS 

P o t e n t i a l ( V v s . S C E ) 

Figure 5. Volt ammo gram at the PGE of 0.5 m M 7,8-dihydroxantho
pterin in phosphate buffer, pH 6.0. Sweep rate: 200 mVls. 

(peak I I a , F i g u r e 6) that appears at l o w p H p r o b a b l y is d u e to a p r o t o n 
a t e d spec ie s (see la ter d i scuss ion) . 

C y c l i c v o l t a m m o g r a m s o f 7 , 8 - D H P ( F i g u r e s 3 B a n d 6), 6 - M D H P , 
a n d 6 , 7 - D M D H P r e v e a l that o x i d a t i o n p e a k I a g ive s r ise to a p r o d u c t 
r e s p o n s i b l e for q u a s i - r e v e r s i b l e p e a k Ic. T h e h e i g h t o f the la t ter p e a k 
g r o w s r e l a t i v e to p e a k I a w i t h i n c r e a s i n g s w e e p rate, i n d i c a t i n g that 
the p e a k I a p rocess g ives r ise to a r e d u c i b l e , b u t u n s t a b l e , p r o d u c t . I f 
the first s w e e p at a c l e a n P G E is t o w a r d n e g a t i v e po ten t i a l s , t h e n a l l 
7 , 8 - d i h y d r o p t e r i n s g i v e o n l y r e d u c t i o n p e a k I I I C ( F i g u r e 7 A ) . H o w 
eve r , on the reverse s w e e p a l a rge r e v e r s i b l e r e d o x c o u p l e (peaks I a 

a n d I c ) appears . T h e s e peaks o c c u r at v e r y s l i g h t l y d i f ferent p o t e n t i a l s 
to peaks I a a n d Ic a n d are i n fact cha rac te r i s t i c o f the 5,6,7,8-tetra-
h y d r o p t e r i n s . P e a k I I I C o f the 7 , 8 - d i h y d r o p t e r i n s is therefore d u e to a 
2e-2H+ e l e c t r o r e d u c t i o n to the c o r r e s p o n d i n g 5 ,6 ,7 ,8- te t rahydro-
p t e r i n . 

A f t e r s c a n n i n g the four o x i d a t i o n peaks o f 7 , 8 - D H P , not o n l y are 
p e a k s Ic a n d I I I C o b s e r v e d on the r eve r se c y c l e ( F i g u r e 7 B ) b u t a lso 
t w o o v e r l a p p i n g r e d u c t i o n peaks (peaks I I C a n d He) are o b s e r v e d . P e a k 
c l i p p i n g e x p e r i m e n t s r e v e a l that the spec i e s r e s p o n s i b l e for p e a k I I C 
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20. DRYHURST ET AL. Reduced Pterin Cofactors 471 

( i .e . , p t e r in ) is f o r m e d i n b o t h the p e a k I a a n d p e a k I I I a ox ida t ions , a n d 
the spec i e s r e s p o n s i b l e for p e a k l i é is f o r m e d i n the p e a k I I a p rocess . 
P e a k I I a , as n o t e d p r e v i o u s l y , is d u e to o x i d a t i o n o f 3 to 7. E x p e r i m e n t s 
w i t h a u t h e n t i c 7 r e v e a l that i t g i v e s r i se to r e d u c t i o n p e a k l i é , a n d 
s h o w e d that the p e a k l i é process is a 2e-2H+ r e d u c t i o n to g i v e 3. T h e 
6 - m e t h y l a n d 6 , 7 - d i m e t h y l s u b s t i t u t e d d i h y d r o p t e r i n s d o not g i v e 
peaks I I a , I V a , a n d l i é . 

C y c l i c v o l t a m m e t r y o f the 7 , 8 - d i h y d r o p t e r i n s c l e a r l y i n d i c a t e s 
that the p e a k I a e l e c t r o o x i d a t i o n y i e l d s a n u n s t a b l e p r o d u c t that is 
r e s p o n s i b l e for p e a k l é . F o r 7 , 8 - D H P , th is p r o d u c t d e c o m p o s e s to a 
m i x t u r e o f p t e r i n a n d 3; for 6 - M D H P a n d 6 , 7 - D M D H P , the p e a k I a 

p r o d u c t d e c o m p o s e s to the c o r r e s p o n d i n g p t e r i n . T h e na tu re o f these 
d e c o m p o s i t i o n reac t ions w a s i n v e s t i g a t e d b y t h i n - l a y e r s p e c t r o e l e c -
t r o c h e m i s t r y . S o m e r ep re sen ta t i ve resu l t s o b t a i n e d at p H 7 for 7,8-
D H P are p r e s e n t e d i n F i g u r e 8. C u r v e 1 i n F i g u r e 8 A is the s p e c t r u m 
o f 7 , 8 - D H P ( X m a x = 330 , 280 , a n d 2 3 0 n m ) . I n i t i a t i o n o f the p e a k I a 

e l e c t r o o x i d a t i o n causes the b a n d s at 2 8 0 a n d 2 3 0 n m to dec rease a n d 
the b a n d at 3 3 0 n m to inc rease a n d to shif t to a b o u t 3 2 0 n m . A f t e r a b o u t 
a 100-s e l e c t r o l y s i s , the s p e c t r u m s h o w n i n C u r v e 2 o f F i g u r e 8 A >was 

Table I. Peak Potential vs. p H Relationships for the Voltammetric 
Oxidation Peaks of 7,8-Dihydropterins Observed at the P G E 

Peak pH Range" Ep/Vvs. SCE" 

7,8-DHPc 

Ia 2-10 0.330-0.042 
Ha 2-10 0.510-Ό.044 
IIIa 2-10 0.805-0.045 
iv; 5.2-8" 0.880-0.042 

6-MDHPef 

i; 2-6 0.400-0.045 
IIIa 2-11 0.740-0.049 

6,7-DMDHP f'e 

Ia 2-5 0.48-0.054 
IIIa 2-5 0.86-0.076 

5-9.3 0.66-0.023 
9.3-11.6 1.35-0.092 

a All data obtained in phosphate buffers having an ionic strength of 0.5 M. 
6 Obtained at a sweep rate of 5 mV/s. 
c 7,8-Dihydropterin. 
d Below pH 5.2, peak IVa is masked by the background discharge current; and 

above pH 8, it merges with the decaying portion of peak IIIa. 
e 6-Methyl-7,8-dihydropterin. 
f Additional peaks at more positive potentials due to the electrooxidation of the 

pterin derivative(s) are observed. 
0 6,7-Dimethyl-7,8-dihydropterin. 
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472 BIOLOGICAL REDOX COMPONENTS 

P o t e n t i a l ( V vs . S C E ) 

Figure 6. Cyclic volt ammo gram at the PGE of 0.95 m M 7,8-DHP in 
phosphate buffer pH 3.4. Sweep rate: 200 mV/s. 

o b s e r v e d . T e r m i n a t i o n o f the e l e c t r o l y s i s at th is p o i n t s h o w s the spec 
t r u m o f an i n t e r m e d i a t e ( X m a x = 320 , 2 8 0 , a n d 228 n m ) . W i t h t i m e , the 
s p e c t r a l c h a n g e s b e t w e e n C u r v e s 3 a n d 4 i n F i g u r e 8 B take p l a c e , that 
is , the t w o short w a v e l e n g t h b a n d s g r o w a n d shif t to s l i g h t l y shor ter 
w a v e l e n g t h s ( X m a x = 2 7 6 a n d 2 2 6 n m ) a n d the l o n g w a v e l e n g t h b a n d 
decreases v e r y s l i g h t l y . C u r v e 4 i n F i g u r e 8 B is the s p e c t r u m o f the 
e n d p r o d u c t a n d is that e x p e c t e d for a m i x t u r e o f p t e r i n ( X m a x = 336 , 
2 6 7 , a n d 2 2 7 n m ) , 3 ( \ m a x = 309 , 2 7 4 , a n d 2 2 0 n m ) , a n d a s m a l l a m o u n t 
o f u n o x i d i z e d 7 , 8 - D H P . S i m i l a r b e h a v i o r w a s n o t e d on e l e c t r o o x i d a 
t i on o f 6 - M D H P a n d 6 , 7 - D M D H P at p e a k I a po t en t i a l s , e x c e p t that the 
p r o d u c t s p e c t r u m w a s i d e n t i c a l to 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 
p t e r i n s p e c i e s . T h e k i n e t i c s o f the c o n v e r s i o n o f the i n t e r m e d i a t e 
s p e c i e s to the e n d p r o d u c t s w a s s t u d i e d b y m o n i t o r i n g abso rbance vs . 
t i m e ( A vs . t) changes o f the t y p e s h o w n i n F i g u r e 8 B b u t at fixed 
w a v e l e n g t h s . A t y p i c a l A v s . t p l o t is s h o w n i n F i g u r e 9. A t 2 2 5 n m , 
i n i t i a t i o n o f the e l e c t r o o x i d a t i o n causes the abso rbance to dec rease . 
A f t e r t e r m i n a t i n g the e l e c t r o l y s i s , the absorbance c o n t i n u e s to d e -
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20. DRYHURST ET AL. Reduced Pterin Cofactors 473 

0 - .05 -1.0 1.0 0.5 0 -0.5 -1 .0 
P o t e n t i a l ( V v s . S C E ) 

Figure 7. Cyclic voltammograms at the PGE of 0.82 m M 7,8-DHP in 
phosphate buffer pH 6.0. Sweep rate: 200 mV/s. Initial sweep A, toward 

negative potentials and B, toward positive potentials. 

crease for 1 0 - 2 0 s a n d then increases . T h i s b e h a v i o r suggests that t w o 
i n t e r m e d i a t e spec i e s are f o r m e d : one that d e c a y s w i t h a dec rease i n 
abso rbance to ano ther spec ie s , w h i c h s u b s e q u e n t l y d e c a y s w i t h a n 
i nc rea se o f abso rbance . T h e s i m p l e s t k i n e t i c s c h e m e for s u c h a p rocess 
is s h o w n i n E q u a t i o n 1. 

7 , 8 - D H P • [ i n t e r m e d i a t e j i [ i n t e r m e d i a t e ^ 
i *• (1) 

p r o d u c t 

A v s . ί resu l t s w e r e f i t ted b y a non l inea r - l ea s t - squa re s p r o g r a m (39) to 
c a l c u l a t e kt a n d k2

3, w h i c h are f i rs t -order rate constants ( resul ts s h o w n 
i n T a b l e I I ) . F o r the e l e c t r o o x i d a t i o n o f 7 , 8 - D H P at p e a k I a po t en t i a l s , 
t w o p r o d u c t s are f o r m e d , p t e r i n a n d 3. T h u s , the m e c h a n i s m m u s t b e 
m o r e c o m p l e x for th is c o m p o u n d t h a n that s h o w n i n E q u a t i o n 1. T w o 

3 Our computational program utilizes an optimizing routine written by E. Enwall 
incorporating an algorithm of D. W. Marquardt (39). 
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474 BIOLOGICAL REDOX COMPONENTS 

4 0 0 3 0 0 2 0 0 4 0 0 3 0 0 2 0 0 

W a v e l e n g t h (nm) 

Figure 8. Spectra of 0.46 m M 7,8-DHP in phosphate buffer, pH 7.0, 
electrolyzing in a thin-layer cell containing an optically transparent 
RVC electrode. A: Curve 1 is the spectrum of 7,8-DHP; Curve 2 is the 
spectrum observed after electrolysis for 100 s at Peak l'a (0.10 V). B: 
Curve 3 is the spectrum when the electrolysis is terminated; Curve 4 is 
the spectrum after decay of the intermediate species. Each sweep has a 
duration of 18.9 s with virtually no time interval between repetitive 

sweeps. 

p o s s i b l e a l t e rna t i ve routes are s h o w n i n E q u a t i o n s 2a a n d b . U n f o r t u 
n a t e l y , ana lys i s o f A vs . t da ta does not d e t e r m i n e w h i c h o f these 
s c h e m e s is a p p l i c a b l e . H o w e v e r , b e c a u s e b o t h p r o d u c t s are f o r m e d i n 
a l m o s t e q u a l y i e l d s , i n E q u a t i o n 2a , kt m u s t b e a l m o s t e q u a l to fc3; y e t 
i n E q u a t i o n 2 b , k2 m u s t e q u a l kz. 

7 , 8 - D H P ~ m + ~ 2 e > [ i n t e r m e d i a t e ] ι [ i n t e r m e d i a t e ^ (p roduc t ) 2 

lk> (a) 

< P r o d u c t ) i (product ) ! 

7 , 8 - D H P ^ [ in te rmedia te ] ! [ in te rmedia te ] (2) 

(p roduc t ) 2 

(b) 
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20. DRYHURST ET AL. Reduced Pterin Cofactors 475 

0 2 0 0 4 0 0 6 0 0 8 0 0 
T i m e (s) 

Figure 9. Absorbance vs. time curve observed during, and after, elec
trooxidation of 0.5 m M 7,8-DHP in phosphate buffer, pH 6.0, at peak l'a 

in a thin-layer cell containing a RVC electrode. The arrow indicates 
when the electrolysis was terminated. 

Table II. First-Order Rate Constants Observed for Decay of 
Intermediates Generated on Electrooxidation of 7,8-Dihydropterins at 

Peak i ; Potentials in a Thin-Layer Ce l l a 

pH" k/nm° k, x io% -'" k2 x 102ls-> 

7,8-DHPe 

5.20 225 7.5 ± 0.5 3.0 ± 0.5 
6.00 225 11 ± 5 1.8 ± 0.5 
7.00 225 1.0 ± 0.2' 
7.95 228 1.0 ± 0.2' 

6,7-DMDHPB 

3.0 254 51 ± 0.2 2.9 ± 1.0 
4.6 263 55 ± 3 7.0 ± 2.5 
5.6 262 33 ± 5 5.4 ± 2.5 
6.8 262 36 ± 27 3.7 ± 0.4 
7.3 266 106 ± 29 9 ± 3 

a Containing an optically transparent RVC electrode. 
b Phosphate buffers having an ionic strength of 0.5 M. 
c Wavelength emploved to monitor A vs. t curve. 
d k Values obtained by fitting A vs. t data with a nonlinear least-squares program 

(39). 
e Dihydropterin. 
fkx and k2 were indistinguishable. 

9 6,7-Dimethyl-7,8-dihydropterin. 
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476 BIOLOGICAL REDOX COMPONENTS 

C o n t r o l l e d p o t e n t i a l e l e c t r o o x i d a t i o n o f 7 , 8 - D H P at p e a k I I I a 

b e t w e e n p H 7 a n d 9 i n v o l v e d the t ransfer o f 2.5 ± 0 . 1 e l ec t rons p e r 
m o l e c u l e . V o l t a m m e t r i c a n d s p e c t r o p h o t o m e t r i c ana ly s i s o f the p r o d 
u c t i n d i c a t e d a m i x t u r e c o n s i s t i n g o f 78 ± 6 % p t e r i n a n d 21 ± 6 % o f 7. 
E l e c t r o l y s i s o f 6 - M D H P a n d 6 , 7 - D M D H P at p e a k I I I a at p H 2 - 5 gave 
η - v a l u e s o f 1.9 ± 0.2, w i t h the c o r r e s p o n d i n g p t e r i n as the p r o d u c t . 

F r o m these data , w e c o n c l u d e d that the r e d o x c h e m i s t r y o f the 
7 , 8 - d i h y d r o p t e r i n s m a y b e r a t i o n a l i z e d o n l y i f the c o m p o u n d exis ts i n 
a q u e o u s s o l u t i o n i n an e q u i l i b r i u m i n v o l v i n g a c o v a l e n t l y h y d r a t e d 
( 7 , 8 - D H P - H 2 0 , E q u a t i o n 3) a n d n o n h y d r a t e d ( 7 , 8 - D H P , E q u a t i o n 3) 

(3) 

H H 

7,8-DHP 7 ,8 -DHP-H 2 0 

forms. T h u s p e a k Ia is, o v e r a l l , a 2 e - 2 H + q u a s i - r e v e r s i b l e o x i d a t i o n o f 
the h y d r a t e d sp ec i e s to g i v e an u n s t a b l e q u i n o n o i d s p e c i e s . F i v e 
t a u t o m e r i c s t ruc tures are p o s s i b l e for s u c h a q u i n o n o i d (8 -12) . T h e 

Ο 

H - N 
N 

H , N 

O H 

Η 
Η 

"Η Η , Ν 

Ο 

Ν 
Ο Η 

I L / H 

Η 

10 11 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

20



20. DRYHURST ET AL. Reduced Pterin Cofactors 477 

Ο 

12 

a c t u a l s t ruc tu re for the p r i m a r y p e a k Ia q u i n o n o i d p r o d u c t , w h i c h is 
r e s p o n s i b l e for p e a k lé i n c y c l i c v o l t a m m e t r y , is not k n o w n . F o r p e a k I a 

o f 7 , 8 - D H P , the k i n e t i c resu l t s s u p p o r t the v i e w that the p r i m a r y 
q u i n o n o i d p r o d u c t ( D H P - q u i n o n o i d - I , F i g u r e 2) u n d e r g o e s a first-
o rde r r e a r r a n g e m e n t to a s e c o n d , m o r e s t ab l e , i n t e r m e d i a t e , w h i c h w e 
s u s p e c t is one o f the o ther th ree q u i n o n o i d spec i e s ( D H P - q u i n o n o i d -
I I , F i g u r e 2). T h e s e i n t e r m e d i a t e s d e c o m p o s e to g i v e p t e r i n a n d 7,8-
d i h y d r o x a n t h o p t e r i n , as s h o w n i n F i g u r e 2. A s n o t e d ea r l i e r , p e a k I I a 

o f 7 , 8 - D H P is d u e to 2 e - 2 H + e l e c t r o o x i d a t i o n o f the la t ter spec i e s to 
x a n t h o p t e r i n , w h i c h i n t u r n is o x i d i z e d fur ther i n the p e a k I V a p rocess . 

F o r the p e a k I a process o f 6 - M D H P a n d 6 , 7 - D M D H P , i t is no t 
p o s s i b l e to fo rm 7 , 8 - d i h y d r o x a n t h o p t e r i n ; a n d h e n c e , f o l l o w i n g the 
c o n v e r s i o n o f q u i n o n o i d - I to q u i n o n o i d - I I , a s i m p l e d e h y d r a t i o n reac
t ion to the c o r r e s p o n d i n g p t e r i n m u s t o c c u r . 

O x i d a t i o n p e a k I I I a is a 2 e - 2 H + i r r e v e r s i b l e o x i d a t i o n o f the 
n o n h y d r a t e d 7 , 8 - d i h y d r o p t e r i n spec ie s to g i v e p t e r i n , as s h o w n i n 
F i g u r e 2. 

I n the c y c l i c v o l t a m m e t r y o f 7 , 8 - D H P , 7 is f o r m e d i n the p e a k I I a 

r e a c t i o n ; a n d h e n c e , p e a k île appears o n the r eve r se c y c l e ( F i g u r e 7 B ) . 
P e a k I I a , w h i c h appea r s o n l y at l o w p H , p r o b a b l y is d u e to e l e c t r o o x i 
d a t i o n o f a p r o t o n a t e d fo rm o f 7 , 8 - D H P - H 2 0 . 

L i n e a r s w e e p v o l t a m m e t r y o f T H P , 6 - M T H P , a n d 6 , 7 - D M T H P at 
the P G E i n d i c a t e d that at l eas t th ree p H - d e p e n d e n t o x i d a t i o n p e a k s 
are f o r m e d ( T a b l e I I I ) . F o r 6 - M T H P a n d 6 , 7 - D M T H P , p e a k I V a ( T a b l e 
I I I ) resu l t s f rom e l e c t r o c h e m i c a l o x i d a t i o n o f 6 - m e t h y l p t e r i n a n d 6,7-
d i m e t h y l p t e r i n (by c o m p a r i s o n w i t h the a u t h e n t i c ma te r i a l ) , r e spec 
t i v e l y , a n d w i l l no t b e d i s c u s s e d further. P e a k I a is a l w a y s the la rges t 
p e a k at s l o w s w e e p rates f o l l o w e d , at m o r e p o s i t i v e po ten t i a l s , b y 
p o o r l y d e f i n e d peaks I I a a n d I I I a ( F i g u r e 10A) . A t s w e e p rates ^ 100 
m V / s for T H P , for e x a m p l e , the d e c a y o f the p e a k I a c u r r e n t f o l l o w s the 
t i m e c o u r s e e x p e c t e d for a s i m p l e , d i f f u s i o n - c o n t r o l l e d r eac t ion ( F i g 
u re 10B) . H o w e v e r , at s l o w e r s w e e p rates, the rate o f c u r r e n t d e c a y is 
s i g n i f i c a n t l y l o w e r t han m i g h t b e e x p e c t e d for a n u n c o m p l i c a t e d 
d i f f u s i o n - c o n t r o l l e d r eac t ion ( F i g u r e 1 0 A ) . T h i s b e h a v i o r suggests that 
as a r e s u l t o f the p e a k I a r e a c t i o n , a spec i e s is ra ther s l o w l y g e n e r a t e d 
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478 BIOLOGICAL REDOX COMPONENTS 

Table I I I . Peak Potential vs. p H Relationships for the Voltammetric 
Oxidation Peaks of 5,6,7,8-Tetrahydropterins 

Peak pH Range" E p / V vs. SCE 

THPC 

Ia 3 - 5 . 6 0 . 4 0 4 - 0 . 0 7 3 
Ia 5 .6 -10 .8 0 . 1 8 0 - 0 . 0 3 3 
H a 3 - 1 0 . 0 0 . 5 1 0 - 0 . 0 4 0 
I I Ia 3 - 1 0 . 8 0 . 9 8 0 - 0 . 0 5 8 

6-MTHP" 
Ia 2 - 1 1 0 . 3 2 0 - 0 . 0 5 6 
H a 2 - 5 0 . 4 2 0 - 0 . 0 5 5 
I I Ia 3 - 1 1 0 . 7 3 0 - 0 . 0 5 1 
I V a 3 - 1 1 1 .62-0 .064 

6,7-DMTHPe 

Ia 2 - 1 1 0 . 3 0 9 - 0 . 0 5 3 
H a 2 - 4 . 1 0 . 4 4 2 - 0 . 0 5 5 
I I Ia 2 - 4 . 1 0 . 8 4 7 - 0 . 0 7 8 
I I Ia 4 . 1 - 1 0 . 6 0 . 6 3 0 - 0 . 0 2 1 
I V a 2 - 1 1 1 .51 -0 .052 

a Phosphate buffers having an ionic strength of 0.5 M. 
6 Measured at a sweep rate of 5 mV/s. 
c 5,6,7,8-Tetrahydropterin. 
d 6-Methyl-5,6,7,8-tetrahydropterin. 
e 6,7-Dimethyl-5,6,7,8-tetrahydropterin. 

that u n d e r g o e s fur ther e l e c t r o o x i d a t i o n at p e a k I a po t en t i a l s . H e n c e , 
the d e c a y o f p e a k I a , p a r t i c u l a r l y at s l o w s w e e p rates, is r e t a r d e d b y 
e l e c t r o o x i d a t i o n o f the n e w spec ie s . W i t h T H P , s w e e p rate s tud ies 
( 0 . 2 - 5 0 V / s ) s h o w that the p e a k c u r r e n t f u n c t i o n (ip/ACv112) for p e a k I a 

is 1620 ± 130 μ Α c m - 2 m M v~ 1 / 2s 1 / 2 , w h i c h is c lo se to the v a l u e ex
p e c t e d for a r e v e r s i b l e , t w o - e l e c t r o n e l e c t r o d e r eac t ion (1700 μ Α c m - 2 

m M V " l / 2 s 1 / 2 ) . T h e lat ter v a l u e was c a l c u l a t e d u s i n g a v a l u e for the 
d i f fus ion coef f ic ien t o f T H P o f 5 x 1 0 " 6 c m 2 / s . 

C y c l i c v o l t a m m o g r a m s o f T H P ( F i g u r e 11) r e v e a l that p e a k I a is 
w e l l d e f i n e d at a s w e e p rate o f 2 0 0 m V / s , y e t the o ther o x i d a t i o n p e a k s 
are ra ther s m a l l . S i m i l a r b e h a v i o r w a s n o t e d for 6 - M T H P a n d 6,7-
D M T H P ( F i g u r e 12). T h e b e h a v i o r o f T H P is, h o w e v e r , the m o s t c o m 
p l e x a n d therefore has b e e n s t u d i e d i n greatest d e t a i l at th is t i m e . 

H a v i n g s c a n n e d the v a r i o u s o x i d a t i o n p e a k s o f T H P , at leas t four 
r e d u c t i o n peaks are o b s e r v e d o n the reve r se c y c l e ( I c , I I C , H e , I I I c , a n d 
s o m e t i m e s 1 ,̂ F i g u r e 11). N o n e o f these peaks is o b s e r v e d un les s the 
o x i d a t i o n peaks are first s c a n n e d . R e d u c t i o n p e a k I c forms a n a l m o s t 
r e v e r s i b l e c o u p l e w i t h o x i d a t i o n p e a k I a . A t r e l a t i v e l y l o w p H v a l u e s 
(e.g. , < p H 4 .3 for T H P , < p H ca . 5 for 6 - M T H P , a n d < p H 4 for 6,7-
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20. DRYHURST ET AL. Reduced Pterin Cofactors 479 

D M T H P ) , a n a d d i t i o n a l c o u p l e (peaks I a a n d U, F i g u r e s 1 1 A a n d 12A) 
appea r s o n the first c y c l e . W i t h T H P , o x i d a t i o n peak D appears o n the 
s e c o n d c y c l e . 

P e a k I c decreases r e l a t i v e to p e a k I a w i t h d e c r e a s i n g s w e e p rate 
for a l l t e t r ahyd rop te r in s , i n d i c a t i n g that the p r i m a r y p e a k I a p r o d u c t is 
u n s t a b l e a n d u n d e r g o e s a c h e m i c a l f o l l o w - u p r eac t i on . 

C o n t r o l l e d p o t e n t i a l c o u l o m e t r i c o x i d a t i o n o f T H P at p e a k I I I a 

po ten t i a l s at p H 7 i n d i c a t e d that four (3.8 ± 0.2) e l ec t rons p e r m o l e 
c u l e are t ransfer red . V o l t a m m e t r y a n d s p e c t r a l ana lys i s o f the p r o d u c t 
r e v e a l e d that T H P is c o n v e r t e d a l m o s t q u a n t i t a t i v e l y (>90%) to 
p t e r i n . C o m p o u n d s 6 - M T H P a n d 6 , 7 - D M T H P e x h i b i t e d a l m o s t i d e n t i 
c a l b e h a v i o r . C o u l o m e t r y o n the r i s i n g p o r t i o n o f p e a k I a for a l l t e t rahy
d rop t e r i n s s t u d i e d i n d i c a t e d that 2 ± 0.3 e l ec t rons p e r m o l e c u l e w e r e 
t ransfe r red . V o l t a m m e t r y a n d U V s p e c t r o s c o p y o f the p r o d u c t r e v e a l e d 

Figure 10. Voltammograms at the PGE of 0.53 m M THP in phosphate 
buffer, pH 5.85, at sweep rates of A, 5 mVIs and B, 200 mVls. Points 

show i - t decay calculated from the Cottrell equation. 
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480 BIOLOGICAL REDOX COMPONENTS 

1.0 0.5 0 -0.5 -1.0 -1 .5 
P o t e n t i a l ( V v s . S C E ) 

Figure 11. Cyclic voltammograms at the PGE of 0.54 m M THP in 
phosphate buffers at pH 3.4 (A), 7.05 (B), and 9.98 (C). Sweep rate: 200 

mV/s. 

that the c o r r e s p o n d i n g 7 , 8 - d i h y d r o p t e r i n w a s f o r m e d . H o w e v e r , e l e c 
t r o o x i d a t i o n at, o r s l i g h t l y p o s i t i v e , o f p e a k I a p o t e n t i a l s at a r o u n d p H 3 
r e s u l t e d i n fo rma t ion o f a m i x t u r e o f p t e r i n a n d 3. T h e o ther t w o tet
r a h y d r o p t e r i n s gave the c o r r e s p o n d i n g p t e r in s . 

B e c a u s e c y c l i c v o l t a m m e t r y o f a l l t e t r a h y d r o p t e r i n s ( F i g u r e s 11 
a n d 12) i n d i c a t e d that the p e a k I a r e a c t i o n g i v e s a n u n s t a b l e i n t e r m e 
d i a t e , t h i n - l a y e r s p e c t r o 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 w e r e c a r r i e d out . 

F i g u r e 1 3 A s h o w s the s p e c t r u m o f T H P at p H 7 ( X m a x = 3 0 0 a n d 
2 2 0 n m ) i n a t h i n - l a y e r c e l l . C u r v e 1 i n F i g u r e 1 3 B is the s p e c t r u m 
o b t a i n e d a f e w seconds after i n i t i a t i n g the e l e c t r o l y s i s , a n d C u r v e 2 is 
the s p e c t r u m a b o u t 55 s la ter . T h u s , o n e l e c t r o l y s i s , the T H P b a n d 
at 2 2 0 n m decreases a n d shifts to l o n g e r w a v e l e n g t h s , a n d the b a n d 
at 3 0 0 n m shifts to shor ter w a v e l e n g t h s . A f t e r s c a n n i n g C u r v e 2 ( F i g 
u r e 1 3 B ) , the e l e c t r o l y s i s was t e r m i n a t e d a n d the s p e c t r a l changes 
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Figure 12. Cyclic voltammograms at the PGE of 1.1 m M 6,7-DMTHP 
in phosphate buffers at pH 3.1 (A), 5.0(B), and 11.0 (C). Sweep rate: 50 

mV/s. 
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482 BIOLOGICAL REDOX COMPONENTS 

Β 
î i 

i i. Γ\λ 

0.4 AU jfflr 1 

Λ 

\ 

\ 1 ι I 
4 0 0 3 0 0 2 0 0 4 0 0 

W a v e l e n g t h (nm) 
3 0 0 2 0 0 

Figure 13. Spectra of 0.6 m M THP in phosphate buffer, pH 7, elec-
trolyzing on the rising portion of peak Ia in a thin-layer cell containing a 
RVC electrode. A: spectrum of THP. B: Curve 1 is the spectrum a few 
seconds after initiation of the electrolysis; Curve 2 is the spectrum after 
55 s electrolysis; Curve 3 is the spectrum after complete decay of the 
intermediate and corresponds to 7,8-DHP. In B, each scan was 18.8 s, 

with no significant interval between scans. 

s h o w n b e t w e e n C u r v e s 2 a n d 3 w e r e o b s e r v e d . T h u s , the p e a k s at 2 3 0 
a n d 281 n m g r o w w h i l e the absorbance a r o u n d 3 3 0 n m decreases . T h e 
a r rows i n F i g u r e 1 3 B p o i n t i n the d i r e c t i o n o f the la t ter absorbance 
changes . C u r v e 3 is the s p e c t r u m o f the final p r o d u c t ( X m a x = 3 3 2 , 2 8 1 , 
a n d 232 n m ) , w h i c h is c l o se to that e x p e c t e d for 7 , 8 - D H P . C l e a r l y , an 
u n s t a b l e i n t e r m e d i a t e is f o r m e d that s p o n t a n e o u s l y d e c o m p o s e s i n t o 
7 , 8 - D H P . T h e k i n e t i c s o f th i s t r ans format ion w e r e s t u d i e d b y m o n i t o r 
i n g e i the r the d e c a y o f the U V absorbance o f the i n t e r m e d i a t e or the 
i nc rease i n p r o d u c t absorbance w i t h t i m e . A t a l l p H v a l u e s s t u d i e d , 
th i s process w a s first order . S i m i l a r b e h a v i o r w a s o b s e r v e d o n e l e c 
t r o c h e m i c a l o x i d a t i o n o f 6 - M T H P a n d 6 , 7 - D M T H P . V a l u e s o f the o b 
s e r v e d rate constants are p r e s e n t e d i n T a b l e I V . T h e e x p e r i m e n t a l rate 
cons tan t was i n d e p e n d e n t o f concen t r a t i on for i n i t i a l T H P concen t ra 
t ions r a n g i n g f r o m 0.3 to 3 m M . T a b l e I V shows that a b e l l - s h a p e d r e l a 
t i o n s h i p b e t w e e n & o b s a n d p H occu r s for a l l th ree t e t r ahydrop te r in s , 
w i t h fcobs b e i n g m a x i m a l at p H 5 . 6 - 6 . 0 . T h e la t ter fact suggests that 
H 2 P 0 4 ~ ca ta lyzes the c h e m i c a l f o l l o w - u p r eac t i on . I n d e e d , e x p e r i -
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20. DRYHURST ET AL. Reduced Pterin Cofactors 483 

Table IV. Observed First-Order Rate Constants for the Chemical 
Reaction of the Intermediate Species Generated on Electrochemical 

Oxidation of Tetrahydropterins at Peak I a 

pHa kob8xl02ls-lb 

THPc 
3.1 2.5 
4.1 2.7 
5.1 4.3 
5.6 5.5 
5.9 5.5 
6.4 2.9 
7.0 1.8 
8.4 

6-MTHP" 
0.7 

1.98 1.1 
3.10 1.2 
3.96 1.7 
4 .58 1.5 
5.60 3.5 
6.02 2.9 
6.95 1.2 
8.05 0.3 
9.30 0.3 
9 .85 

6,7-DMTHPe 

0.2 

2.0 1.4 
3.1 2.3 
4 .0 2 .9 
4 .6 3.0 
5.6 4.3 
6.0 4.8 
6.8 2 .0 
7.0 1.8 
8.0 0.7 
9.3 0.5 

Note: Electrolysis carried out in a thin-layer cell containing an optically transparent 
RVC electrode. 

a Phosphate buffers having an ionic strength of 0.5 M. 
6 Mean of at least three replicate determinations. 
c 5,6,7,8-Tetrahydropterin. 
d 6-Methyl-5,6,7,8~tetrahydropterin. 
e6,7-Dimethyl-5,6,7,8-tôtrahydropterin. 
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484 BIOLOGICAL REDOX COMPONENTS 

meri ts r e v e a l that for H 2 P 0 4 ~ concen t ra t ions r a n g i n g f rom 0.04 to 0.4 M 
i n p H 5.45 so lu t ions m a i n t a i n e d at a cons tan t i o n i c s t reng th o f 2 .0 M 
w i t h N a C 1 0 4 , the v a l u e o f Kbs m e a s u r e d f o l l o w i n g o x i d a t i o n o f T H P 
increases s y s t e m a t i c a l l y f rom 0.69 x 1 0 " 2 to 3.5 x 1 0 " 2 s" 1. 

B a s e d o n these resu l t s , w e c o n c l u d e d that p e a k I a o f the tetra
h y d r o p t e r i n s is a n a l m o s t r e v e r s i b l e 2e-2H+ o x i d a t i o n to g i v e a n 
i n t e r m e d i a t e q u i n o n o i d - d i h y d r o p t e r i n ( F i g u r e 2). T h e r e are five pos 
s i b l e s t ruc tures for s u c h a q u i n o n o i d (13 -17 ) , b u t in su f f i c i en t i n f o r m a -

H — Ν 

H 2 N H 2 N 

13 14 

Ο 

Η 

15 

H 2 N 
Η 

Η Η Ν 

16 17 

t i o n is a v a i l a b l e to d e c i d e w h i c h o f these spec i e s is p r e f e r r e d . H o w 
ever , the q u i n o n o i d i n t e r m e d i a t e rear ranges i n a first-order r e a c t i o n to 
g i v e the c o r r e s p o n d i n g 7 , 8 - d i h y d r o p t e r i n ( F i g u r e 2) . T h i s c o m p o u n d 
t h e n p a r t i a l l y hydra te s to g i v e 7 , 8 - D H P - H 2 0 , w h i c h is o x i d i z e d i n the 
p e a k I a p rocess . T h e la t ter r eac t i on o c c u r s at p o t e n t i a l s v e r y c l o s e to 
p e a k I a a n d accoun t s for the u n u s u a l c u r r e n t d e c a y o f v o l t a m m e t r i c 
p e a k I a at s l o w s w e e p rates (see F i g u r e 1 0 A ) . T h e c h e m i s t r y a s soc ia t ed 
w i t h the r e m a i n d e r o f the p e a k s o b s e r v e d o n l i n e a r a n d c y c l i c s w e e p 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

20



20. DRYHURST ET AL. Reduced Pterin Cofactors 485 

v o l t a m m e t r y o f T H P ( I a , I I a , I I a , I I I a , I V a , I c , I c > H e , H e , H i e , I V a , a n d 
D ) a n d d i s c u s s e d p r e v i o u s l y are s u m m a r i z e d i n F i g u r e 2 . P e a k s I I a , 
I V a , a n d l i e are o b s e r v e d o n l y w i t h T H P b e c a u s e o n l y for th is c o m 
p o u n d c a n 3 b e f o r m e d . C o m p o u n d 3, w h i c h is r e s p o n s i b l e for p e a k 
I I a , g ives 7, w h i c h i n t u r n is o x i d i z e d i n the p e a k I V a p rocess a n d 
r e d u c e d at p e a k l i é · 

Conclusions 

T h e 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 s tud ies j u s t r e p o r t e d i n d i c a t e 
that the r e d o x c h e m i s t r y o f T H P , i n p a r t i c u l a r , is q u i t e c o m p l e x . T h e 
i n i t i a l , q u a s i - r e v e r s i b l e p e a k I a p rocess o f the t e t r ahyd rop t e r i n s s t u d 
i e d g ives an u n s t a b l e q u i n o n o i d o f u n c e r t a i n s t ruc tu re . T h i s t w o 
e l e c t r o n - d e f i c i e n t s t ruc tu re t hen rear ranges to the c o r r e s p o n d i n g 7,8-
d i h y d r o p t e r i n . T h e s e i nves t i ga t i ons o f T H P , 6 - M T H P , a n d 6,7-
D M T H P g i v e no e v i d e n c e for a n i n i t i a l o n e - e l e c t r o n r eac t i on g i v i n g a 
r a d i c a l i n t e r m e d i a t e , as p r o p o s e d b y others (22) o n the bas is o f 
p o l a r o g r a p h i c s tud ies at a D M E . 

I n c o n c l u s i o n , the 7 , 8 - d i h y d r o p t e r i n finally f o r m e d as the e n d 
p r o d u c t o f the p e a k I a r eac t ion reacts w i t h w a t e r to fo rm an e q u i l i b 
r i u m m i x t u r e o f c o v a l e n t l y h y d r a t e d a n d n o n h y d r a t e d s p e c i e s . T h i s 
h y d r a t i o n r eac t i on c l e a r l y is f a v o r e d i n a c i d s o l u t i o n b u t for 7 , 8 - D H P , 
the v o l t a m m e t r i c p e a k c o r r e s p o n d i n g to o x i d a t i o n o f 7 , 8 - D H P - H 2 0 
(peak I a ) m a y b e o b s e r v e d at p H 7, i n d i c a t i n g that the la t ter s p e c i e s 
exis ts to a n a p p r e c i a b l e ex ten t at a r o u n d p h y s i o l o g i c a l p H . T h e h y 
d r a t e d forms o f the 7 , 8 - d i h y d r o p t e r i n s are s t r u c t u r a l l y v e r y s i m i l a r to 
the t e t r a h y d r o c o m p o u n d s (e.g. , c o m p a r e 7 , 8 - D H P - H 2 0 a n d T H P i n 
F i g u r e 2) a n d therefore , no t s u r p r i s i n g l y , are e l e c t r o o x i d i z e d at n e a r l y 
the s ame p o t e n t i a l as the t e t r a h y d r o c o m p o u n d s . T h i s o x i d a t i o n is a l so 
a q u a s i - r e v e r s i b l e 2 e - 2 H + r e ac t i on g i v i n g ano ther u n s t a b l e q u i n o n o i d . 
T h e la t ter p u t a t i v e i n t e r m e d i a t e u n d e r g o e s a fast c h e m i c a l r eac t i on to 
g i v e a s e c o n d i n t e r m e d i a t e , t h o u g h t to b e a n i s o m e r i c , b u t m o r e s t ab le , 
q u i n o n o i d . T h e q u i n o n o i d s f o r m e d f r o m the c o v a l e n t l y h y d r a t e d forms 
o f 6 - M D H P a n d 6 , 7 - D M D H P rea r range to g i v e the c o r r e s p o n d i n g 
m e t h y l a t e d p t e r in s . H o w e v e r , the q u i n o n o i d i n t e r m e d i a t e g e n e r a t e d 
o n p e a k I a o x i d a t i o n o f 7 , 8 - D H P - H 2 0 b r e a k s d o w n to g i v e a m i x t u r e o f 
p t e r i n a n d 7 , 8 - d i h y d r o x a n t h o p t e r i n . A s n o t e d ea r l i e r , the la t ter c o m 
p o u n d has b e e n f o u n d i n pa t i en t s su f f e r ing from P K U or a d i h y d r o 
p t e r i d i n e r educ tase d e f i c i e n c y ( 2 5 , 2 6 ) . I n a d d i t i o n , t e t r a h y d r o b i o p t e r i n 
(1) a n d t e t r a h y d r o f o l i c a c i d are t h o u g h t to u n d e r g o c l e a v a g e at the 
C ( 6 ) - C ( l ' ) b o n d d u r i n g o x i d a t i o n ( I I , 4 0 , 41). S u c h a r e a c t i o n s h o u l d 
r e su l t i n the fo rma t ion o f 7 , 8 - D H P a n d 7 , 8 - D H P - H 2 0 . T h e e l e c 
t r o c h e m i c a l resu l t s r e p o r t e d i n th i s c h a p t e r i n d i c a t e that the a l m o s t 
r e v e r s i b l e o x i d a t i o n p o t e n t i a l o f the la t te r spec i e s is v e r y s i m i l a r to that 
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486 BIOLOGICAL REDOX COMPONENTS 

of THP. Thus, 7 ,8-DHP-H 2 0 quite possibly could function as a cofac
tor in the aromatic amino acid hydroxylation with the formation of 
DHP-quinonoid-I/DHP-quinonoid-II intermediates (see Figure 2). 
The latter intermediates may not be reducible by dihydropteridine 
reductase and, in the case of a deficiency of the latter enzyme, could 
not be reduced. The result would be the formation of 7,8-
dihydroxanthopterin. This proposal is only one scheme to account for 
the appearance of the latter compound in the urine of patients with 
PKU or dihydropteridine reductase deficiency and must be regarded 
as speculative at this time. This fact is particularly true because the 
detailed redox chemistry of tetrahydrobiopterin, tetrahydrofolic acid, 
and their 7,8-dihydro derivatives is not known. However, as noted 
previously (41 ), 7,8-dihydrobiopterin might play an important role in 
many of the reactions of tetrahydrobiopterin. 
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21 
Photosynthetic Energy Transduction 
Spectral and Redox Characteristics of 
Chlorophyll Radicals in Vitro and in Vivo 

J. FAJER 1, I. FUJITA, M. S. DAVIS, A. FORMAN, 
and L. K. HANSON 

Brookhaven National Laboratory, Department of Energy and Environment, 
Upton, NY 11973 

Κ. M. SMITH 

University of California, Department of Chemistry, Davis, CA 95616 

Optical, redox, and paramagnetic resonance results, as 
well as theoretical calculations, are presented for cation 
and anion radicals of magnesium tetraphenylchlorin, 
and serve as guides to the properties of chlorophyll ions. 
Electrochemical cells designed to generate the radicals 
are described. The spectral signatures of chlorophyll (and 
pheophytin) radicals in vitro are compared with those of 
the primary donors and acceptors of plant photosyn
thesis to identify the transients observed in vivo. The 
model studies and the theoretical calculations suggest 
that the protein environment of the chlorophylls in the 
reaction center can modulate their properties signifi
cantly, and may impose specific orientations as well as 
hydrogen bonding on the substituent groups of the 
chromophores. 

" D l a n t pho tosyn thes i s funct ions v i a t w o p h o t o s y s t e m s (PS) that 
c o o p e r a t i v e l y fix c a r b o n d i o x i d e ( P S I) a n d e v o l v e o x y g e n ( P S II ) . A 

c o m b i n a t i o n o f o p t i c a l a n d p a r a m a g n e t i c resonance s p e c t r o s c o p y re
c e n t l y r e s u l t e d i n a g e n e r a l i z e d m e c h a n i s m b y w h i c h g reen p l an t s 
( a n d a lgae) t r a n s d u c e an i n c i d e n t p h o t o n i n t o the o x i d a n t s a n d r e d u c -
tants that d r i v e the b i o c h e m i s t r y o f the o r g a n i s m s . T h e l i g h t h a r v e s t e d 

1 Author to whom correspondence should be addressed. 

0065-2393/82/0201-0489$07.25/0 
© 1982 Amer ican Chemica l Society 
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490 BIOLOGICAL REDOX COMPONENTS 

b y a n t e n n a p i g m e n t s is f u n n e l e d to a r eac t ion cen te r w h e r e a 
c h l o r o p h y l l (or c h l o r o p h y l l s ) , P, is r a i s e d to its e x c i t e d state, P * , a n d 
transfers a n e l e c t r o n to a n e a r b y accep to r , Ax ( l a b e l e d I i n P S I I ) , 
w i t h i n a f e w p i c o s e c o n d s . T h i s p r i m a r y cha rge separa t ion is then 
s t a b i l i z e d b y the r a p i d t r ans loca t ion o f the e l e c t r o n to a s e c o n d a r y 
accep to r , A 2 , for a n o v e r a l l r e ac t i on ( 1 - 2 7 ) : 

PAXA2 ^ Ρ * Α χ Α 2 P+Ax-A2 P+AtA2-

A c c e p t o r A 2 is an i r o n - s u l f u r p r o t e i n i n P S I (13 , 27) a n d an i r o n -
p l a s t o q u i n o n e ( F e - Q ) c o m p l e x i n P S I I (25 , 26) . T h e p r i m a r y donors , 
P , are b e l i e v e d to b e o x i d i z e d c h l o r o p h y l l s ( C h i ) , P - 7 0 0 + i n P S I a n d 
P - 6 8 0 + i n P S I I ( I - 1 0 ) . E l e c t r o n s p i n resonance ( E S R ) (6), 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 ) (28 , 2 9 ) , a n d o p t i c a l a n d c i r c u l a r 
d i c h r o i s m (30) resu l t s l e d to the p r o p o s a l that P - 7 0 0 is a d i m e r (or 
" s p e c i a l p a i r " ) o f c h l o r o p h y l l s , a l t h o u g h a m o n o m e r i c e n o l fo rm o f C h i 
r e c e n t l y was p o s t u l a t e d (31 ). 

T h e na ture o f P - 6 8 0 + i n P S I I is c o n s i d e r a b l y m o r e a m b i g u o u s : 
l i n e w i d t h s o f E S R s igna l s a t t r i b u t e d to P - 6 8 0 + r ange f rom 7 to 9 G 
(32-37) (vs. 7 G for P - 7 0 0 + ) , r e s u l t i n g i n p roposa l s o f m o n o m e r (33) , 
d i m e r (34-36) a n d e v e n t r i m e r (32) conf igura t ions . E v e n m o r e p u z 
z l i n g are the la rge di f ferences i n o x i d a t i o n p o t e n t i a l s o f P - 7 0 0 a n d 
P - 6 8 0 . T i t r a t ions o f P - 7 0 0 y i e l d a m i d p o i n t p o t e n t i a l ( 1 - 5 ) r a n g i n g b e 
t w e e n +0 .4 a n d +0 .5 V aga ins t the n o r m a l h y d r o g e n e l e c t r o d e , 
w h e r e a s the m i n i m u m p o t e n t i a l n e e d e d to o x i d i z e w a t e r to o x y g e n at 
the p h y s i o l o g i c a l p H sets a l o w e r l i m i t o f +0 .8 V (4, 5 ) for P - 6 8 0 . 

W e d e s c r i b e here i n v i t r o m a g n e t i c , r edox , a n d o p t i c a l p rope r t i e s 
o f c h l o r o p h y l l (S t ruc tu re I) a n d m a g n e s i u m t e t r a p h e n y l c h l o r i n 
( M g T P C , S t r u c t u r e I I ) , a m o d e l c o m p o u n d , a n d t h e i r 7r-cation r a d i c a l s , 
w h i c h i l l u s t r a t e the e n v i r o n m e n t a l factors c a p a b l e o f a l t e r i n g the 
prope r t i e s o f C h i i n v i v o . T h e o x i d a t i o n po t en t i a l s a n d E S R cha rac 
ter i s t ics o f the c h l o r i n s are sens i t i ve funct ions o f s o l v e n t a n d coun t e r -
i o n . T h e s e c h a n g e s m a y b e e x p l a i n e d b y t h e o r e t i c a l c a l c u l a t i o n s that 
p r e d i c t the ex i s t ence o f a n e a r l y degene ra t e e x c i t e d state w h o s e de 
gree o f i n t e r a c t i o n is i n f l u e n c e d b y the pe r tu rba t ions c a u s e d b y the 
a x i a l l i g a n d s , that is, the i m m e d i a t e e n v i r o n m e n t o f the C h i . C o m p a r i 
son o f the o p t i c a l , r edox , a n d m a g n e t i c da t a o f the c h l o r i n s i n v i t r o w i t h 
those a t t r i b u t e d to P - 6 8 0 suggests that m a n y o f the p rope r t i e s o f P - 6 8 0 
c a n b e r a t i o n a l i z e d i n t e rms o f a C h i m o n o m e r l i g a t e d b y n e i g h b o r i n g 
(p ro te in? ) m o l e c u l e s (38). 

W e also r e v i e w i n v i t r o a n d i n v i v o o p t i c a l a n d p a r a m a g n e t i c reso
n a n c e resu l t s that h a v e l e d to the i d e n t i f i c a t i o n o f C h i as the p r i m a r y 
accep to r , Au o f P S I (13 ,14 ,17 ,18 , 21, 23) a n d o f p h e o p h y t i n ( P h e o , a 
meta l - f ree C h i ) as the accep to r , I, o f P S I I (17-20, 24, 26). H e r e a g a i n , 
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21. FAJER ET AL. Photosynthetic Energy Transduction 491 

Structure I 

Structure II 

m o d e l s tud ie s a n d t h e o r e t i c a l c a l c u l a t i o n s sugges t that the p r o t e i n 
e n v i r o n m e n t o f the c h l o r o p h y l l s i n the r e a c t i o n cen t e r c a n m o d u l a t e 
the i r p rope r t i e s a n d m a y i m p o s e spec i f i c o r ien ta t ions as w e l l as h y d r o 
g e n b o n d i n g o n the s u b s t i t u e n t g roups o f the c h r o m o p h o r e s (18, 39a). 

Experimental 
The E S R and E N D O R techniques were described previously (40). The 

radicals were generated electrochemically at p la t inum electrodes i n rigor
ously d r ied and degassed solvents us ing tetrapropylammonium or tetra-
buty lammonium perchlorate as carrier electrolyte. Three electrochemical ce l l 
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492 BIOLOGICAL REDOX COMPONENTS 

configurations were used. For cation radicals, w h i c h are not sensitive to 
traces o f oxygen, a c e l l (Figure 1) was constructed to a l low simultaneous cyc l ic 
voltammetry, control led potential electrolysis, and optical measurements. The 
work ing electrode consisted of a Pt basket w i t h a mesh bottom into w h i c h was 
fitted a tube ending i n a fritted glass disk. This tube contained a mesh Pt 
basket as a counterelectrode. Th i s configuration offered large effective surface 
areas for both electrodes and a l lowed the flow of several mil l iamperes i n a 
solvent of low dielectr ic constant such as dichloromethane (e = 9) containing 
10" 3 M reactant and 0.1 M ( C 3 H 7 ) 4 N C 1 0 4 as electrolyte. A th in reference elec
trode fit direct ly into the top of the ce l l . The whole assembly was purged w i t h 
dry nitrogen or argon and the flow of gas served both to stir the solution and to 
exclude oxygen and water. The stirred solution moved past the optical c e l l and 
a l lowed spectra to be recorded. (The entire ce l l assembly readily fit into the 
sampling compartments of Cary 17 or 219 spectrophotometers, and was small 
enough to be inserted into an optical dewar w i th in the sampl ing compartments 
for low-temperature measurements.) A t the end of the electrolysis, cyc l ic 
voltammetry cou ld be performed on the product v ia the two Pt leads, w h i c h 
end in beads, inserted be low the work ing electrode. The reversibi l i ty o f the 
reaction cou ld also be checked by regeneration of the parent compound s imply 
by reversing the polarity of the work ing and counterelectrodes. 

For anion radicals, w h i c h require rigorous exclusion of water and oxygen, 
solutions containing the solvent, reactant, and carrier electrolyte were con
tacted wi th molecular sieves, A l 2 0 3 , and degassed on a vacuum l ine i n a side 
arm of the ce l l shown in F igure 2. The ce l l assembly was then sealed off and 
the solution was poured into the ce l l . A Pt wi re served as quasi-reference 
electrode. A magnetic stirrer, rotated by an outside magnet mounted on the 
flexible shaft of a stirring motor, pumped the solution over the working elec
trode and through an optical ce l l . For E S R measurements, the assembly shown 
i n F igure 3 was used. Outgassed solutions, prepared as just described, were 
poured into the ce l l to cover the electrodes, and enough current was passed 
through the solution to convert 8 0 - 9 0 % of the porphyrin to radical. (A more 
elaborate version employed a quasi-reference electrode.) After the ce l l was 
sealed off from the vacuum l ine , E S R and E N D O R measurements were ob
tained i n the thin side arm, and the identi ty of the product was verified spec-
trophotometrically in the attached optical ce l l . 

Ch lo rophy l l and pheophytin were prepared by standard techniques (38). 
The syntheses of 1 5 N-tetraphenylporphyrin (95% 1 5 N ) , and of magnesium tet-
raphenylchlorin were reported (38, 41). 

M e t h y l p y r o p h e o p h o r b i d e - α , deuterated at the 5-, 10-, and δ-posit ions 
(pyropheo-de, see Structure III) was prepared as follows: methyl pheophor-
bide-a (200 mg) was refluxed under nitrogen in 50 m L of dry co l l id ine con
ta ining 4 m L of D 2 0 for 16 h. The solvents were removed under vacuum and 
the residue was crystal l ized from methanol-methylene chloride to give 
196 m g (93%) of compound, partially deuterated at positions 5 and 10. To 
exchange the δ-posit ion, this material was heated for 4 h at 110°C in 12 m L 
of deuteroacetic ac id and 3 m L of dioxane, under nitrogen. The solution was 
d i lu ted wi th methylene chlor ide; washed wi th water, then aqueous sodium 
bicarbonate; d r i ed over anhydrous sodium sulfate; and evaporated to dryness. 
After crystallization from methylene chlor ide-methanol , a 96% recovery of 
methyl p y r o p h e o p h o r b i d e - α was obtained. N M R spectroscopy indicated that 
the δ-proton was >75% exchanged, that the 10-methylene was totally ex
changed, but that the 5-methyl was only about 50% exchanged (labeled 
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21. F A J E R E T A L . Photosynthetic Energy Transduction 493 

re fe rence 
e l e c t r o d e 

i n e r t 
gas i n l e t 

f l e a d for c o u n t e r e l e c t r o d e 

Jf^Î^ - — c o u n t e r e l e c t r o d e (Pt mesh ) 

w o r k i n g e l e c t r o d e (P t fo i l ) 

po rous glass fr i t 

c y c l i c v o l t a m m e t r y e l e c t r o d e s 

2 - m m o p t i c a l 

cross s ec t ion o f 
the e l e c t r o d e s 

w o r k i n g 
e l e c t r o d e 

c o u n t e r e l e c t r o d e 

glass fr i t 

Figure 1. Electro optical cell for controlled potential electrolysis, 
cyclic voltammetry, and optical measurements. 
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494 BIOLOGICAL REDOX COMPONENTS 

pyropheo-d 4 i n F igure 9). The partially deuterated material was therefore re
treated as follows: 46.5 mg i n 20 m L of dry pyr id ine and 2 m L of D 2 0 was 
refluxed for 92 h under nitrogen. After evaporation to dryness, use of toluene as 
a solvent chaser, and crystallization from methylene chlor ide-methanol , 39.5 
mg (85% recovery) of the required pyropheo-de was obtained. N M R spectros
copy showed that the peak assigned to the 5-methyl was totally absent (i.e., 
>95% deuteration). 

T r i ton-treated subchloroplast particles enriched in PS I (one PS I reaction 
center/30 C h i molecules) or i n PS II (one PS II reaction center/30-40 Chls) 
were prepared and the primary acceptors were trapped as described i n Refer
ences 18, 20, and 26. 

to v a c u u m a n d r eagen t 
r e se rvo i r 

quas i - re fe rence > 
e l e c t r o d e < — c o u n t e r e l e c t r o d e 

2 - m m o p t i c a l * 
c e l l 4 w o r k i n g e l e c t r o d e 

Figure 2. Electrochemical cell for in vacuo electrolysis. 
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21. FAJER ET AL. Photosynthetic Energy Transduction 495 

E S R t u b e 

C 0 2 M e 

Structure III 

Theoretical Calculations 

T h e cha rge i t e ra t ive e x t e n d e d H i i c k e l ( I E H ) p r o g r a m , p a r a m 
eters, a n d l i m i t s o f c o n v e r g e n c e are d e s c r i b e d i n Refe rences 41, 42, 
a n d 4 3 . T h e c o m p u t a t i o n s for the c h l o r o p h y l l ( and p h e o p h y t i n ) m o d e l s 
s h o w n i n T a b l e I I u s e d coo rd ina t e s f r o m the x- ray s t ruc tures o f e t h y l 
c h l o r o p h y l l i d e - a d i h y d r a t e (44) a n d m e t h y l p h e o p h o r b i d e - a (45). T h e 
c a l c u l a t i o n s for the p h e o p h y t i n an ions r epresen t the average o f t w o 
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496 BIOLOGICAL REDOX COMPONENTS 

t a u t o m e r i c forms i n w h i c h the t w o c e n t r a l p ro tons are l o c a l i z e d o n the 
n i t rogens o f r i n g s I a n d I I I or r i n g s I I a n d I V . 

Results and Discussion 

C a t i o n R a d i c a l s a n d the P r i m a r y D o n o r o f P h o t o s y s t e m I I . T h e 
s p e c t r a l changes c a u s e d b y the o n e - e l e c t r o n o x i d a t i o n o f C h i i n 
m e t h y l e n e c h l o r i d e - t e t r a h y d r o f u r a n m i x t u r e s are s h o w n i n F i g u r e 4 . 
T h e b l e a c h i n g o f the major a b s o r p t i o n b a n d s a n d the a p p e a r a n c e o f 
n e w t rans i t ions i n the r e d r e g i o n p a r a l l e l those f o u n d for z i n c (41 ) a n d 
m a g n e s i u m (46) c h l o r i n s . T h e s p e c t r a l da ta sugges t therefore that the 
c h a n g e s o b s e r v e d are cha rac t e r i s t i c o f the o x i d a t i o n o f the c h l o r i n 
7r-system, a n d , thus that M g T P C is a r e a sonab l e m o d e l for C h i . I n 
m e t h y l e n e c h l o r i d e , the M g T P C + C 1 0 4 ~ c a t i o n d i s p l a y s a five-line 
E S R s p e c t r u m ( F i g u r e 5a) d u e to fou r p ro tons w i t h h y p e r f i n e s p l i t 
t ings , an = 5.6 G , as d e m o n s t r a t e d b y the s i m u l a t i o n o f F i g u r e 5 b . T h i s 
h y p e r f i n e i n t e r a c t i o n c a n r e a d i l y b e a s s i g n e d to the four /3-protons o f 
the sa tura ted r i n g o f the c h l o r i n b y s e l e c t i v e d e u t e r a t i o n : s u b s t i t u t i o n 
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M g T P C + D 4 - M g T P C + 

497 

Figure 5. Second derivative ESR spectra, in CH2Cl2 at 20°C, of 
MgTPC+Cl04~ (a) and MgTPC+Cl04--à4 (c) (deuterated at the reduced 
ring). The simulations demonstrate that the experimental spectra a and 
c are, respectively, determined by four equivalent protons '(b) and four 

dénierons (d). g = 2.0026. 

o f the four p ro tons o f that r i n g b y deu te rons resu l t s i n a n a r r o w e d E S R 
s p e c t r u m ( F i g u r e 5c) a t t r i b u t a b l e to four deu te rons w i t h aD = 0 .86 G , 
as e x p e c t e d b e c a u s e o f the dif ferences i n g y r o m a g n e t i c rat ios (αΌ/αΗ = 
0.1535) a n d n u c l e a r sp ins o f h y d r o g e n a n d d e u t e r i u m , a n d as c o n f i r m e d 
b y s i m u l a t i o n ( F i g u r e 5d) . 

I t e ra t ive e x t e n d e d H u c k e l c a l c u l a t i o n s p r e d i c t that t w o n e a r l y 
degene ra t e g r o u n d states, s epa ra t ed b y ~ 1 0 0 0 c m " 1 , are p o s s i b l e for 
o x i d i z e d c h l o r i n s . T h e c a l c u l a t e d u n p a i r e d s p i n dens i t i e s for these 
states are l i s t e d i n T a b l e I . S i m i l a r p ro f i l e s are o b t a i n e d b y self-
cons i s ten t field P a r i s e r - P a r r - P o p l e c a l c u l a t i o n s (38) . T h e e x p e r i m e n 
t a l l y o b s e r v e d s p l i t t i n g cons tan t o f a β - p r o t o n is g i v e n b y aH = pc 

( - 9 . 2 + 96 .7 cos 2 0) , i n w h i c h p c is the s p i n d e n s i t y o n the α - c a r b o n o f 
the π - s y s t e m (Ci a n d C 4 i n the p resen t case) a n d θ is the d i h e d r a l a n g l e 
b e t w e e n the 2pz o r b i t a l o f the α - c a r b o n a n d the p l a n e d e f i n e d b y C a , 
C^, a n d ϋβ (47) . X - r a y d i f f rac t ion s tud ies o f s i n g l e c rys ta l s i n d i c a t e that 
θ for the /3-protons o f the sa tu ra ted r i ngs ranges f r o m a n average o f 3 4 ° 
i n z i n c t e t r a p h e n y l c h l o r i n (48) to 4 5 ° i n e t h y l c h l o r o p h y l l i d e s (44) . 
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498 BIOLOGICAL REDOX COMPONENTS 

Table I. Unpaired Spin Densities for Cation and Anion Radicals of 
Mg Chlorin" 

7 8 

Cation 
Anion 

Position 

1,4 0 .093 0 .008 0.021 
2,3 0 .038 0.001 0.001 
5,20 0.051 0 .129 0 .065 
6,19 0 .055 0.001 0 .045 
7,18 0 .027 0 .008 0 .057 
8,17 0 .024 0 .006 0 .060 
9,16 0 .059 0 .002 0.041 

10,15 0 .006 0 .124 0.081 
11,14 0 .053 0 .002 0 .011 
12,13 0.024 0 .009 0 .006 

2 1 ( N ) 0 .000 0 .105 0 .124 
2 2 , 2 4 ( N ) 0.028 0 .081 0 .000 

2 3 ( N ) 0 .000 0 .072 0 .096 
M g 0 .000 0 .077 0 .000 

a C2v symmetry with the y-axis along N21-N23. 

T h e s e va lues , c o m b i n e d w i t h the p r e d i c t e d s p i n d e n s i t y o f 0 .093 for a 
2 A 2 state ( T a b l e I) , y i e l d s p l i t t i n g constants , a H , o f 5.3 a n d 3.6 G (for θ 
= 3 4 ° a n d 4 5 ° , r e s p e c t i v e l y ) c o m p a r e d w i t h the 5.6 G f o u n d e x p e r i 
m e n t a l l y . T h u s , the m a g n i t u d e o f the β - p r o t o n s p l i t t i n g s o b s e r v e d for 
M g T P C + C 1 0 4 " is i n gene ra l a c c o r d w i t h the s p i n dens i t i e s p r e d i c t e d 
for the α - c a r b o n s o f the sa tu ra ted r i n g i n the 2 A 2 state. 

T h e e l e c t r o n i c c o n f i g u r a t i o n o f m o n o m e r i c C h l + i n m e t h y l e n e 
c h l o r i d e or m e t h y l e n e c h l o r i d e - m e t h a n o l , i n w h i c h the r a d i c a l e x h i b 
its a 9 - G l i n e w i d t h , w a s m a p p e d b y E N D O R a n d s e l e c t i v e d e u t e r a t i o n 
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21. FAJER ET AL. Photosynthetic Energy Transduction 499 

(38, 48, 49). T h e resu l t s are a l so consonan t w i t h the 2 A 2 g r o u n d state 
( a s s u m i n g an a p p r o x i m a t e C2v s y m m e t r y ) p r e d i c t e d b y P P P c a l c u l a 
t ions (38) for a m o d e l o f C h l + , a n d b y e x t e n d e d H i i c k e l c a l c u l a t i o n s , 
w h i c h s p e c i f i c a l l y t reat the c h l o r o p h y l l m o l e c u l e ( T a b l e I I ) . I n 
m e t h y l e n e c h l o r i d e , the β - p r o t o n s p l i t t i n g s o f r i n g I V are n o t a b l y 
s m a l l e r i n C h l + (=-4 G ) t h a n i n M g T P C + C 1 0 4 " , as e x p e c t e d for the 4 5 ° 
d i h e d r a l a n g l e o f the β - p r o t o n s i n C h i a n d the s m a l l e r s p i n dens i t i e s 
c a l c u l a t e d for the α - c a r b o n s ( T a b l e I I , C - 1 6 a n d C - 1 9 ) . 

H o w e v e r , s ign i f i can t va r i a t ions i n the s p l i t t i n g constants o f 
M g T P C + c a n b e i n d u c e d b y var ia t ions i n t e m p e r a t u r e , so lven t , a n d 
c o u n t e r i o n . A t 2 0 ° C , aH = 5.13 G for M g T P C + C l " i n m e t h y l e n e 
c h l o r i d e ; aH = 5.63 G for M g T P C + C 1 0 4 " i n m e t h y l e n e c h l o r i d e , 4 .40 G 
i n t e t r a h y d r o f u r a n ( T H F ) , a n d 3.99 G i n b u t y r o n i t r i l e ( P r C N ) ( F i g u r e 
6). T h e d i f ference b e t w e e n m e t h y l e n e c h l o r i d e a n d b u t y r o n i t r i l e is 
p a r t i c u l a r l y s t r i k i n g : i t is n e a r l y 3 0 % . 

A s i m i l a r effect, r e f l ec t ed i n changes o f l i n e w i d t h , is n o t e d w i t h 
C h l + C 1 0 4 - : AH = 9.2 G i n C H 2 C 1 2 , 7.8 G i n P r C N , a n d 7.9 G i n T H F 
a n d C H 2 C 1 2 - T H F at 2 5 ° C (38). T h a t these changes are not d u e to 
d i m e r i z a t i o n is s h o w n b y the o p t i c a l spec t r a o f C h i i n these so lven ts , 
w h i c h are t y p i c a l o f m o n o m e r i c C h i (see F i g u r e 4), a n d b y c o m p a r i s o n 
o f the E N D O R spec t r a o f C h l + i n f rozen so lu t ions o f C H 2 C 1 2 a n d 
C H 2 C 1 2 - T H F (38). A l t h o u g h the l i n e w i d t h o f C h l + i n C H 2 C 1 2 - T H F is 
8 G , the m e t h y l p r o t o n s p l i t t i n g s , —1.4 a n d 2.4 G , are c l o s e to those 
f o u n d i n p u r e C H 2 C 1 2 , 1.0 a n d 2.6 G . T h e y are c l e a r l y not h a l v e d as 
e x p e c t e d for a d i m e r i c r a d i c a l , a n d are thus cons is ten t w i t h a m o n o m e r 
con f igu ra t i on . T h e var ia t ions i n the l a rge /3-proton s p l i t t i n g s f o u n d i n 
M g T P C + suggests that the va r ia t ions i n l i n e w i d t h o b s e r v e d i n C h l + are 
a l so d u e to changes i n β - p r o t o n s p l i t t i n g s . C o m p u t e r s i m u l a t i o n s o f the 
l i n e w i d t h s o f C h l + i n t e t r a h y d r o f u r a n or b u t y r o n i t r i l e u s i n g the ex
p e r i m e n t a l l y d e t e r m i n e d m e t h y l s p l i t t i n g s r e q u i r e a dec rease i n the 
s p l i t t i n g s o f the /3-protons o f r i n g I V o f —30% to —2.8 G , i n a g r e e m e n t 
w i t h the changes f o u n d i n M g T P C + i n the same so lven t s . 

T h e s ign i f i can t i n t e r a c t i o n o f the c h l o r i n s w i t h t h e i r e n v i r o n m e n t , 
as r e f l ec t ed b y t he i r E S R spec t ra , is fur ther i l l u s t r a t e d b y the w i d e 
r ange o f o x i d a t i o n p o t e n t i a l s i n d u c e d b y s i m p l e changes i n so lven t 
a n d c o u n t e r i o n ( T a b l e I I I ) . A g a i n , t e t r a h y d r o f u r a n a n d b u t y r o n i t r i l e , 
w h i c h m o s t p r o f o u n d l y affect the e l e c t r o n i c c o n f i g u r a t i o n , cause the 
la rges t changes i n r e d o x p o t e n t i a l i n the p re sence o f a n o n c o m p l e x i n g 
c o u n t e r i o n s u c h as C 1 0 4 " . C o m p l e x a t i o n b y c h l o r i d e i o n , o n the o ther 
h a n d , s t a b i l i z e s the cha rge o f the c a t i o n a n d thus l o w e r s the o x i d a t i o n 
p o t e n t i a l . 

T h e E S R a n d r e d o x changes o b s e r v e d for C h l + a n d M g T P C + 

[ s i m i l a r resu l t s w e r e a lso o b t a i n e d w i t h Z n T P C + (47, 48)] m a y ref lect 
m i x i n g o f the t w o n e a r l y degene ra t e g r o u n d states p r e d i c t e d theo
r e t i c a l l y (Tables I a n d I I ) . T h e 2 B 2 e x c i t e d state s h o w s s i g n i f i c a n t l y 
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500 BIOLOGICAL REDOX COMPONENTS 

T a b l e I I . U n p a i r e d S p i n D e n s i t i e s for C a t i o n s o f C h l o r o p h y l l a n d 
A n i o n s o f C h l o r o p h y l l a n d P h e o p h y t i n 0 

23 

Chi Cations Anions 

Positionb 2A2

C 2B2

C 2B2

d Chlc Pheo" 

N l 0 .055 0 .073 0 .120 0.001 0.001 
N 2 0 .022 0 .039 0.104 0 .090 0 .092 
N 3 0 .012 0 .037 0 .090 0 .001 0 .002 
N 4 0 .006 0 .097 0 .119 0.091 0 .079 
C I 0 .042 0 .000 0.001 0 .050 0 .048 
C 2 ( l ) 0 .017 0 .014 0.001 0 .045 0 .045 
C 3 ( 2 ) 0 .009 0 .006 0 .001 0 .037 0 .035 
C 4 0 .059 0 .007 0 .000 0 .041 0 .040 
C 5 0 .027 0 .094 0 .089 0 .050 0 .052 
C 6 0 .050 0 .000 0.001 0 .025 0 .022 
C 7 0 .026 0 .020 0 .002 0.001 0 .002 
C 8 0 .006 0 .008 0 .002 0 .017 0 .018 
C 9 0 .066 0 .008 0.001 0 .001 0 .002 
C I O 0 .008 0 .073 0 .070 0 .097 0 .096 
C l l 0 .063 0 .001 0 .000 0 .017 0 .018 
C 1 2 ( 5 ) 0 .042 0 .016 0.001 0 .097 0 .092 
C 1 3 0.014 0.001 0 .000 0 .022 0 .028 
C 1 4 0 .061 0.014 0 .001 0 .009 0 .010 
C 1 5 0 .006 0 .067 0 .080 0 .036 0.041 
C 1 6 0 .065 0 .002 0 .008 0 .003 0 .006 

Continued on next page. 
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21. FAJER ET AL. Photosynthetic Energy Transduction 501 

Table II. Continued. 

en 0 .019 0 .000 0 .001 0 .000 0 .000 
C 1 8 0 .026 0 0 0 2 0.001 0 .002 0 .002 
C 1 9 0 .079 0 .009 0.001 0 .030 0 .032 
C 2 0 0 .063 0 .114 0 .099 0 .049 0 .046 
01 0 .029 0 .029 0 .019 0.111 0 .114 
02 0 .008 0 .140 0 .093 0 .002 0 .003 
C 2 8 ( 9 ) 0 .000 0 .000 0 .000 0 .025 0 .026 
C 2 9 ( 1 0 ) 0 .000 0.021 0 .014 0 .000 0 .000 
C 2 2 0 .001 0.001 0 .000 0 .000 0.001 
C 2 3 0 .008 0 .003 0 .000 0 .018 0 .018 
M g 0 .006 0 .052 0 .007 0 .005 — 

α For an assumed C2p symmetry with the t/-axis defined along N2 and N4. 
6 The numbering system corresponds to the structure shown. The numbers in par

entheses follow the traditional notation used for the peripheral carbons. 
c Based on the crystal coordinates of ethyl chloropnyllide-α with the vinyl group 31° 

out of the porphyrin plane, and without an axial ligand. 
d Crystal coordinates with H 2 0 as axial ligand. 
6 Based on the crystal coordinates of methyl pheophorbide-α with the vinyl group 

15° out of plane. 

M g T P C * 

Figure 6. Second derivative ESR spectra, and β-proton coupling con
stants, of MgTPC+ as a function of solvent and counterion at 20°C. 
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502 BIOLOGICAL REDOX COMPONENTS 

Table III. Half-wave Oxidation Potentials, Ε m (in V Against Normal 
Hydrogen Electrode)" 

Solvent Counterion MgTPC Chl-a 

C H 2 C 1 2 C l O r 0.66 0.80 
C I " 0 .60 0.74 

P r C N CIO4- 0 .73 0.82 
C I " 0 .65 0 .75 

T H F C l O r 0.82 0.93 
a The half-wave potentials are not corrected for junction potentials due to changes in 

solvent. These effects can be estimated by comparison of the ferrocene-ferricinium 
couple in the same solvents. Em for this oxidation is —40 mV larger in T H F and —30 mV 
smaller in PrCN than in CH 2C1 2 (38). 

s m a l l e r s p i n dens i t i e s at the α - c a r b o n s o f the sa tu ra ted r i n g t h a n the 
2 A 2 state. I f the s o l v e n t or c o u n t e r i o n i n d u c e s a suff ic ient p e r t u r b a t i o n 
to m i x i n s o m e cha rac t e r o f the s e c o n d state, t h e n the s p l i t t i n g c o n 
stants o f the β - p r o t o n s w o u l d r e su l t i n l o w e r v a lu e s t h a n e x p e c t e d 
for a p u r e 2 A 2 . E x t e n d e d H i i c k e l c a l c u l a t i o n s fur ther s u p p o r t th is 
i n t e rp re t a t i on a n d a c t u a l l y p r e d i c t that l i g a n d s s u c h as H 2 0 , C H 3 O H , 
C H 3 S H , C H 3 C N , a n d T H F w o u l d suppress the 2 B 2 state b e l o w the 
2 A 2 i n c h l o r i n s a n d C h i . A l t h o u g h th is r e su l t is not o b s e r v e d e x p e r i 
m e n t a l l y , H i i c k e l a n d P P P c a l c u l a t i o n s (38) c l e a r l y sugges t that 
in te rac t ions b e t w e e n the t w o states are e n e r g e t i c a l l y a c c e s s i b l e . 
C h a n g e s i n the c o o r d i n a t i o n sphere o f the c h l o r i n s p r o v i d e a l i k e l y 
m e c h a n i s m for th i s m i x i n g . I n d e e d , r e sonance R a m a n a n d o p t i c a l 
spec t r a i n d i c a t e that C h i is h e x a c o o r d i n a t e d i n T H F a n d i n m e t h y l 
T H F at l o w t empera tu re s (50-52). 

E x t e n s i o n o f these resu l t s to P - 6 8 0 l eads to the f o l l o w i n g c o n c l u 
sions: 

1. T h e E S R l i n e w i d t h o f l i g a t e d C h l + does not differ s ig 
n i f i c a n t l y f rom that o f P-680+. 

2. C o m p a r i s o n o f the o p t i c a l d i f fe rence s p e c t r u m a s c r i b e d 
to o x i d a t i o n o f P - 6 8 0 w i t h that r e p o r t e d here for the o x i 
da t ion o f m o n o m e r i c C h i i n CHJJCIÎÎ-THF s h o w s reason
a b l e a g r e e m e n t ( F i g u r e 7), i f the shif t f r o m 6 7 0 to 6 8 0 n m 
is a t t r i b u t e d to c o o r d i n a t i o n o f the C h i o f P - 6 8 0 , p o s s i b l y 
i n v o l v i n g n e a r b y p r o t e i n r e s idues . 

3. T h e o x i d a t i o n p o t e n t i a l s f o u n d i n v i t r o for m o n o m e r i c 
C h i i n c o o r d i n a t i n g so lven ts (as h i g h as 0.9 V ) a p p r o a c h 
the l i m i t s r e q u i r e d for the func t i on o f P - 6 8 0 i n o x y g e n 
e v o l u t i o n . T h e o p t i c a l , m a g n e t i c , a n d r e d o x p rope r t i e s o f 
l i g a t e d , m o n o m e r i c C h i are thus not incons i s t en t w i t h 
those a t t r i b u t e d to P - 6 8 0 . W e p r o p o s e therefore that 
P - 6 8 0 is a m o n o m e r i c C h i w h o s e p h y s i c a l a n d c h e m i c a l 
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21. FAJER ET AL. Photosynthetic Energy Transduction 503 

charac te r i s t i c s , a n d w h o s e f u n c t i o n as the pho to t r ap o f 
p h o t o s y s t e m I I , are d e t e r m i n e d b y its (p ro te in? ) e n v i 
r o n m e n t . 

A d d i t i o n a l s u p p o r t for th is p r e m i s e d e r i v e s f r o m resonance 
R a m a n a n d x-ray da ta for a n t e n n a C h i (53) a n d b a c t e r i o C h i (54) , 
w h i c h p r o v i d e e v i d e n c e o f p r o t e i n r e s i d u e - c h r o m o p h o r e in te rac t ions . 
F u r t h e r m o r e , the D a n d Ε pa ramete r s o f the C h i t r i p l e t i n c o m p l e x i n g 
so lven t s (55) are s i m i l a r to those o f the s p i n p o l a r i z e d t r i p l e t o f P - 6 8 0 , 
o b t a i n e d f rom the r e c o m b i n a t i o n o f P-680+ a n d its p r i m a r y accep to r , 
I " : P - 6 8 0 + + 3 P - 6 8 0 + I (56) . 

A n i o n R a d i c a l s a n d the P r i m a r y A c c e p t o r s o f P h o t o s y s t e m s I a n d 
I I . U n p a i r e d s p i n dens i t i e s for the a n i o n o f m a g n e s i u m c h l o r i n are 
l i s t e d i n T a b l e I . I n cont ras t to the 2 A 2 state o f the c a t i o n r a d i c a l , the 
s p i n dens i t i e s o f the a n i o n are m o r e e v e n l y d i s t r i b u t e d a r o u n d the 
p e r i p h e r y o f the m o l e c u l e , w i t h s i g n i f i c a n t l y s m a l l e r dens i t i e s at the 
r e d u c e d r i n g a n d l a rge r ones on t w o o f the n i t rogens . T h e E S R spec t r a 
o f M g T P C " s h o w n i n F i g u r e 8 s u p p o r t the p r e d i c t e d p r o f i l e . S u b s t i t u -

T 

4 0 0 6 0 0 8 0 0 

X(nmJ 

Figure 7. Comparison of the optical changes induced by light in parti
cles enriched in PS II as reported (64) (ΔΡ-680, ---) and of the difference 
spectrum caused by the oxidation of Chi in 3:1 CH2Cl2-THF (AChl, 

—). The spectra were normalized at —680 nm. 
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504 BIOLOGICAL REDOX COMPONENTS 

Figure 8. Second derivative ESR spectra of MgTPC , MgTPC -d* and 
15N-MgTPC~ in deuterated DMF at 25°C. The counterion is Bu4N+. 

g = 2.0025 

t i on o f deu te rons for the pro tons o f the r e d u c e d r i n g y i e l d s o n l y a s m a l l 
i m p r o v e m e n t i n r e s o l u t i o n w i t h o u t c h a n g i n g the s p e c t r a l pa t t e rn , i n 
d i c a t i n g that those n u c l e i d o no t h a v e l a rge c o u p l i n g constants . O n the 
o ther h a n d , s u b s t i t u t i o n o f l 5 N (I = i) for 1 4 N (I = 1, ai5Jal4„ = 1.40) 
resu l t s i n a l a rge s p e c t r a l r e a r r a n g e m e n t that reflects the s u b s t a n t i a l 
u n p a i r e d s p i n dens i t i e s p r e d i c t e d t h e o r e t i c a l l y for t w o o f the n i t r o 
gens . [ A d e t a i l e d ana lys i s o f the spec t r a w i l l b e p r e s e n t e d e l s e w h e r e 
(57).] 

T h e u n p a i r e d s p i n dens i t i e s o f C h l ~ a n d P h e o ~ ( T a b l e I I ) p a r a l l e l 
those o f the c h l o r i n a n i o n . 1 4 N E N D O R r e v e a l s n i t r o g e n s p l i t t i n g s o f 
~ 2 G i n P h e o " a n d C h l ~ , i n g e n e r a l a g r e e m e n t w i t h the c a l c u l a t i o n s 
(39) . B e c a u s e m e t h y l g r o u p s are e a s i l y d e t e c t e d i n f r o z e n so lu t ions b y 
E N D O R , the 1- a n d 5 - m e t h y l g r o u p s c a n b e u s e d to p r o b e the u n 
p a i r e d s p i n dens i t i e s o f r i n g s I a n d I I I e x p e r i m e n t a l l y . F i g u r e 9 i l l u s -
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21. FAJER ET AL. Photosynthetic Energy Transduction 505 

trates t w o l a rge p r o t o n c o u p l i n g cons tants i n the E N D O R spec t r a o f 
C h l ~ a n d P h e o " . T h e M . O . c a l c u l a t i o n s p r e d i c t that the 1- a n d 
5 - m e t h y l g r o u p s s h o u l d d i s p l a y c o u p l i n g cons tants i n a ra t io o f ~ 1 : 2 , 
a n d that the 5 - m e t h y l g r o u p o f P h e o ~ s h o u l d b e — 5 % s m a l l e r t h a n tha t 
o f C h l ~ . T h e s e w e r e i n d e e d o b s e r v e d . T h e a s s i g n m e n t o f the l a rge r 
s p l i t t i n g to the 5 - m e t h y l g r o u p is fur ther v e r i f i e d w i t h s e l e c t i v e l y 
d e u t e r a t e d m e t h y l p y r o p h e o p h o r b i d e , i n w h i c h p a r t i a l d e u t e r a t i o n o f 
the 5 - m e t h y l g r o u p decreases the h e i g h t o f the E N D O R resonance at 
3.7 G , a n d c o m p l e t e d e u t e r a t i o n o f the g r o u p e l i m i n a t e s that p e a k 
c o m p l e t e l y ( F i g u r e 9) . T h e c o m b i n a t i o n o f M . O . c a l c u l a t i o n s a n d 

ENDOR FREQUENCY, MHz 

Figure 9. Ή ENDOR spectra at 130 Κ of Chl~, pheo~, and pyropheo'-
d* in deuterated DMF. The bottom spectrum, run in normal DMF, shows 
that in pyropheo~-de, in which the 5-methyl group is deuterated, peak 2 
disappears whereas in pyropheo'-dt, in which only one proton of the 
5-methyl group has been replaced by deuterium, peak 2 is still detected. 
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506 BIOLOGICAL REDOX COMPONENTS 

d e u t e r a t i o n e x p e r i m e n t s thus s t r ong ly suggests that the t w o E N D O R 
t rans i t ions o f ~ 2 a n d 4 G c a n b e a s s i g n e d to the 1- a n d 5 - m e t h y l 
g roups , r e s p e c t i v e l y . 

A s fur ther cha rac te r i za t ions o f the s p e c t r a l s ignatures o f C h i " a n d 
P h e o " , the o p t i c a l spec t r a (17) o f the a n i o n r a d i c a l s i n D M F are p r e 
s e n t e d i n F i g u r e 10. 

T h e i d e n t i t i e s o f the p r i m a r y accep tors o f P S I a n d I I are n o w 
c o n s i d e r e d i n l i g h t o f the i n v i t r o resu l t s . T h e p r i m a r y accep to r o f P S 
I I , / " , c a n b e t r a p p e d i n t w o conf igura t ions (18): one i n w h i c h / a n d 
A 2 are r e d u c e d (p r ep a , 7", A 2 ~ ) a n d one i n w h i c h I is r e d u c e d a n d 
A 2 is d o u b l y r e d u c e d (p r ep b, I~, A 2

2 ~ ) . T h e t w o p repa ra t ions y i e l d 

3 0 0 500 700 9 0 0 1500 

3 0 0 500 7 0 0 900 1500 

λ,ηηι 

Figure 10. Optical spectra of the anion radicals (—) and of their parent 
compounds (---) in DMF at 25°C. Key: a, chlorophyll; and h, pheophytin. 
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21. FAJER ET AL. Photosynthetic Energy Transduction 507 

(18) s i n g l e t E S R s igna l s w i t h g - v a l u e s o f 2 . 0 0 3 3 ( ± 0 . 0 0 0 2 ) . T h e s igna l s 
saturate e a s i l y (AH = 13 a n d 14 G at 0.01 a n d 1 m W , r e s p e c t i v e l y ) a n d 
d i s p l a y p r o t o n E N D O R resonances at 1.64 a n d 4 .46 G for p r e p a r a t i o n a 
a n d 1.64 a n d 4 .36 for b. C o m p a r i s o n o f these pa rame te r s w i t h those o f 
the a n i o n r a d i c a l s o f c h l o r o p h y l l a n d p h e o p h y t i n i n v i t r o ( T a b l e I V ) 
i n d i c a t e s that the g -va lues , l i n e w i d t h s , sa tura t ion b e h a v i o r , a n d 
E N D O R responses o f / - are c l e a r l y s i m i l a r , b u t not i d e n t i c a l , to those 
o f m o n o m e r i c a n i o n r a d i c a l s o f P h e o or C h i . B e c a u s e e l e c t r o n s h a r i n g 
on the E S R t i m e sca le b e t w e e n t w o or m o r e m o l e c u l e s s u c h as ( C h l ) 2 ~ 
or ( C h l - P h e o ) - w o u l d r e d u c e the E S R l i n e w i d t h a n d the h y p e r f i n e 
s p l i t t i n g s o b s e r v e d b y E N D O R , I~ m u s t therefore b e P h e o " or C h i " (or 
p o s s i b l y a he t e rogeneous ar ray o f the t w o ) b u t not a d i m e r i c c o m p l e x . 

C o m p a r i s o n o f the o p t i c a l d i f fe rence spec t r a o b t a i n e d on r e d u c 
t i on o f P h e o a n d C h i i n v i t r o w i t h those o b s e r v e d o n r e d u c t i o n o f I i n 
P S I I f ragments i n ch lo rop l a s t s ( F i g u r e 11) i n d i c a t e s that m a n y o f the 
o p t i c a l changes o b s e r v e d i n v i v o m i r r o r those f o u n d u p o n r e d u c t i o n o f 

1 1 ι 1 1 1 r 

J 1 1 ι ι ι ι 

4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 

λ , n m 

Figure 11. Comparison of the optical changes caused (20, 24) by the 
reduction of I (APS II, —) and of the difference spectrum obtained (17) 
on electrochemical reduction of Pheo to Pheo~ in DMF ( APheo, —). The 
spectra were normalized at —680 nm and the Pheo spectrum was red-

shifted by - 2 0 nm (18). 
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P h e o i n v i t r o , b u t are r e d - s h i f t e d b y ~ 2 0 n m (18). I n a d d i t i o n , the 
m i d p o i n t p o t e n t i a l e s t i m a t e d for the r e d u c t i o n o f I , E m = - 0 . 6 1 V (24), 
is n e a r l y i d e n t i c a l to the h a l f w a v e p o t e n t i a l f o u n d (17) for the r e d u c 
t i o n o f P h e o i n d i m e t h y l f o r m a m i d e , - 0 . 6 4 V , whe rea s r e d u c t i o n o f C h i 
i n the same so lven t occu r s (17) at - 0 . 8 8 V . T h e c o m b i n a t i o n o f E S R , 
E N D O R , o p t i c a l , a n d r e d o x da ta thus l eads to the c o n c l u s i o n that / " i n 
P S I I e x h i b i t s m a n y o f the p rope r t i e s o f a m o n o m e r i c a n i o n r a d i c a l o f 
P h e o . 

A l t h o u g h the P h e o a n i o n o b s e r v e d c o u l d c o n c e i v a b l y b e a n ar
t i fact o f the p r e p a r a t i o n , the f o l l o w i n g observa t ions r e n d e r this pos s i 
b i l i t y u n l i k e l y . T h e r e d u c i n g c o n d i t i o n s u s e d i n p r e p a r a t i o n a r e su l t i n 
the t r a p p i n g o f / " a n d A 2 ~ , the s u b s e q u e n t a ccep to r i n the e l e c t r o n 
t ranspor t c h a i n . T h i s lat ter spec i e s r e c e n t l y w a s s h o w n (25) to c o m 
pr i se a n i r o n - p l a s t o q u i n o n e c o m p l e x ( F e - Q ) a n a l o g o u s to the i r o n -
q u i n o n e accep tors f o u n d i n p h o t o s y n t h e t i c b a c t e r i a (58) . A t 1 0 K , i n 
p r e p a r a t i o n a, in te rac t ions b e t w e e n the P h e o " a n d ( F e - Q ) ~ r a d i c a l s 
g i v e r ise to a d o u b l e t E S R s i g n a l (18), w h i c h is d i f f i cu l t to saturate a n d 
e x h i b i t s no E N D O R response . T h i s s i g n a l d i s a p p e a r s (25) i f the i n t e g 
r i t y o f the ( F e - Q ) ~ c o m p l e x is d e s t r o y e d b y ex t r ac t i on o f Q or F e , or b y 
r e d u c t i o n at r o o m t e m p e r a t u r e , p r e s u m a b l y to ( F e - Q ) 2 ~ (p repa ra t i on 
b). T h e s e resu l t s i n d i c a t e therefore that the P h e o a n i o n o b s e r v e d is i n 
c lo se p r o x i m i t y to the q u i n o n e a n d is a n i n t e g r a l pa r t o f the r e a c t i o n 
cen te r . A s i m i l a r d o u b l e t s i g n a l w a s d e t e c t e d u n d e r c o m p a r a b l e c o n d i 
t ions i n p h o t o s y n t h e t i c b a c t e r i a a n d w a s a t t r i b u t e d to a n a n a l o g o u s 
i n t e r a c t i o n b e t w e e n a b a c t e r i o p h e o p h y t i n a n i o n a n d a r e d u c e d i r o n -
m e n a q u i n o n e c o m p l e x (58, 5 9 ) . T h e r e f o r e , the i n i t i a l s e q u e n c e o f 
e l e c t r o n accep tors i n P S I I seems to m i r r o r that f o u n d i n p u r p l e bac 
te r i a (48, 58, 59): 

( B ) C h l n + ( B ) P h e o + F e Q ( 1 ) 

( B ) C h l n

+ + ( B ) P h e o " + F e Q -+ ( B ) C h l n

+ + ( B ) P h e o + F e Q " 

w h e r e Β = bac t e r i o a n d Q = p l a s t o q u i n o n e i n P S I I a n d m e n a q u i n o n e 
or u b i q u i n o n e i n bac t e r i a . [ A n a d d i t i o n a l B C h l p r e c u r s o r to B P h e o has 
b e e n i n v o k e d (60) i n bac te r ia . ] 

E S R a n d E N D O R e x p e r i m e n t s p e r f o r m e d (18, 39) o n the p r i m a r y 
a c c e p t o r o f P S I t r a p p e d i n s u b c h l o r o p l a s t f ragments e n r i c h e d i n P S I 
y i e l d a g - v a l u e o f 2 .0033 , Δ Η = 1 3 - 1 4 G , a n d E N D O R resonances o f 
1.7 a n d ~ 5 G at 130 Κ ( T a b l e I V ) . C o m p a r i s o n o f r ecen t flash p h o t o l y 
sis o p t i c a l spec t r a o f At~ (13, 14, 23) w i t h those o f C h i " i n v i t r o s h o w 
r ea sonab le ag reemen t , b u t a g a i n , the i n v i v o spec t r a are r e d - s h i f t e d 
b y —20 n m . T h e m i d p o i n t p o t e n t i a l o f At is e s t i m a t e d to b e >—0.7 V 
(10) v s . a n E 1 / 2 v a l u e o f - 0 . 8 8 V for C h i " i n D M F . T h e resu l t s sugges t 
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510 BIOLOGICAL REDOX COMPONENTS 

that a m o n o m e r i c C h i acts as the p r i m a r y a c c e p t o r i n P S I. T h e p r i m a r y 
even t s i n P S I c a n thus b e d e s c r i b e d as f o l l o w s : 

P 7 0 0 + C h i + [ F e - S ] 
P700+ + C h i " + [ F e - S ] -> P700+ + C h i + [ F e - S ] " 

A s n o t e d , the o p t i c a l spec t r a o f Α Γ i n P S I a n d i " i n P S I I are 
r ed - sh i f t ed r e l a t i v e to those o f C h i - a n d P h e o " i n D M F . I n a d d i t i o n , 
the E N D O R c o u p l i n g constants i n the s u b c h l o r o p l a s t f ragments are 
a b o u t 1 6 % l o w e r a n d 2 0 % la rge r t h a n the c o r r e s p o n d i n g v a l u e s o f the 
1- a n d 5 - m e t h y l g r o u p s i n D M F . T h e s e a p p a r e n t i ncons i s t enc i e s are 
n o w addressed . 

T h e u n p a i r e d s p i n dens i t i e s l i s t e d i n T a b l e I I for a n i o n r a d i c a l s o f 
C h i a n d P h e o u s e d the k n o w n c r y s t a l coo rd ina t e s o f the c o r r e s p o n d i n g 
e t h y l c h l o r o p h y l l i d e (44) a n d m e t h y l p h e o p h o r b i d e (45). H o w e v e r , 
c a l c u l a t i o n s for C h i " i n d i c a t e that i f the 2 - v i n y l g r o u p is ro t a t ed to b e 
p e r p e n d i c u l a r to the p l a n e o f the C h i , the u n p a i r e d s p i n dens i t i e s 
dec rease b y 2 3 % at the 1-carbon a n d inc rease b y 6 % at the 5 -ca rbon , 
c o m p a r e d to the dens i t i e s c o m p u t e d u s i n g the c r y s t a l coo rd ina t e s o f 
e t h y l c h l o r o p h y l l i d e - α , w h e r e the 2 - v i n y l g r o u p m a k e s a to r s iona l 
a n g l e o f 3 1 ° to the C h i p l a n e (Tab le V ) . T h e s e resu l t s c o m b i n e d w i t h 
the i n v i v o E N D O R da ta sugges t that, as i n h e m e p ro t e in s (61 ), n e i g h 
b o r i n g m o l e c u l e s or p r o t e i n res idues i m p o s e s p e c i f i c or ien ta t ions o n 
the subs t i t uen t g roups o f the C h i a n d P h e o w i t h i n the r eac t ion center . 
If, i n a d d i t i o n to ro t a t i ng the 2 - v i n y l g r o u p , the p r o t e i n is a s s u m e d to 
h y d r o g e n b o n d to the 9-keto g r o u p , the c a l c u l a t e d u n p a i r e d s p i n d e n 
s i ty at C - 5 ( T a b l e V ) increases b y 1 5 % r e l a t i v e to the " c a n o n i c a l " x-ray 
c o n f i g u r a t i o n . [ T h e c a l c u l a t i o n s i m p l y h y d r o g e n b o n d s a wa te r m o l e 
c u l e to the 9-keto g r o u p , as is f o u n d i n c r y s t a l l i n e e t h y l c h l o r o p h y l l i d e 
d i h y d r a t e (44), as a m o d e l for h y d r o g e n b o n d i n g to a p r o t e i n r e s idue . ] 
S e v e r a l o ther va r ia t ions , s u c h as l i g a t i o n o f the m a g n e s i u m a t o m , an 
e n o l fo rm, or t ransfer o f the C - 1 0 p r o t o n to the c a r b o m e t h o x y g r o u p d o 
not cause the d e s i r e d inc rease i n s p i n d e n s i t y at C - 5 (39a). 

T h e c a l c u l a t i o n s fur ther i n d i c a t e that h y d r o g e n b o n d i n g a n d rota
t i o n o f the subs t i t uen t g r o u p s w o u l d cause s m a l l shifts i n the π - a n d 
7r*-orbitals o f the m o l e c u l e s , w h i c h m a y a c c o u n t for the s m a l l r e d 
shifts o f the o p t i c a l spec t r a o b s e r v e d i n v i v o r e l a t i v e to those i n v i t r o . 

T h e c a l c u l a t i o n s a n d m o d e l s tud ies p r e s e n t e d p r o v i d e a reason
a b l e e x p l a n a t i o n for the s p e c t r a l features o f the donors a n d accep tors 
o b s e r v e d i n v i v o i n t e rms o f in te rac t ions a n d s p a t i a l or ien ta t ions i m 
p o s e d o n the c h r o m o p h o r e s b y the p r o t e i n e n v i r o n m e n t . I n re t rospec t , 
th i s finding is pe rhaps not s u r p r i s i n g i n v i e w o f the w e l l - d o c u m e n t e d 
i n f l u e n c e o f p ro t e in s o n h e m e p roper t i e s (62 , 63). T h e p r o p o s e d h y 
d r o g e n b o n d i n g o f the p r o t e i n to the p r i m a r y accep tors m a y a lso r ep re -
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Table V. Unpaired Spin Densities for Pheo and Chi with 
Peripheral Modifications 

Crystal Structure Vinyl 
Perp." 

Hydrogen 
Chromophore Position Coordinates" 

Vinyl 
Perp." Bonded0 

C h l - (1) 0.045 0.035 0.034 
(5) 0.097 0.102 0.112 

Pheo" (1) 0.045 0.034 0.033 
(5) 0.092 0.099 0.107 

a Vinyl group 31° out of the Chi plane and 15° out of the Pheo plane. 
* Vinyl group perpendicular to the macrocycle plane. 
0 Vinyl group at 90° and water hydrogen bonded to Oi. 

sent a mechanism for converting part of the energy generated by the 
primary charge separation into protein conformational changes that 
facilitate subsequent ion transport. 
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Model Systems for the Primary 
Photochemical Events of 
Photosynthesis and Electron Transfer 
in Bioenergetic Membranes 

PAUL A. LOACH, JENNIFER A. RUNQUIST, 
JOSEPHINE L. Y. KONG, THOMAS J. DANNHAUSER, and 
KENNETH G. SPEARS 

Northwestern University, Department of Biochemistry and Molecular Biology 
and Department of Chemistry, Evanston, IL 60201 

This chapter describes two model systems that, when 
coupled together, are designed to effectively reproduce 
the primary photochemical event of bacterial photosyn
thesis and subsequent secondary electron transport. In 
the first model, covalently linked porphyrin-quinone 
complexes were synthesized and exhibited photochemi
cal charge separation from the excited singlet state. This 
effect was demonstrated by quenching of fluorescence 
and formation of a porphyrin (or zinc porphyrin) cation 
radical and a quinone anion radical in homogeneous so
lution at room temperature, at 77 K, and in phos
phatidylcholine liposomes. The quantum yield was esti
mated to be near 0.1 for the complex incorporated into 
liposomes with a radical half-life of 1.5 min. In the sec
ond model, for secondary electron transport, metal
loporphyrins such as hemin dimethyl ester catalyze elec
tron transport across a phosphatidylcholine lipid bilayer 
at very high rates, comparable to in vivo electron trans
port. Catalysis was shown to proceed by an electroneu
tral diffusion mechanism. These results are discussed 
from the point of view of future model work and suggest 
that in vivo electron transport through cytochrome b 
heme centers may occur in an electroneutral fashion (i.e., 
by coupled electron and hydrogen ion flow). 

0065-2393/82/0201-0515$ 12.75/0 
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516 BIOLOGICAL REDOX COMPONENTS 

^j^ T e d e v e l o p e d t w o m o d e l sys tems that at first m a y not s e e m c l o s e l y 
r e l a t e d . H o w e v e r , t h e y are e a c h par t o f a n e v e n t u a l l y m o r e c o m 

p l i c a t e d s y s t e m . I n the m o r e c o m p l i c a t e d m o d e l , the first s y s t e m is 
e x p e c t e d e v e n t u a l l y to p r o v i d e c h a r g e separa t ion across a l i p i d b i l a y e r 
as a r e su l t o f l i g h t abso rp t ion . T h e s e c o n d s y s t e m w i l l b e c a t a l y t i c i n 
s u b s e q u e n t s e c o n d a r y e l e c t r o n t ranspor t . T h u s , w e c a n e f f e c t i v e l y 
m o d e l the p r i m a r y p h o t o c h e m i c a l e v e n t a n d c o u p l e d s e c o n d a r y e l e c 
t ron flow o f b a c t e r i a l pho tosyn thes i s , w h i c h w i l l p r o v i d e i n s igh t s to 
u n d e r s t a n d i n g a v a r i e t y o f i n v i v o s y s t e m s . S t r u c t u r a l l y s i m i l a r por 
p h y r i n c o m p l e x e s w e r e s y n t h e s i z e d for the t w o m o d e l sys t ems . 

Characteristics of the Primary Photochemical Events 
in Bacterial Photosynthesis 

T h e bes t u n d e r s t o o d o f the p r i m a r y p h o t o c h e m i c a l even t s i n 
p h o t o s y n t h e t i c sys tems are those i n p h o t o s y n t h e t i c b a c t e r i a l i k e 
Rhodospirillum rubrum a n d Rhodopseudomonas sphaeroides ( 1 - 5 ) . 
M a j o r p rope r t i e s o f th is s y s t e m are the f o l l o w i n g . T h e p r i m a r y e l e c t r o n 
d o n o r consis ts o f t w o or m o r e p r o t e i n - b o u n d b a c t e r i o c h l o r o p h y l l m o l e 
c u l e s ( 6 - 1 7 ) , w h i c h a c c e p t w i t h h i g h e f f ic iency e x c i t e d s i n g l e t state 
e n e r g y f rom the a n t e n n a c o m p l e x ( e s ) (6, I S , 19) . A n e l e c t r o n is d o n a t e d 
b y this c o m p l e x f rom its e x c i t e d s i n g l e t state to another m o l e c u l e 
w i t h i n a t i m e p e r i o d that is less t h a n 10 ps (20-22). T h e e l e c t r o n c o m e s 
to rest for a b o u t 100 ps o n a n u b i q u i n o n e m o l e c u l e , w h i c h serves as the 
first s tab le e l e c t r o n a c c e p t o r ( 2 3 - 2 7 ) . T h e q u a n t u m y i e l d for th i s i n i t i a l 
c h a r g e separa t ion i n d i c a t e s a v e r y h i g h e f f ic iency [ ^ 0 . 9 5 ; (28-31)]. 
T h e a p p r o x i m a t e r e d o x p o t e n t i a l s p a n a c c o m p l i s h e d b y the t i m e the 
e l e c t r o n has r e a c h e d the first s tab le e l e c t r o n a c c e p t o r u b i q u i n o n e is 
a b o u t 0.5 to 0.9 V (2, 32) . A c y t o c h r o m e , s u c h as c y t o c h r o m e c 2 i n R . 
rubrum a n d Rps. sphaeroides, serves as the s e c o n d a r y e l e c t r o n d o n o r 
to the o x i d i z e d b a c t e r i o c h l o r o p h y l l d o n o r u n i t (28,33) w i t h an e l e c t r o n 
transfer rate that va r i e s f rom a b o u t 0.5 /xs to a f e w m i l l i s e c o n d s de 
p e n d i n g o n the bac te r i a . T h i s c y t o c h r o m e is v e r y t i g h t l y c o u p l e d a n d 
also o x i d i z e d w i t h a v e r y h i g h q u a n t u m y i e l d (28, 31). F o u r bac 
t e r i o c h l o r o p h y l l m o l e c u l e s , t w o b a c t e r i o p h e o p h y t i n m o l e c u l e s , a n d 
one to th ree u b i q u i n o n e i o m o l e c u l e s ( p r o b a b l y o n e , b u t d e p e n d s o n 
def in i t i on ) are t i g h t l y b o u n d b y one or t w o p o l y p e p t i d e c o m p o n e n t s as 
the r e a c t i o n cen t e r or p h o t o t r a p c o m p l e x (5). T h i s i n t e g r a l c o m p l e x is 
m o s t l y c o n t a i n e d w i t h i n the p h o t o s y n t h e t i c m e m b r a n e (5, 34-37). 

C h a r g e separa t ion to the first s t ab le u b i q u i n o n e m o l e c u l e appea r s 
to b e e l e c t r o g e n i c a l l y d i s p o s e d s u b s t a n t i a l l y across the p h o t o s y n t h e t i c 
m e m b r a n e w i t h the b a c t e r i o c h l o r o p h y l l d o n o r u n i t b e i n g n e a r the 
ou te r surface o f the m e m b r a n e i n the in tac t c e l l a n d the first s tab le 
u b i q u i n o n e n e a r the i n n e r surface (38, 39). A n i r o n a t o m is f o u n d n e a r 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 517 

the first s t ab le u b i q u i n o n e (QA) a n d the s e c o n d u b i q u i n o n e (QB), b u t is 
a p p a r e n t l y not c o o r d i n a t e d to e i t he r o f t h e m , at leas t at l o w t e m p e r a 
tures (5, 15, 40, 41). T h i s i r o n is not i n a t y p i c a l i r o n su l fu r cen te r , 
a l t h o u g h c y s t e i n e r e s idues m a y p l a y some r o l e i n its b i n d i n g (5, 42, 
43). I f the e l e c t r o n does not p a r t i c i p a t e i n n o r m a l s e c o n d a r y e l e c t r o n 
transfer,, i t m a y r e t u r n d i r e c t l y to the p r i m a r y e l e c t r o n d o n o r u n i t , 
p r e s u m a b l y b y t u n n e l i n g (44, 45). S e c o n d a r y e l e c t r o n flow f r o m the 
first s t ab le u b i q u i n o n e m o l e c u l e (QA) to a s e c o n d u b i q u i n o n e m o l e 
c u l e (QB) o c c u r s i n a b o u t 100 /xs (27). o - P h e n a n t h r o l i n e b l o c k s th is 
la t ter e l e c t r o n transfer s tep, w h i c h also does not o c c u r at l o w t e m p e r a 
tures . 

R e c e n t p i c o s e c o n d s p e c t r o s c o p y m e a s u r e m e n t s sugges t that sev
e r a l s h o r t - l i v e d i n t e r m e d i a t e e l e c t r o n accep tors m a y b e i d e n t i f i e d . 
O n e or m o r e o f the b a c t e r i o c h l o r o p h y l l m o l e c u l e s r e s p o n s i b l e for the 
8 0 0 - n m abso rbance i n the r e a c t i o n cen te r m a y serve as a n i n t e r m e d i a t e 
e l e c t r o n a c c e p t o r that d i r e c t l y r e c e i v e s the e l e c t r o n f r o m the b a c 
t e r i o c h l o r o p h y l l o f the donor u n i t i n less t h a n a f e w ps (46-48). T h i s 
e l e c t r o n is t hen t h o u g h t to b e passed o n to a s i n g l e b a c t e r i o p h e o p h y t i n 
m o l e c u l e i n abou t 5 ps a n d f r o m there to QA i n a b o u t 2 0 0 ps . I f e l e c t r o n 
flow to QA is b l o c k e d b y p r i o r r e d u c t i o n , the e l e c t r o n m a y r e t u r n f r o m 
r e d u c e d b a c t e r i o p h e o p h y t i n to the o x i d i z e d donor u n i t a n d fo rm a 
c o m p l e x i n its e x c i t e d t r i p l e t state (49, 50). M u c h o f the f o r e g o i n g 
i n f o r m a t i o n is s u m m a r i z e d i n S c h e m e I . 

Model System I 

O n the basis o f the p r e c e d i n g d e s c r i p t i o n o f the i n v i v o r e a c t i o n 
center , the f o l l o w i n g p rope r t i e s s h o u l d b e a n i n h e r e n t par t o f a g o o d 
m o d e l s y s t e m : (1) p h o t o c h e m i s t r y s h o u l d o r ig ina t e f rom the m e t a l 
l o p o r p h y r i n (or m o r e exac t ly , m a g n e s i u m ( I I ) b a c t e r i o c h l o r i n ) e x c i t e d 
s i n g l e t state, (2) the q u a n t u m y i e l d for cha rge separa t ion to s t ab le 
p r o d u c t s s h o u l d b e n e a r 1.0, (3) the m e t a l l o p o r p h y r i n s h o u l d b e the 
e l e c t r o n donor a n d a b e n z o q u i n o n e s h o u l d b e the first s tab le ( l i f e t i m e 
l o n g e r t h a n 1 /xs) e l e c t r o n accep to r , a n d (4) the cha rge - sepa ra t ed p r o d 
ucts s h o u l d b e s t ab le for at leas t 100 ms at r o o m t e m p e r a t u r e . 

T h e ve r sa t i l e p h o t o c h e m i c a l a c t i v i t y o f p o r p h y r i n s i n g e n e r a l , a n d 
c h l o r o p h y l l i n p a r t i c u l a r , has l o n g b e e n k n o w n (51-53). P h o t o c h e m i 
c a l r e ac t i on b e t w e e n c h l o r o p h y l l a n d b e n z o q u i n o n e s i n h o m o g e n e o u s 
s o l u t i o n has e s t a b l i s h e d that h i g h concent ra t ions o f b e n z o q u i n o n e 
(e.g., 0.1 M ) q u e n c h the e x c i t e d s i n g l e t state w i t h o u t p r o d u c i n g d e 
t e c t a b l e q u a n t i t i e s o f o x i d i z e d a n d r e d u c e d spec i e s (54, 55) , a l t h o u g h 
l o w e r concen t ra t ions o f b e n z o q u i n o n e (e.g. , 1 m M ) c a n r e s u l t i n 
cha rge separa t ion ou t o f the t r i p l e t state w i t h r e a s o n a b l y s tab le 
o x i d i z e d a n d r e d u c e d s p e c i e s (56, 57). S i m i l a r p h o t o c h e m i c a l a c t i v i t y 
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518 BIOLOGICAL REDOX COMPONENTS 

Fel+c]
2teChlfc5 BChlQQ0BPh")QAQB 

| ~200 ps 

Scheme I. Simple linear scheme for the primary photochemical events 
in photosynthetic bacteria as observed in R. rubrum and Rps. sphae
roides. BChl865 represents the primary electron donor bacteriochloro
phyll complex absorbing at 865 nm, BChl800 is an additional molecule 
of bacteriochlorophyll that absorbs at 800 nm and is believed to be a 
transitory electron acceptor, BPh is a bacteriopheophytin molecule 
believed to also play a role as an intermediate electron acceptor, QA 

represents the first stable electron acceptor that is a tightly bound 
ubiquinone molecule, Q B is a secondary electron acceptor also thought 
to be a ubiquinone molecule, and Fe2+ c2 represents the ferrous oxida

tion state of cytochrome c2. 

w a s a lso d e m o n s t r a t e d i n f rozen sys t ems as w e l l as i n he t e rogeneous 
sys t ems [e.g. , f i lms a n d l i p o s o m e s (58, 59)]. 

B e c a u s e s e l e c t i v e l y c o n t r o l l i n g the r eac t ion p a t h i n th i s t y p e o f 
s y s t e m is d i f f i cu l t , w e b e g a n a p ro jec t o f s y n t h e s i z i n g c o v a l e n t l y l i n k e d 
p o r p h y r i n d i m e r s a n d t r i m e r s a n d c o v a l e n t l y l i n k e d p o r p h y r i n -
q u i n o n e c o m p l e x e s . T h e c o v a l e n t l y l i n k e d p o r p h y r i n d i m e r s y s t e m 
w a s u s e f u l for s t u d y i n g the transfer o f e x c i t e d s i n g l e t state e n e r g y 
f r o m one p o r p h y r i n cen t e r to ano ther (60). M a n y c o v a l e n t l y l i n k e d 
p o r p h y r i n s p e c i e s h a v e b e e n s y n t h e s i z e d (60-81). R e c e n t l y , w e s y n 
t h e s i z e d (82-86) a series o f c o v a l e n t l y l i n k e d p o r p h y r i n - q u i n o n e 
c o m p l e x e s , w h i c h a p p e a r to b e e x c e e d i n g l y p r o m i s i n g c o m p l e x e s for 
s y s t e m a t i c a l l y p r o b i n g p h o t o c h e m i c a l cha rge sepa ra t ion . W i t h these 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 519 

m o d e l c o m p l e x e s w e are i m p o s i n g a c o n d i t i o n w h i c h w a s no t p o s s i b l e 
w i t h the s i m p l e m o d e l s . F o r e x a m p l e , i n the c o v a l e n t l y l i n k e d 
p o r p h y r i n - q u i n o n e c o m p l e x e s , 1 : 1 q u i n o n e to p o r p h y r i n sys t ems c a n 
b e s t u d i e d i n a " g o o d " s o l v e n t s y s t e m as w e l l as i n l i m i t e d p r o t i c or 
l i m i t e d c h a r g e e n v i r o n m e n t s . T h u s , i t s h o u l d b e p o s s i b l e to a p p r o a c h 
m u c h m o r e s p e c i f i c a l l y c o n d i t i o n s that w e r e p r o b a b l y s e l e c t e d for the 
p r o t e i n b i n d i n g si te o f the r e a c t i o n cen t e r o f p h o t o s y n t h e t i c sy s t e ms 
o v e r m i l l i o n s o f years o f e v o l u t i o n . 

Experimental for Model System I 
The synthesis of covalently l i n k e d porphyr in -qu inone complexes was 

previously reported (82,83). The compounds studied are shown i n Structure I . 

M represents a metal such as z inc or two protons for the free base porphyrins. 
Al though the ox id ized form of the quinone is shown, the complexes were also 
prepared wi th the quinone reduced to a hydroquinone. When M = Z n and 
η = 3, the compound is referred to as Z n P - 3 - Q . I f the porphyrin is a free base 
porphyrin and does not contain a metal, the compound is referred to as 
P - 3 - Q . I f the benzoquinone is reduced to the hydroquinone, then the corre
sponding abbreviations are Z n P - 3 - Q H 2 and P - 3 - Q H 2 . 

Solvents used were a l l of spectroscopic grade. Fluorescence measure
ments w i t h continuous l ight were made wi th a Pe rk in -E lmer M P F - 4 4 A 
fluorescence spectrometer. Exci tat ion was usual ly at the wavelength maxi
mum of the Soret band, wh ich was adjusted to an absorbance of 0.30 ± 0.02 
nm. T h e emission spectra were recorded w i t h an excitation bandwidth of 3 nm 
and an emission bandwidth of 5 nm. Occasionally, excitation at 590 nm was 
used for P - 3 - Q . A l l measurements were at room temperature in air. 

The fluorescence lifetimes were measured by time-correlated photon 
count ing techniques wi th excitation by a mode-locked dye laser pumped by a 
mode-locked argon ion laser. The dye laser pulses were of ~ 2 ps ful l w i d t h at 
hal f max imum ( F W H M ) as measured by autocorrelation methods and the 
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520 BIOLOGICAL REDOX COMPONENTS 

pulse spacing was 10.0 ns. The optics and methods for time-correlated photon 
counting w i t h lasers were previously described (87-89). The excitation condi
tions for these experiments were λ = 600 nm, 1-10 mj of average energy inc i 
dent on the sample i n ~ l - m m col l imated beam. The fluorescence col lect ion 
optics were —12 w i t h an intermediate focus to select the midd le 3 - 4 m m of the 
10-m m cuvette. Neutral density and color filters and an aperture were used to 
adjust the fluorescence intensity. Co rn ing 2-58 and 2-59 filters, w h i c h when 
coupled wi th the l imi t ed red response of an Amperex X P 2 0 2 0 photomult ipl ier 
tube, effectively gave fluorescence isolation near ~650 nm. 

Elect rochemical measurements were taken using cyc l ic voltammetry. The 
solvents used in these studies had to be pure and dry. D i s t i l l e d in glass 
acetonitrile from Burdick and Jackson was used as received and was stored 
under nitrogen at a l l times. Dichloromethane (Dis t i l l ed in glass, Burd ick and 
Jackson) was dr ied by shaking wi th activated molecular sieves for 24 h on a 
shaker. The supporting electrolyte, tetra-n-butylammonium perchlorate 
( T B A P ) (Southwestern Analyt ica l Chemicals) was d r ied under vacuum at 
100°C for 48 h and stored in a vacuum desiccator over phosphorus pentoxide. 
A l l data were obtained at room temperature u t i l i z ing methods and apparatus 
previously described (90, 91). 

C y c l i c voltammetry of Z n P - 3 - Q H 2 was performed wi th an "adder" type 
operational amplifier potentiostat described previously (92). The current flow
ing between the working and auxiliary electrode was recorded as a function of 
the reference signal voltage wi th a Hewle t t Packard M o d e l 7001 AX-Y recor
der. 

E P R signals were recorded wi th a Varian E-3 spectrometer (Varian Asso
ciates). I l luminat ion of the sample was prov ided by the output of a 1000-watt 
tungsten projection bulb ( G E M o d e l D F D ) . The exci t ing light passed through 
a 5-cm thick water filter and two Corn ing color filters (3-67, 4-94) before be ing 
focused onto the w i n d o w of the E P R sample cavity. A l l samples were 
anaerobic u t i l i z ing procedures previously described (25, 32). 

Results and Discussion for Model System I 

T h e absorbance spec t r a o f Z n P - 3 - Q a n d Z n P - 3 - Q H 2 are s h o w n 
i n F i g u r e 1. T h e v i s i b l e r e g i o n o f the spec t r a reflects o n l y the spe c t r a l 
p rope r t i e s o f the Z n p o r p h y r i n par t o f the m o l e c u l e , b u t b a n d s i n the 
U V r e g i o n are d u e to b o t h the q u i n o n e g r o u p a n d the Z n p o r p h y r i n 
g r o u p . T h e spec t r a a b o v e 3 5 0 n m are i d e n t i c a l w i t h that o f 5-
( 4 - c a r b o m e t h o x y p h e n y l ) - 1 0 , 1 5 , 2 0 - t r i t o l y l p o r p h y r i n a t o z i n c i n the same 
so lven t . A d i f fe rence s p e c t r u m o f the U V r e g i o n is p l o t t e d to s h o w the 
q u i n o n e g r o u p m o r e c l e a r l y a n d th is s p e c t r u m is c o m p a r e d w i t h a 
s i m i l a r d i f fe rence s p e c t r u m for 1 , 4 - b e n z o q u i n o n y l e t h a n o i c a c i d . T h e s e 
da ta s h o w that i n th is so lven t s y s t e m the q u i n o n e g r o u p does not 
p e r t u r b the Z n p o r p h y r i n absorbance s p e c t r u m or v i c e ve r sa . T h e r e 
fore, there is no e v i d e n c e o f c o m p l e x fo rmat ion a n d the s p e c t r a l p r o p 
er t ies a p p e a r to b e m e r e l y the s u m o f the t w o parts o f the m o l e c u l e . 

P r e v i o u s l y r e p o r t e d N M R da ta (83) a l so i n d i c a t e d that i n 
c h l o r o f o r m there was n o e v i d e n c e for s ign i f i can t i n t e r a c t i o n b e t w e e n 
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Figure 1. A: Absorbance spectra of ZnP-3-Q (solid line) and 
ZnP-3-QH2 (dashed line) in dichloromethane containing 2% ethanol. 
Potassium borohydride was added to obtain the reduced form. The 
concentration was 2.5 x 10~5 M , 1-cm cuvettes, room temperature. 
(Reproduced, with permission, from Ref 83. Copyright 1980, J. Hetero-

cyc l . Chem.,) 

B: The difference spectrum of ZnP-3-Q minus ZnP-3-QH2 (Φ) from 
part A compared with that for the oxidized minus reduced difference 
spectrum of homogentisic acid (O) in the same solvent system. 
Concentrations were 2.5 x 10~5 M in each case. (Reproduced, with 

permission, from Ref. 83. Copyright 1980, J. Heterocycl . Chem.) 

the t w o parts o f the m o l e c u l e b e c a u s e the p e a k loca t ions a n d i n t e n 
si t ies w e r e i d e n t i c a l w i t h a p p r o p r i a t e so lu t ions o f the u n l i n k e d 
q u i n o n e a n d u n l i n k e d Z n p o r p h y r i n . 

T h e r e f o r e , the e l e c t r o c h e m i c a l b e h a v i o r o f the m o l e c u l e was ex
p e c t e d p r i m a r i l y to ref lect p roper t i e s v e r y s i m i l a r to those o f free or 
u n l i n k e d q u i n o n e a n d Z n p o r p h y r i n m o l e c u l e s . F i g u r e 2 s h o w s that 
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_ i • ι . ι . I 1 1— 
1.5 1.0 0.5 0 -0.5 

POTENTIAL / V O L T S 

1.5 1.0 0.5 0 - 0 . 5 -1.0 -I, 

POTENTIAL / V O L T S 

Figure 2. Cyclic voltammograms of 3-benzoyloxy propyl 2,5-dihy-
droxyphenylacetate (top) and ZnP-3-QH2 (bottom) in acetonitrile. The 
supporting electrolyte was tetrabutylammonium perchlorate. Voltages 
are vs. SCE. The scan rate was 10 mVls. For the top trace, the scan 
began at —1.60 V and the initial direction was positive. For the bottom 
trace, the scan began at +1.50 V and the initial direction was negative. 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 523 

for Z n P - 3 - Q H 2 th is e x p e c t a t i o n is o b s e r v e d . T h e c y c l i c v o l t a m m o -
g r a m v e r y w e l l a p p r o x i m a t e s the s u m o f that for 3 - b e n z o y l o x y p r o p y l 
2 , 5 - d i h y d r o x y p h e n y l a c e t a t e , u s e d as a r ep re sen t a t i ve m o l e c u l e for the 
q u i n o n e e n d , a n d m e s o - t e t r a p h e n y l p o r p h y r i n a t o z i n c [ Z n T P P ; ( 9 3 , 94)] 
as a r ep re sen t a t i ve o f the Z n p o r p h y r i n e n d . T h u s , a n i r r e v e r s i b l e 
t w o - e l e c t r o n o x i d a t i o n o f the r e d u c e d q u i n o n e is o b s e r v e d at 0 .79 V vs . 
S C E a n d the t w o w a v e s w i t h E 1 / 2 v a l u e s o f 0 .80 a n d 1.14 V vs . S C E 
ref lect the fo rma t ion o f Z n P + " a n d Z n P 2 + , r e s p e c t i v e l y . 

W h e n the c y c l i c v o l t a m m o g r a m o f Z n P - 3 - Q was m e a s u r e d (see 
F i g u r e 3), the t w o r e v e r s i b l e w a v e s for fo rma t ion o f Z n P + ' a n d Z n P 2 + 

w e r e a g a i n e a s i l y o b s e r v e d , b u t n o r e v e r s i b l e w a v e s for fo rma t ion o f 
Qr a n d Q2~ w e r e o b s e r v e d . A s i m i l a r b e h a v i o r w a s a lso seen w h e n the 
b e n z o q u i n o n e fo rm o f h o m o g e n t i s i c a c i d w a s m e a s u r e d b y c y c l i c v o l 
t a m m e t r y (not s h o w n ) . A p p a r e n t l y , the m e t h y l e n e g r o u p , w h i c h is a d 
j acen t to the b e n z o q u i n o n e r i n g as w e l l as to a c a r b o x y l g r o u p (or es ter 
i n the l i n k e d c o m p l e x ) , p r o v i d e s a p r o t o n that negates the t w o r e v e r s i 
b l e a n d w e l l - s e p a r a t e d o n e - e l e c t r o n r e d u c t i o n s n o r m a l l y o b s e r v e d i n 
a p r o t i c so lven t s . A g a i n , the E m v a l u e s for f o r m a t i o n o f Z n P + ' (0.80 V v s . 
S C E ) a n d Z n P 2 + (1.14 V v s . S C E ) w e r e una f fec t ed b y the q u i n o n e 
o x i d a t i o n state. 

F l u o r e s c e n c e P r o p e r t i e s . T h e fluorescence e m i s s i o n a n d e x c i t a 
t i o n spec t r a o f Z n P - 3 - Q H 2 w e r e m e a s u r e d i n s eve ra l so lven t s . I n 
d i l u t e so lu t ions , the i n t ens i t y a n d w a v e l e n g t h d e p e n d e n c e o f the 
fluorescence spec t r a for Z n P - 3 - Q H 2 w e r e i d e n t i c a l to those o f the 
u n l i n k e d Z n P m o l e c u l e . T h e r e f o r e , a p r o p e r t y o f the Z n P g r o u p , i n 
th is case its e x c i t e d s i n g l e t state, w a s una f f ec t ed b y the c o v a l e n t l y 
l i n k e d h y d r o q u i n o n e g r o u p . H o w e v e r , i f the q u i n o n e w a s i n the b e n 
z o q u i n o n e o x i d a t i o n state, s ign i f i can t q u e n c h i n g w a s o b s e r v e d i n 
e v e r y s o l v e n t e x a m i n e d (see T a b l e I) . T h e ex ten t o f q u e n c h i n g w a s 
so lven t d e p e n d e n t . I n g e n e r a l , less q u e n c h i n g w a s o b s e r v e d i n m o r e 
v i s c o u s so lven t s s u c h as e t h y l e n e g l y c o l or 1-hexanol . H o w e v e r , v e r y 
d i f ferent effects w e r e o b s e r v e d i n some so lven t s o f n e a r l y e q u a l a n d 
l o w v i s c o s i t y . F o r e x a m p l e , c o m p a r e the resu l t s for P - 3 - Q i n d i c h l o r o 
m e t h a n e a n d d i m e t h y l f o r m a m i d e . B e c a u s e P - 3 - Q w a s q u e n c h e d 
to a b o u t the s ame exten t as Z n P - 3 - Q i n e a c h s o l v e n t s y s t e m for 
w h i c h w e h a v e c o m p a r a b l e da ta , z i n c c o n t r i b u t e d no u n i q u e effect. 
A l s o , b e c a u s e p y r i d i n e (a c o o r d i n a t i n g l i g a n d ) w a s w i t h o u t effect o n 
the Z n P - 3 - Q fluorescence y i e l d , c o o r d i n a t i o n o f the q u i n o n e to the 
z i n c does not p l a y a r o l e i n the q u e n c h i n g m e c h a n i s m . S u c h i n t r a 
m o l e c u l a r c o o r d i n a t i o n w o u l d b e m o s t d i f f i cu l t to a c h i e v e b e c a u s e 
o f s te r ic res t ra in ts . I f free b e n z o q u i n o n e w e r e a d d e d to a s o l u t i o n 
o f the free z i n c p o r p h y r i n or free p o r p h y r i n at the concen t ra t ions e m 
p l o y e d i n the e x p e r i m e n t s w i t h Z n P - 3 - Q a n d P - 3 - Q , the b e n z o -
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525 

q u i n o n e c o n c e n t r a t i o n w o u l d n e e d to b e i n c r e a s e d b y a factor o f 1 0 4 

or greater be fore c o m p a r a b l e q u e n c h i n g w o u l d b e o b s e r v e d . 
F l u o r e s c e n c e l i f e t i m e s w e r e m e a s u r e d i n s eve ra l s o l v e n t sys t ems . 

D r a m a t i c s i n g l e t state q u e n c h i n g w a s o b s e r v e d for b o t h p o r p h y r i n -
q u i n o n e l i n k e d sys tems i n a c e t o n i t r i l e or d i c h l o r o m e t h a n e as s h o w n 
i n T a b l e I I . T h e p re sence o f the e l e c t r o l y t e t e t r a b u t y l a m m o n i u m per -

Table I. Relative Fluorescence Yield 

Viscosity 
Solvent (Rel) ZnP-3-Q P-3-Q 

E t h y l e n e g l y c o l 1335 — 0.82 
1 - H e x a n o l 3 8 7 0.59 — 

D i m e t h y l f o r m a m i d e 7 5 — 0.80 
P r o p y l e n e ca rbona te — — 0.45 
D i o x a n e 109 0.51 0 .43 
E t h a n o l 100 0.35 — 

A c e t o n i t r i l e 33 0 .42 — 

A c e t o n i t r i l e + T B A P — 0.50 0.51 
D i c h l o r o m e t h a n e 39 0.35 0 .22 
D i c h l o r o m e t h a n e + 1 % p y r i d i n e — 0.33 — 

P e t r o l e u m e ther 2 0 - 2 8 0.13 — 

P e n t a n e — — 0.66 

Note: Concentration of ZnP-3-Q and P-3-Q was about 5 x 10 - 7 M. All O.D. at 
wavelength of excitation (Soret band) were 0.30. Room temperature. The fluorescence 
of the free ZnP or free Ρ was assigned a relative fluorescence yield of 1.0 in each 
solvent system. These measurements were made in air and the absorbance spectrum 
of each sample was taken before and after measurement of its fluorescence. In general, 
no degradation of the sample was observed during this time. 

Table II. Fluorescence Lifetimes 

Solvent0 

Compound ACN DCM DMF PN 

T P P 6 9.0 8.2 10.6 11.1 
P - 3 - Q H 2 8.0 6.5 9.0 7.9 
P - 3 - Q ~ 1 . 6 C ~ 1 . 8 e 8.9 8.2 
Z n - T P P 1.8 — 1.8 ~ 1 . 6 d 

Z n P - 3 - Q H 2 1.8 — 1.7 ~ 1 . 0 d 

Z n P - 3 - Q ~ 0 . 7 C 
— 1.7 ~ 0 . 5 d 

"Solvents are acetonitrile (ACN), dichloromethane (DCM), dimethylformamide 
(DMF), and pentane (PN). 

b TPP is 540J5,20-tetraphenylporphyrin. 
c The decays are very nonexponential and at short times are approximately given 

by these estimates. 
d These decays are only estimates because a large component of long-lived decay, 

probably due to photoproduced metal free porphyrin, reduces the accuracy. 
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526 BIOLOGICAL REDOX COMPONENTS 

ch lo ra t e ( T B A P ) h a d n o effect on the m e a s u r e m e n t . T h e q u a n t u m 
y i e l d s s h o w e d that the i n t r i n s i c r a d i a t i v e d e c a y is cons tant so that the 
s h o r t e n e d l i f e t i m e is a t rue q u e n c h i n g process . A c o m p a r i s o n o f the 
da t a i n T a b l e I I w i t h the fluorescent y i e l d s m e a s u r e d w i t h c o n t i n u o u s 
l i g h t ( T a b l e I) s h o w s a v e r y g o o d o v e r a l l c o r r e l a t i o n . M o s t l i k e l y the 
q u e n c h i n g process i n v o l v e s loss o f a n e l e c t r o n f rom the e x c i t e d s i n g l e t 
state o f the p o r p h y r i n or Z n p o r p h y r i n to the q u i n o n e , w h i c h resul ts i n 
a cha rge - sepa ra t ed state. T h e l i f e t i m e da ta m a y b e e x p e c t e d to b e 
n o n e x p o n e n t i a l (as o b s e r v e d i n s e v e r a l sys t ems) for a d i f fus ion -
c o n t r o l l e d process s u c h as e l e c t r o n transfer. O t h e r m e c h a n i s m s that 
m i g h t b e c o n s i d e r e d s e e m u n l i k e l y . F o r e x a m p l e , the q u i n o n e has 
e l e c t r o n i c states su f f i c i en t ly h i g h that a n e n h a n c e m e n t o f s i n g l e t -
t r i p l e t c o u p l i n g or d i r e c t s i n g l e t state q u e n c h i n g is a v e r y u n l i k e l y 
process , e s p e c i a l l y w h e n so lven ts s u c h as d i m e t h y l f o r m a m i d e a n d 
a c e t o n i t r i l e b e h a v e so d i f fe ren t ly . 

P h o t o c h e m i c a l A c t i v i t y . W h e n a n a e r o b i c so lu t ions o f Z n P - 3 - Q 
or P - 3 - Q w e r e i l l u m i n a t e d at r o o m 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 
or a c e t o n i t r i l e c o n t a i n i n g T B A P , r a d i c a l spec i e s w e r e o b s e r v a b l e b y 
E S R m e a s u r e m e n t s . A t y p i c a l r e su l t for Z n P - 3 - Q i n a c e t o n i t r i l e is 
s h o w n i n F i g u r e 4 (top). T h e E S R s i g n a l o b s e r v e d is a s y m m e t r i c . F o r 
c o n t r o l e x p e r i m e n t s , the c o m p l e x 5 - (4 - ca rbome thoxypheny l ) -10 ,15 ,20 -
t r i t o l y l p o r p h y r i n a t o z i n c w a s e l e c t r o c h e m i c a l l y o x i d i z e d i n d i c h l o r o 
m e t h a n e b y c o n t r o l l e d p o t e n t i a l c o u l o m e t r y a n d its E S R s i g n a l w a s 
r e c o r d e d [see F i g u r e 4 (bo t tom)] . I n a s i m i l a r m a n n e r w e e l e c t r o c h e m 
i c a l l y r e d u c e d m e t h y l - p - b e n z o q u i n o n e to i ts a n i o n r a d i c a l a n d re
c o r d e d its E S R s i g n a l [also F i g u r e 4 (bot tom)] . B y a d d i n g e q u a l c o n 
cent ra t ions o f these t w o E S R s igna l s toge ther [ F i g u r e 4 (bo t tom)] , the 
r e s u l t i n g a s y m m e t r i c s i g n a l w a s n e a r l y i n d i s t i n g u i s h a b l e f rom the 
p h o t o c h e m i c a l p r o d u c t w i t h Z n P - 3 - Q . N o s u c h E S R s igna l s w e r e 
o b s e r v a b l e w h e n e q u i m o l a r a m o u n t s o f free Z n P a n d free q u i n o n e 
w e r e a d d e d toge ther at these concen t ra t ions . T h u s , the c h a r g e -
sepa ra t ed state Z n P + ' - 3 - Q " w a s i d e n t i f i e d as the p h o t o c h e m i c a l 
p r o d u c t . T h e d e c a y o f these r a d i c a l s w a s too fast (less t h a n 1 ms) to 
m e a s u r e w i t h the i n s t r u m e n t a t i o n u s e d . T h e q u a n t u m y i e l d for fo rma
t i o n o f the cha rge - sepa ra t ed state w a s e s t i m a t e d to b e at l eas t 0 .01 , 
pe rhaps m u c h h i g h e r . i3 -Caro tene a n d o x y g e n w e r e w i t h o u t effect o n 
the y i e l d o f cha rge - sepa ra t ed p r o d u c t s ; these m o l e c u l e s g r ea t l y 
q u e n c h the e x c i t e d t r i p l e t states (95 , 96 ) . M u c h s m a l l e r s t eady state 
y i e l d s (less t h a n 10%) o f p h o t o c h e m i c a l p r o d u c t s w e r e f o u n d i n the 
absence o f T B A P . 

V e r y l o n g - l i v e d r a d i c a l spec i e s a l so c o u l d b e o b s e r v e d at l o w 
t e m p e r a t u r e (77 K ) . T h e E S R s i g n a l o f these s p e c i e s w a s a l so q u i t e 
a s y m m e t r i c a n d w a s once a g a i n a c c o u n t e d for b y the s u m o f e q u a l 
concen t ra t ions o f 5 - ( 4 - c a r b o m e t h o x y p h e n y l ) - 1 0 , 1 5 , 2 0 - t r i t o l y l p o r p h y -
r i n a t o z i n c c a t i o n a n d m e t h y l - p - b e n z o q u i n o n e a n i o n r a d i c a l g e n e r a t e d 
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Figure 4. Top: EPR signals produced by excitation of 5 x 10~4 M 
ZnP-3-Q in acetonitrile (with 0.1 M tetrabutylammonium perchlorate) 

with light between 555 and 595 nm. 

Bottom: EPR signal of the cation radical of approximately 10~3 M 
5-(4-carbomethoxyphenyl)-10J5,20-tritolylporphyrinatozinc and the 
anion radical of 3-benzoyloxypropyl 2,5-dihydroxyphenylacetate pro
duced electrolytically in acetonitrile (with 0.1 M tetrabutylammonium 
perchlorate). The solid line represents the sum of equal spin densities 

of each radical. 
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528 BIOLOGICAL REDOX COMPONENTS 

e l e c t r o c h e m i c a l l y a n d m e a s u r e d b y E S R at 77 K . T h e d e c a y rate for 
the r a d i c a l s g e n e r a t e d w a s v e r y s l o w a n d u p to a p p r o x i m a t e l y 5 % o f 
the to ta l p o p u l a t i o n o f Z n P - 3 - Q p resen t c o u l d b e c o n v e r t e d to the 
c h a r g e - s e p a r a t e d p r o d u c t . T h e q u a n t u m y i e l d d e t e r m i n e d for fo rma
t i o n o f the c h a r g e - s e p a r a t e d state at 77 Κ w a s q u i t e l o w , 2 x 1 0 " 5 . I n 
the absence o f T B A P the y i e l d o f cha rge - sepa ra t ed p r o d u c t s w a s 
a g a i n o n l y a b o u t 1 0 % o f those f o u n d i n its p r e sence . 

P e r h a p s the m o s t i n t e r e s t i n g m a t r i x i n w h i c h to test the Z n P - 3 - Q 
a n d P - 3 - Q c o m p l e x e s for a c t i v i t y is that o f a p h o s p h o l i p i d b i l a y e r . 
F o l l o w i n g the p repa ra to ry p r o c e d u r e d e s c r i b e d u n d e r " E x p e r i m e n t a l 
for M o d e l S y s t e m I I , " Z n P - 3 - Q was i n c o r p o r a t e d i n t o e g g y o l k phos 
p h a t i d y l c h o l i n e v e s i c l e s at a ra t io o f 1 Z n P - 3 - Q p e r 2 5 0 p h o s p h o l i p i d 
m o l e c u l e s . T h e abso rbance s p e c t r u m o f the l i p o s o m a l s y s t e m w a s v e r y 
s i m i l a r to that s h o w n i n F i g u r e 1 w i t h n o e v i d e n c e o f d e g r a d e d p r o d 
ucts a b s o r b i n g i n the v i s i b l e r e g i o n o f the s p e c t r u m . T h i s s y s t e m w a s 
h i g h l y p h o t o a c t i v e (see F i g u r e 5) a n d e x h i b i t e d a v e r y s l o w d e c a y at 
r o o m t e m p e r a t u r e (ha l f - t ime a p p r o x i m a t e l y 1.5 m i n ) . T h e s i g n a l w a s 
s o m e w h a t a s y m m e t r i c b u t has no t y e t b e e n a n a l y z e d i n d e t a i l . U p to 
a b o u t 1 0 % o f the Z n P - 3 - Q p resen t c o u l d e a s i l y b e c o n v e r t e d to 
cha rge - sepa ra t ed p r o d u c t s w i t h 5 7 5 - n m l i g h t . F r o m q u a n t i t a t i v e m e a 
s u r e m e n t o f the i n i t i a l rate o f r a d i c a l f o rma t ion a n d the rate o f ab
s o r b e d l i g h t at 5 5 5 - 5 9 5 n m , a q u a n t u m y i e l d o f 0.1 w a s o b t a i n e d . 

Conclusions for Model System 1 

T h e m e a s u r e m e n t s o f f luorescence q u e n c h i n g a n d fluorescence 
l i f e t i m e s c l e a r l y s u p p o r t the c o n c l u s i o n that the fo rma t ion o f Z n P + -
3-Qr or P + ' - 3 - Q " b y p h o t o c h e m i c a l c h a r g e separa t ion o c c u r s ou t o f 
the e x c i t e d s i n g l e t state w i t h a q u a n t u m y i e l d as h i g h as 0.8 (on the 
bas is o f q u e n c h i n g 8 0 % o f fluorescence). A t r o o m t e m p e r a t u r e i n 
h o m o g e n e o u s s o l u t i o n , s o m e o f these cha rge - sepa ra t ed spe c i e s h a v e a 
l o n g e n o u g h l i f e t i m e to b e d e t e c t e d e a s i l y b y E S R w i t h r e l a t i v e l y l o w 
i n t e n s i t y c o n t i n u o u s i l l u m i n a t i o n a n d w e r e not s ens i t i ve to β - c a r o t e n e 
or o x y g e n . I n o r g a n i c so lven t s , the p re sence o f the T B A P e l e c t r o l y t e 
s t a b i l i z e d the cha rge - sepa ra t ed state a p p r o x i m a t e l y t e n f o l d . I n c o m 
p a r a b l e s tud ies w i t h free c h l o r o p h y l l s , q u e n c h i n g o f the e x c i t e d 
s i n g l e t state b y h i g h b e n z o q u i n o n e concen t ra t ions resu l t s i n p r o d u c t s 
that b a c k r e a c t e d w i t h i n a f e w p i c o s e c o n d s . A t l o w t e m p e r a t u r e (77 K ) 
i n a c e t o n i t r i l e w i t h T B A P present , a s u b s t a n t i a l p o r t i o n o f Z n P - 3 - Q 
c o u l d b e p h o t o c h e m i c a l l y c o n v e r t e d to Z n P + - 3 - Q " , w h i c h r e q u i r e d 
days to d e c a y i n the dark . A s i m i l a r r e a c t i v i t y at l o w t empera tu re s w a s 
c o n f i r m e d b y H o et a l . (97), w h o u t i l i z e d o u r m e t h o d s to s y n t h e s i z e the 
P - 3 - Q c o m p l e x . 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 

Figure 5. Light-induced EPR signal of ZnP-3-Q in egg yolk phos
phatidylcholine vesicles. The trace obtained upon illumination with 
light of 575 ± 20 nm at 1.65 x J O 5 ergs/cm2is is marked. The other trace 
is the dark signal before illumination. Concentration of ZnP-3-Q in 
the sample was 1 χ 10~4 M . The ratio ofZnP-3-Q to lipid was 250. The 
quantity of free radical produced in this experiment was 8 χ Ι Ο " 6 M , as 
determined by direct comparison with a sample containing a known 
spin density [chromâtophores from R. rubrum (29)/. Nearly the same 
signal in shape and magnitude was obtained in the presence or absence 
of air. (Reproduced, with permission, from Ref. 89. Copyright 1982, 

Pergamon Press, Ltd.) 

T h e p h o t o c h e m i c a l a c t i v i t y o f Z n P - 3 - Q i n e g g y o l k p h o s 
p h a t i d y l c h o l i n e v e s i c l e s at r o o m t e m p e r a t u r e is e s p e c i a l l y i n t e r e s t i n g 
b e c a u s e o f the h i g h q u a n t u m y i e l d (0.1) a n d s l o w d e c a y (tm = 1.5 m i n ) 
o f the cha rge - sepa ra t ed s p e c i e s . A l t h o u g h th is c o v a l e n t l y l i n k e d c o m 
p l e x c o u l d b e a p p r o x i m a t e l y 3 0 A f r o m one e n d to the o the r i n a f u l l y 
e x t e n d e d c o n f o r m a t i o n , i t seems u n l i k e l y that i t a c t u a l l y spans the 
b i l a y e r . H o w e v e r , future m o d i f i c a t i o n s o f this s y s t e m c e r t a i n l y 
offer the l i k e l i h o o d o f a c h i e v i n g s u c h t r a n s b i l a y e r c h a r g e separa t ion . 
P h o t o c h e m i c a l a c t i v i t y o f m o n o m e r i c c h l o r o p h y l l i n c o r p o r a t e d i n t o 
l i p o s o m e s r e a c t i n g w i t h free q u i n o n e s has b e e n r e p o r t e d (59), as has 
p h o t o c h e m i c a l a c t i v i t y o f m o n o m e r i c o r free M g o c t a e t h y l p o r p h y r i n 
i n c o r p o r a t e d i n t o b l a c k l i p i d m e m b r a n e s ( B L M s ) (98-100). T h e 
p h o t o c h e m i s t r y i n the c h l o r o p h y l l s y s t e m w a s s h o w n to b e f r o m the 
e x c i t e d t r i p l e t state, a n d the r e a c t i o n p a t h w a s no t d e t e r m i n e d i n the 
M g o c t a e t h y l p o r p h y r i n s y s t e m . T h e p rope r t i e s o f the c h a r g e d d o u b l e 
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530 BIOLOGICAL REDOX COMPONENTS 

l a y e r at the b i l a y e r w a t e r in ter faces are o b v i o u s l y o f i m p o r t a n c e i n 
s t a b i l i z a t i o n o f these cha rge - sepa ra t ed sy s t ems . 

A c a l c u l a t i o n o f the e n e r g y a v a i l a b l e i n the e x c i t e d s i n g l e t state 
a n d e x c i t e d t r i p l e t state i n c o m p a r i s o n to that r e q u i r e d to c rea te the 
p h o t o c h e m i c a l p r o d u c t s o b s e r v e d {see T a b l e I I I ) demons t ra tes that the 
p h o t o c h e m i s t r y is not l i k e l y to b e d e r i v e d f r o m the e x c i t e d t r i p l e t state 
i n the case o f P - 3 - Q i n a c e t o n i t r i l e or d i c h l o r o m e t h a n e w h e n i t is 
e x c i t e d w i t h l o w i n t e n s i t y c o n t i n u o u s i r r a d i a t i o n . U n d e r these c o n d i 
t ions , one w o u l d e x p e c t that some 3 0 % o f the e n e r g y a v a i l a b l e p e r 
q u a n t u m w o u l d n e e d to b e s a c r i f i c e d to ensu re s tab le p r o d u c t s (101-
104). B e c a u s e o f the p a r a l l e l resu l t s o b s e r v e d for Z n P - 3 - Q a n d 
P - 3 - Q i n the s o l v e n t d e p e n d e n c i e s o f f luorescence q u e n c h i n g a n d 
p h o t o c h e m i c a l p r o d u c t fo rma t ion , one w o u l d e x p e c t the s ame m e c h a 
n i s m o f q u e n c h i n g to b e o p e r a t i v e i n b o t h . T h u s , w e w o u l d sugges t 
that the c o v a l e n t l y l i n k e d p o r p h y r i n - q u i n o n e m o d e l sys t ems w e s y n 
t h e s i z e d p r o v i d e a n ef f ic ient e l e c t r o n a c c e p t o r at a c l o s e e n o u g h d i s 
tance to the p o r p h y r i n that c h a r g e sepa ra t ion c a n o c c u r o u t o f the 
e x c i t e d s i n g l e t state o f the p o r p h y r i n w i t h o u t the n e e d for c o m p l e x 
fo rma t ion b e t w e e n the Z n P a n d Q e n d s o f the m o l e c u l e , m a k i n g i t 
p o s s i b l e to o b t a i n s tab le cha rge - sepa ra t ed p r o d u c t s . W e are c u r r e n t l y 
i n v o l v e d i n a n e x a m i n a t i o n o f the s p e c t r a l changes i n the t i m e d o m a i n 
o f p i c o s e c o n d s , nanoseconds , a n d m i c r o s e c o n d s to e v a l u a t e be t t e r the 
r e a c t i o n p a t h a n d to d e t e r m i n e h o w the m o d e l s y s t e m m i g h t b e m o d 
i f i e d to a p p r o x i m a t e e v e n m o r e c l o s e l y the i n v i v o s y s t e m . 

T h e s e c o v a l e n t l y l i n k e d p o r p h y r i n - q u i n o n e c o m p l e x e s f u l f i l l the 

first t h ree c r i t e r i a s u g g e s t e d for a g o o d m o d e l s y s t e m . T h a t is , pho to -

T a b l e I I I . E n e r g y C o n s i d e r a t i o n s 

Ei/2 

Species E , E , DMF DCM 

Z n P 2 .06 1.59 0.86 0.71 
Ρ 1.93 1.46 1.11 0 .95 
Q — - 0 . 5 9 - 0 . 5 9 

Δ Ε 1 / 2 

DMF DCM 

Z n P - 3 - Q 1.45 1.30 
P - 3 - Q 1.70 1.54 

Note: Ε8 and Et are calculated energies of excited singlet and triplet states {142), 
respectively, Em is the measured polarographic half-wave potential vs. SCE (143), 
and Δ £ 1 / 2 is the difference between the £ 1 / 2 values for formation of the cation radical 
of the porohyrin species and that for formation of the anion radical of the quinone in 
the specified solvent. 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 531 

c h e m i c a l cha rge separa t ion p r o b a b l y occu r s ou t o f the e x c i t e d s i n g l e t 
state, a p o r p h y r i n or Z n p o r p h y r i n ca t i on r a d i c a l a n d a q u i n o n e a n i o n 
r a d i c a l r esu l t , a n d the q u a n t u m y i e l d m a y b e as h i g h as 0.8 i n some 
so lven t sys t ems . H o w e v e r , a l t h o u g h the cha rge - sepa ra t ed p r o d u c t s 
w e r e s t a b i l i z e d su f f i c ien t ly to obse rve t h e m at r o o m t e m p e r a t u r e i n a 
w e l l - d e f i n e d h o m o g e n e o u s s o l v e n t s y s t e m , t h e i r l i f e t i m e is a p p r o x i 
m a t e l y 1 0 3 t i m e s shorter t han a g o o d m o d e l s h o u l d e x h i b i t . O n the 
o ther h a n d , i n the p h o s p h a t i d y l c h o l i n e l i p o s o m e s y s t e m the r a d i c a l s 
p r o d u c e d h a v e q u i t e l o n g l i f e t i m e s (1.5 m i n ) . I n th is case , h o w e v e r , 
the q u a n t u m y i e l d is not as h i g h as d e s i r a b l e (0.1 vs . 1.0) a n d the 
p e r c e n t y i e l d (for l o w l i g h t in tens i t i e s ) o f cha rge - sepa ra t ed spec i e s is 
l i m i t e d to a b o u t 1 0 % o f the m a t e r i a l present . W e w i l l c o n t i n u e o u r 
w o r k o n th is p a r t i c u l a r l i p o s o m e s y s t e m to a c h i e v e c h a r g e separa t ion 
across the b i l a y e r . A m u c h m o r e d e t a i l e d cha r ac t e r i z a t i on o f th is sys
t e m w i l l b e r e q u i r e d to demons t r a t e the l o c a t i o n o f the spec i e s p r o 
d u c e d . 

Model System II 

E l e c t r o n t ranspor t i n p h o t o s y n t h e t i c , b a c t e r i a l , a n d m i t o c h o n d r i a l 
sys tems i n v o l v e s a s e q u e n c e o f o x i d a t i o n - r e d u c t i o n reac t ions that 
o c c u r i n i n t i m a t e assoc ia t ion w i t h m e m b r a n e s . A p i c t o r i a l v i e w o f s u c h 
a s y s t e m as e n v i s i o n e d for m i t o c h o n d r i a is s h o w n i n F i g u r e 6. A l 
t h o u g h g o o d e v i d e n c e exists for m u c h o f the a s y m m e t r i c e l e c t r o n a n d 
p r o t o n flow d e p i c t e d i n the s c h e m e , the exac t d e t a i l s for a n y spec i f i c 
par t o f the s e q u e n c e are not ye t a v a i l a b l e . 

A c c o r d i n g to the c h e m i o s m o t i c hypo thes i s (106, 107), t h ree e l e c 
t ron a n d h y d r o g e n a t o m loops s h o u l d exis t i n the c h a i n to p r o v i d e the 
d r i v i n g force for s u b s e q u e n t p h o s p h o r y l a t i o n . A s c h e m a t i c e x a m p l e o f 
w h a t is a c c o m p l i s h e d i n s u c h a l o o p is s h o w n i n F i g u r e 7. F o r the 
e l e c t r o g e n i c or " e l e c t r o n w i r e " par t o f these loops , m a n y r ea sonab le 
c a n d i d a t e s w e r e a s s u m e d to exis t , s u c h as a c h a i n o f i r o n su l fu r c l u s 
ters for N A D H d e h y d r o g e n a s e , a series o f c y t o c h r o m e b c o m p o n e n t s 
for the b - c i c o m p l e x , a n d c y t o c h r o m e a a n d a 3 ( each w i t h a h e m e a a n d 
a c o p p e r center ) i n c y t o c h r o m e ox ida se . H o w e v e r , e x p e r i m e n t a l p r o o f 
o f the ex i s t ence o f s u c h loops to e x p l a i n the e l e c t r o n e u t r a l p o r t i o n (that 
is , the c o u p l e d e l e c t r o n a n d p r o t o n flow) is d i f f i cu l t to o b t a i n . 
U b i q u i n o n e has l o n g b e e n sugges t ed to p r o v i d e one p a t h for c o u p l e d 
e l e c t r o n a n d p r o t o n flow b e c a u s e the m o l e c u l e is u n c h a r g e d i n b o t h 
the q u i n o n e a n d h y d r o q u i n o n e o x i d a t i o n states a n d is c o n s i d e r e d to b e 
l i p o p h i l i c e n o u g h to diffuse r e a d i l y across the m e m b r a n e . H o w e v e r , 
m o d e l l i p o s o m e s tud ies h a v e r a i s e d ques t ions a b o u t the eff icacy o f a 
UQ10 m o l e c u l e d i f f u s i n g across a l i p i d b i l a y e r su f f i c i en t ly fast to p l a y 
s u c h a r o l e i n i n v i v o e l e c t r o n t ranspor t (108-110). R e c e n t l y , s o m e -
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532 B I O L O G I C A L R E D O X C O M P O N E N T S 

Figure 6. Scheme for electron transport and coupled oxidative phos
phorylation in mitochondria. Most abbreviations used are standard for 
biochemical molecules. Other abbreviations are FeS, an iron sulfur 
protein of NADH dehydrogenase; and QH2, ubihydroquinone; b, C j , c, 
a, and a3 are cytochrome components. (Reproduced, with permission, 

from Ref. 105. Copyright 1978, Harvard University Press.) 

w h a t c o n t o r t e d " Q - l o o p s " w e r e p r o p o s e d i n a n effort to u t i l i z e 
u b i q u i n o n e m o l e c u l e s for e l e c t r o n e u t r a l e l e c t r o n a n d p r o t o n transfer 
(111-113). F r o m re sea rch w i t h p h o t o s y n t h e t i c b a c t e r i a (2, 23-26, 
114-119), s e v e r a l u b i q u i n o n e p r o t e i n c o m p l e x e s w e r e c h a r a c t e r i z e d , 
some o f w h i c h m a y p l a y a r o l e i n e l e c t r o n - o n l y e l e c t r o n t ransport . 
S i m i l a r u b i q u i n o n e p r o t e i n c o m p l e x e s w e r e a l so r e c e n t l y d i s c o v e r e d 
i n m i t o c h o n d r i a l sys t ems (120). T h u s , a p p a r e n t l y m a n y p r o t e i n - b o u n d 
q u i n o n e s p l a y a n i m p o r t a n t r o l e i n o n e - e l e c t r o n t ransport . W h e t h e r a 
p r o t o n a c c o m p a n i e s the e l e c t r o n i n these reac t ions is u n c l e a r . 

O u r ref lec t ions o n the k i n d o f r e d o x cen te rs p resen t i n e l e c t r o n 
t ranspor t sys tems l e d us to c o n s i d e r a series o f h e m e g r o u p s , s u c h as 
those i n the c y t o c h r o m e b c o m p l e x e s p r e s u m e d to s p a n the b i l a y e r , 
that w o u l d b e j u s t as l i k e l y to b e i n v o l v e d i n e l e c t r o n e u t r a l e l e c t r o n 
t ranspor t as i n e l e c t r o n - o n l y e l e c t r o n t ranspor t . T o l e a r n m o r e a b o u t 
e l e c t r o n t ranspor t a n d its c o u p l i n g to p r o t o n a n d o the r i o n t ranspor t i n 
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O U T I Ν 

M I T C H E L L 
LOOP 

+ 

[ H + l 0 > [ H + ] i 

Figure 7. Conceptualization of a Mitchell loop (106, 107). For a 
mitochondrion, the IN would be the matrix, ana OUT would be the 
space between the inner and outer membranes. With electron flow 
through the loop, a charge develops across the bilayer, and the hy

drogen ion concentration outside increases relative to that inside. 

m e m b r a n e sys tems , w e i n i t i a t e d a series o f s tud ies o f m o d e l sys t ems 
u t i l i z i n g l i p i d b i l a y e r s (121-124). B u i l d i n g o n a m o d e l l i p o s o m e sys
t e m i n t r o d u c e d b y H i n k l e (125, 126), w e set o u t to e x a m i n e m a n y 
aspects o f i n t r a m e m b r a n e e l e c t r o n t ranspor t as c a t a l y z e d b y m e t a l 
l o p o r p h y r i n s . I n th i s l i p o s o m e s y s t e m , a h i g h l y c h a r g e d a q u e o u s 
o x i d a n t - l i k e p o t a s s i u m f e r r i c y a n i d e is t r a p p e d w i t h i n the v e s i c l e s a n d 
a c h a r g e d r e d u c t a n t - l i k e s o d i u m d i t h i o n i t e is u t i l i z e d o u t s i d e . B e c a u s e 
these ions are no t p e r m e a n t , the rate o f e l e c t r o n f low across the b i l a y e r 
is q u i t e s l o w w i t h o u t a ca ta lys t . T h e s o l u b i l i t y p rope r t i e s o f i r o n por 
p h y r i n s s u g g e s t e d that a m o l e c u l e s u c h as h e m i n d i m e t h y l ester w o u l d 
b e as c o m p a t i b l e w i t h the h y d r o c a r b o n p o r t i o n o f a l i p i d b i l a y e r as 
m a n y l i p i d s or ionophores , a n d as s u c h , i t m i g h t b e free to diffuse f r o m 
one s i d e o f a b i l a y e r to the o the r i n e i t he r the fe r r i c o r fer rous o x i d a t i o n 
state. W e therefore t e s ted h e m i n d i m e t h y l es ter for ca ta lys i s o f e l e c t r o n 
transfer i n a l i p o s o m e s y s t e m (as i n d i c a t e d s c h e m a t i c a l l y i n F i g u r e 8) 
a n d i t w a s h i g h l y c a t a l y t i c . T h e cha rac te r i s t i c s o f s u c h m e t a l l o p o r p h y 
r i n ca ta lys i s w i l l b e d e s c r i b e d . 

Experimental for Model System II 

The experimental details for the methodology and materials u t i l i zed were 
recently reported (124). Liposomes containing a selected metal loporphyrin 
were prepared by evaporating onto the glass surface of a 100-mL round-bottom 
flask à chloroform solution containing 100 mg of egg yolk phosphat idylcholine 
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534 BIOLOGICAL REDOX COMPONENTS 

Figure 8. Schematic diagram of the liposome system used in our 
model electron transport studies. The phospholipid used was usually 
egg uolk phosphatidylcholine although mixtures of this with choies-
terol, caraiolipin, ana phosphatidylethanolamine were also examined. 

(type I I I -E , Sigma Chemica l Co.) , and between 0.05 and 1.0 mg of a chosen 
metalloporphyrin. T h e l ip ids containing the metalloporphyrin were removed 
from the glass surface by suspending them i n aqueous buffer typical ly contain
ing 0.1 M potassium ferricyanide. After sonication and centrifugation to re
move larger vesicles, the liposomes were passed through a gel filtration co l 
umn containing Sephadex G-25 (Sigma Chemica l Co.) to remove potassium 
ferricyanide external to the vesicles. Typ ica l incorporation of metalloporphy
r in complexes was between 50 and 85%. T w o buffer systems were employed, 
0.4 M imidazole i n wh ich both the ferrous and ferric oxidation states of hemin 
d imethyl ester were octahedral complexes and low spin (124), and 0.2 M 
potassium phosphate in w h i c h the ferrous and ferric oxidation states of hemin 
d imethyl ester were pentacoordinate and h igh spin (124). In some experi
ments, where noted, a lower concentration of phosphate buffer was employed. 

The electron transfer assay was conducted anaerobically in a cuvette con
taining reduced indigotetrasulfonic acid (or reduced indigodisulfonic acid or 
horseradish peroxidase) into w h i c h the anaerobic vesicle preparation was in 
jected. The absorbance at an appropriate wavelength (600 nm for indigotet
rasulfonic acid) was monitored continuously wi th an Acta C I I I spec
trophotometer (Beckman Instruments, Inc.). 

Results and Discussion for Model System II 

F i g u r e 9 A s h o w s that h e m i n d i m e t h y l ester c a t a l y z e d e l e c t r o n 
t ranspor t across a n e g g y o l k p h o s p h a t i d y l c h o l i n e b i l a y e r at r a p i d rates. 
T h e ca ta lys i s s h o w e d a first-order d e p e n d e n c e o n the concen t r a t i on o f 
r e d u c e d i n d i g o t e t r a s u l f o n i c a c i d ( F i g u r e 9 B ) a n d h e m i n d i m e t h y l 
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Figure 9A. Absorbance increase at 600 nm observed upon addition 
of liposomes containing 310 nmol of potassium ferricyanide to an 
anaerobic solution containing reduced indigotetrasulfonic acid. The 
quantity (nanomols) of hemin dimethyl ester incorporated into the 
liposomes during preparation is indicated by the numbers above each 
curve. Each sample contained 10 mg of egg yolk phosphatidylcholine 
in 2.85 mL of 0.4 M imidazole buffer, pH 7.0, which contained 0.175 
M NaCl, 0.025 M KCl, and 285 m equivalents (5 x J O - 5 Μ; Ο.Ό. = 1.0 

when oxidized) of reduced indigotetrasulfonic acid. 

ester ( F i g u r e 9 C ) . T h u s , the r a t e - l i m i t i n g s tep u n d e r these c o n d i t i o n s 
was the b i m o l e c u l a r r e ac t i on b e w e e n fe r r i c h e m i n d i m e t h y l ester a n d 
r e d u c e d i n d i g o t e t r a s u l f o n i c a c i d at the ex te r io r surface o f the v e s i c l e . 
T h e r a t e - l i m i t i n g s tep c o u l d b e s h i f t e d to a process that d e p e n d e d 
u p o n the d i f fus ion o f the h e m i n d i m e t h y l ester across the b i l a y e r b y 
a r b i t r a r i l y c h o o s i n g c o n d i t i o n s o f h i g h concen t ra t ions o f r e d u c e d i n d i 
go t e t r a su l fon i c a c i d a n d p o t a s s i u m f e r r i c y a n i d e a n d l o w concen t r a t i on 
o f h e m i n d i m e t h y l ester. I n e x p e r i m e n t s c o n d u c t e d at the l o w e n d o f 
the h e m i n d i m e t h y l ester to p h o s p h o l i p i d ra t io , o n l y one h e m i n d i 
m e t h y l ester m o l e c u l e was p r o b a b l y p resen t p e r v e s i c l e . A n a l m o s t 
i d e n t i c a l rate o f c a t a l y z e d e l e c t r o n t ranspor t was o b s e r v e d b y h e m i n 
d i m e t h y l ester i n a 0.2 M p h o s p h a t e buffer s y s t e m . T h e r e f o r e , the rate 
o f e l e c t r o n transfer was not d e p e n d e n t o n w h e t h e r the i r o n p o r p h y r i n 
c o m p l e x was i n a h i g h or l o w s p i n state. 
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536 BIOLOGICAL REDOX COMPONENTS 

Dependency on Metalloporphyrin Structure. C h a n g i n g the 
s t ruc tu re o f the m e t a l l o p o r p h y r i n g e n e r a l l y gave p r e d i c t a b l e resu l t s i n 
ca ta lys i s ( T a b l e I V ) . T h e free base p o r p h y r i n , p r o t o p o r p h y r i n I X , 
N i ( I I ) t e t r a p h e n y l p o r p h y r i n , a n d C o ( I I ) t e t r a p h e n y l p o r p h y r i n w e r e 
not c a t a l y t i c as e x p e c t e d . T h e s e th ree l a c k a r e d o x t r ans i t ion i n the 
range b e t w e e n + 0 . 5 a n d —0.1 V , w h i c h w o u l d a p p e a r to b e r e q u i r e d 
b e c a u s e o f the E ° ' v a l u e s o f the a q u e o u s r e d o x m a t e r i a l s e m p l o y e d 
[ F e 3 + / F e 2 + c y a n i d e has a n £ ° ' v a l u e n e a r 0 .45 V (127-129) a n d that o f 
i n d i g o t e t r a s u l f o n i c a c i d is nea r - 0 . 0 5 V (127,129)]. I n a d d i t i o n to the 
l i k e l i h o o d that the c o b a l t c o m p l e x has i ts r e d o x t r ans i t ion ou t o f the 
a p p r o p r i a t e r ange for ca ta lys i s , i t a l so m a y b e e x p e c t e d to u n d e r g o 
i n i t i a l r e d o x c h a n g e s m u c h m o r e s l u g g i s h l y t h a n the c o r r e s p o n d i n g 
i r o n c o m p l e x (130, 131). 

A m e t a l l o p o r p h y r i n c o m p l e x o f s p e c i a l in te res t is that o f h e m i n , 
w h i c h has t w o f ree^carboxyl g r o u p s . T h i s i r o n p o r p h y r i n c o m p l e x w a s 
not e x p e c t e d to b e v e r y c a t a l y t i c , i f at a l l , at p H 7 b e c a u s e o f its 

ι ι ι ι ι ι ι ι I I 

T i m e (seconds) 

Figure 9B. Log plot of the absorbance difference at 600 nm for the 
data shown in the top figure. In this plot the Y-axis is proportional to 
the reduced indigotetrasulfonic acid concentration, which was deter
mined from the absorbance for the fully oxidized indigotetrasulfonic 

acid minus the absorbance measured at any time after mixing. 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 537 

4 8 12 ] 

H D M Ε ( m ^ m o l e s ) 

Figure 9C. Dependency of the rate of oxidation of reduced indigo
tetrasulfonic acid on the hemin dimethyl ester concentration. The open 
circles represent the data from the experiments indicated in Figures 
9A and 9B and the solid circles are data from another similar set of 

experiments. 

c a r r y i n g one or t w o n e g a t i v e charges . S u c h charges w e r e e x p e c t e d to 
b e s o l v a t e d at the a q u e o u s in te r face o f the b i l a y e r a n d therefore w o u l d 
not r e a d i l y a l l o w c o m p l e t e p e n e t r a t i o n o f the h e m e i n t o the h y d r o c a r 
b o n r e g i o n . H e m i n was , i n fact, not c a t a l y t i c at p H 5, 7, or 10. T h u s , the 
ex t ra p o l a r i t y af forded b y the c a r b o x y l g r o u p s appea r s to p r e v e n t 
a c r o s s - b i l a y e r d i f fus ion , e v e n w h e n the c a r b o x y l s are p r o t o n a t e d . E v e n 
t h o u g h the h e m i n is e x p e c t e d to b e p a r t i a l l y i n s e r t e d i n t o the b i l a y e r 
o n e a c h s i d e , n o e v i d e n c e i n d i c a t e s that an e l e c t r o n c a n t raverse the 
d i s t ance b e t w e e n s u c h h e m e g r o u p s . P r e s u m a b l y th is d i s t ance is o f the 
o rde r o f 2 0 - 3 0 A , w h i c h is m u c h l a r g e r t h a n a n a s s u m e d e l e c t r o n j u m p 
d i s t ance o f p e r h a p s 5 - 1 0 A ( J 3 2 -135). I f a n e l e c t r o n w a s a b l e to h o p or 
t u n n e l f r om a h e m e o n one s i d e o f the b i l a y e r to a h e m e o n the other , a 
c h a r g e w o u l d soon d e v e l o p across the b i l a y e r (nega t ive i n s i d e , p o s i 
t i v e ou t s ide ) , w h i c h w o u l d i m p e d e fur ther ne t e l e c t r o n flow. T o test for 
th is p o s s i b i l i t y w e a d d e d v a l i n o m y c i n ( i n the p re sence o f po t a s s ium) 
a n d f o u n d i t to b e w i t h o u t effect i n the h e m i n - c o n t a i n i n g s y s t e m . 
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I ron t e t r a p h e n y l p o r p h y r i n cons i s t en t ly was abou t t w i c e as effec
t i v e as h e m i n d i m e t h y l ester i n the ca t a ly t i c r eac t i on . T h e p e r i p h e r y o f 
i r o n t e t r a p h e n y l p o r p h y r i n is c l e a r l y m o r e h y d r o p h o b i c t h a n that o f 
h e m i n d i m e t h y l ester a n d pe rhaps this fea ture is i m p o r t a n t . H o w e v e r , 
the t w o p o r p h y r i n s t ructures a l so differ s u b s t a n t i a l l y i n that the tet
r a p h e n y l p o r p h y r i n has a p h e n y l g r o u p at e a c h m e t h i n e b r i d g e c a r b o n , 
whe rea s the n a t u r a l p o r p h y r i n has a h y d r o g e n a t o m . F u t u r e e x p e r i 
men t s w i l l fur ther e v a l u a t e th i s d i f ference b y t e s t i n g i r o n o c t a e t h y l 
p o r p h y r i n . 

R e s u l t s w i t h m a n g a n e s e t e t r a p h e n y l p o r p h y r i n ( M n T P P ) w e r e 
c o m p a r e d w i t h those f rom i r o n t e t r a p h e n y l p o r p h y r i n ( F e T P P ) . A l 
t h o u g h the m a n g a n e s e d e r i v a t i v e is c a t a l y t i c , i t is o n l y a b o u t o n e - h a l f 
as e f fec t ive as the i r o n d e r i v a t i v e . T o e v a l u a t e w h e t h e r th is rate differ
ence c o u l d b e e x p l a i n e d b y a n E ° ' v a l u e for the M n T P P , w h i c h w a s 
b e l o w that o f the i n d i g o t e t r a s u l f o n i c a c i d , the e l e c t r o c h e m i c a l b e h a v 
ior o f th is c o m p l e x a n d others w a s m e a s u r e d b y c y c l i c v o l t a m m e t r y i n 
d i c h l o r o m e t h a n e . A n e x a m p l e o f s u c h a m e a s u r e m e n t o n F e T P P is 
s h o w n i n F i g u r e 10. I n a d d i t i o n , p o t e n t i o m e t r i c t i t ra t ions w e r e per 
f o r m e d to d e t e r m i n e E ° ' v a l u e s o f the m e t a l l o p o r p h y r i n s w h i l e t h e y 
are c o n t a i n e d i n the a q u e o u s l i p o s o m e suspens ions (see F i g u r e 11 for 
s u c h a t i t ra t ion) . T h e resul t s o f a l l these e x p e r i m e n t s are s u m m a r i z e d 
i n T a b l e V . T h e da ta for the i r o n p o r p h y r i n s a p p e a r to b e i n a g r e e m e n t 
w i t h expec ta t ions . T h e Ε1/2 v a l u e for h e m i n i n d i c h l o r o m e t h a n e is 
m o r e p o s i t i v e t h a n the E ° ' v a l u e r e p o r t e d i n wa te r . T h e v a l u e o f E ° ' for 
h e m i n i n the l i p o s o m e is a lso m u c h h i g h e r t h a n i n wa te r , w h i c h m a y 
b e t a k e n as e v i d e n c e that the i r o n p o r p h y r i n m o l e c u l e res ides subs tan 
t i a l l y i n s e r t e d i n t o the h y d r o c a r b o n p o r t i o n o f the b i l a y e r . H e m i n , 
h e m i n d i m e t h y l ester, a n d F e T P P a lso f o l l o w a t r e n d i n w h i c h the 
p o r p h y r i n s w i t h l o w e r p o l a r i t y w o u l d b e m o r e l i k e l y to b e fur ther 
e m b e d d e d i n the h y d r o c a r b o n r e g i o n o f the b i l a y e r a n d thus e x h i b i t 
h i g h e r E ° ' v a l u e s w h e n i n c o r p o r a t e d i n t o the v e s i c l e s y s t e m . A s a 
r e su l t o f these d e t e r m i n a t i o n s , the E ° ' v a l u e for M n T P P i n the v e s i c l e s 
w a s n e a r l y the s ame as for F e T P P . T h e r e f o r e , its e f fec t ive E ° ' v a l u e 
canno t b e u s e d to e x p l a i n its l o w e r rate o f ca ta lys i s . A m o r e l i k e l y 
e x p l a n a t i o n , t h e n , is that i ts rate o f r eac t i on w i t h r e d u c e d i n d i g o t e t 
r a s u l f o n i c a c i d ( k n o w n to b e the r a t e - l i m i t i n g s tep i n th is sys tem) is 
s l o w e r t h a n that o f F e T P P . C o n s i s t e n t w i t h th is la t ter c o n c l u s i o n is the 
obse rva t i on o f K a d i s h a n d D a v i s (130) that m a n g a n e s e oc t ae thy lpo r 
p h y r i n h y d r o x i d e has a he t e rogeneous e l e c t r o n t ransfer rate cons tant 
on p l a t i n u m that is one - four th to one-f i f th o f the c o r r e s p o n d i n g F e 
p o r p h y r i n . O u r c y c l i c v o l t a m m o g r a m s a lso s h o w e d a s u b s t a n t i a l s l o w 
i n g o f the e l e c t r o n t ransfer rate o f M n T P P o n p l a t i n u m as c o m p a r e d to 
F e T P P . 
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4 0 0 3 0 0 2 0 0 100 0 -100 - 2 0 0 - 3 0 0 - 4 0 0 - 5 0 0 

Ε (mV vs. SCE) 

Figure 10. Cyclic νoltammogram of 5.4 x 10~4 M iron tetraphenyl
porphyrin in approximately 5 mL of dichloromethane with 0.4 M 
imidazole and 0.1 M tetrabutylammonium perchlorate present. A 
platinum electrode was used with a SCE reference cell. Scan rate was 
10 mV/s. Sample was prepared in a dry N2 atmosphere and transferred 
to the measuring vessel using a syringe. In the measuring cell the 
sample was degassed further for 30 min with high purity argon that 
had passed through molecular sieves, copper filings at 400°C, molecular 
sieves, and dichloromethane before entering the measuring vessel. The 

initial voltage was 150 mV and the initial scan was negative. 

V a r i a t i o n o f A q u e o u s R e d o x M a t e r i a l s . T h e a q u e o u s r e d u c t a n t 
o u t s i d e the v e s i c l e s m a y e a s i l y b e c h a n g e d . W e t e s t ed the e l e c t r o n 
t ranspor t ca ta lys i s w i t h th ree di f ferent e x t e r n a l r educ tan t s ( F i g u r e 12). 
I n the M n T P P - c o n t a i n i n g l i p o s o m e s , the c a t a l y t i c rate m o r e c l o s e l y 
a p p r o a c h e d that o f F e T P P w h e n r e d u c e d i n d i g o d i s u l f o n i c a c i d [ Ε ° ' 
v a l u e at p H 7 = - 1 2 5 m V (127)] w a s u s e d as the r e d u c t a n t c o m p a r e d 
w i t h r e d u c e d i n d i g o t e t r a s u l f o n i c a c i d [Ε°' v a l u e at p H 7 = - 4 6 m V 
(127)] . W i t h r e d u c e d h o r s e r a d i s h p e r o x i d a s e [Ε°' v a l u e = - 2 7 1 m V 
(129)], the t w o rates w e r e q u i t e fast a n d i n d i s t i n g u i s h a b l e . M o s t 
l i k e l y , at these i n c r e a s e d rates o f r eac t i on w i t h the e x t e r n a l r educ tan t , 
ano the r s tep o f the o v e r a l l ca ta lys is has b e c o m e rate l i m i t i n g (e.g., 
d i f fus ion across the b i l a y e r ) . T h e o v e r a l l rate o f ca ta lys i s o f the horse
r a d i s h p e r o x i d a s e s y s t e m c o m p a r e s v e r y f avo rab ly w i t h that o f i n v i v o 
e l e c t r o n t ranspor t (136). 

V e r y f e w a q u e o u s r e d o x ma te r i a l s c a n b e p r e p a r e d at h i g h e n o u g h 
concen t ra t ions i n wa te r to b e u s e d w i t h i n the v e s i c l e s . O n e success fu l 
s y s t e m u t i l i z e s a s c o r b i c a c i d i n s i d e as r e d u c t a n t a n d fe r r ic horse hear t 
c y t o c h r o m e c e x t e r n a l l y as the ox idan t . M e a s u r i n g the rate o f fo rma-
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22. LOACH ET AL. Photosynthesis and Electron Transfer 541 

t i o n o f the r e d u c e d α - b a n d o f ferrous c y t o c h r o m e c d e m o n s t r a t e d that 
e l e c t r o n t ranspor t o c c u r s w i t h a rate that is a b o u t 2 0 0 t i m e s s l o w e r t h a n 
w i t h the f e r r i c y a n i d e - r e d u c e d d y e sys t ems ( F i g u r e 13). I n the la t ter 
s y s t e m h e m i n d i m e t h y l ester is c a p a b l e o f t r a n s b i l a y e r d i f fus ion at a 
m u c h faster rate t h a n the o v e r a l l rates o f e l e c t r o n t ranspor t i n the 
a s c o r b a t e - f e r r i c c y t o c h r o m e c s y s t e m . T h u s , the r a t e - l i m i t i n g s tep i n 
the f e r r i c y a n i d e - r e d u c e d d y e s y s t e m m u s t b e the e l e c t r o n t ranspor t 
r e a c t i o n at one o f the b i l a y e r in ter faces . I n fu ture w o r k th is s y s t e m m a y 
b e u s e d to m o d e l e l e c t r o n t ranspor t i n v o l v i n g c y t o c h r o m e c a n d an 
o the r h e m e cen te r at a m e m b r a n e in te r face . 

E v i d e n c e for a n E l e c t r o n e u t r a l M e c h a n i s m . A s w a s s h o w n i n 
F i g u r e 9, the e l e c t r o n transfer r eac t i on c a t a l y z e d b y h e m i n d i m e t h y l 

% REDUCTION 

Figure 11. Potentiometric titration of FeTPP incorporated into egg 
yolk phosphatidylcholine vesicles. A 2.8-nmol sample of FeTPP and 
200 mg of phospholipid were present in 25 mL of solution. The sample 
was degassed for 60 min with argon purified as described in the 
experiment of Figure 12. The reductant used was a solution ofNa2S204. 
The potentials were measured after each addition with a platinum 
grid electrode. About 15 min was required to reach a steady potential 
after each addition of reductant. Phenazine methosulfate (PMS) 
(6.4 x 10 ~5 M) was present as a mediator. The complete absorbance 
spectrum was recorded at each experimental point indicated and the 
percent reduction was calculated from this information along with 
the fully oxidized and fully reduced spectra. The solid curve represents 
the theoretical behavior for a one-electron titration with a midpoint 

of -135 mV. 
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542 BIOLOGICAL REDOX COMPONENTS 

ester r a p i d l y c o n t i n u e d to c o m p l e t i o n , that is, u n t i l a l l the r e d u c e d 
i n d i g o t e t r a s u l f o n i c a c i d w a s o x i d i z e d (the p o t a s s i u m f e r r i c y a n i d e was 
i n s l i g h t excess) . T h i s r e su l t c o u l d o n l y h a v e b e e n o b s e r v e d i f the 
m e c h a n i s m o f ca ta lys is w a s e l e c t r o n e u t r a l . I f the m e c h a n i s m w e r e 
e l e c t r o g e n i c a n d c r e a t e d a cha rge across the b i l a y e r , as s u g g e s t e d for 
the fe r rocene s y s t e m , t h e n e i the r the r eac t i on w o u l d h a v e p r o c e e d e d 
to o n l y a f e w p e r c e n t o f i ts o b s e r v e d ex ten t (because o f b u i l d u p o f a 
t r a n s b i l a y e r po ten t i a l ) or the b i l a y e r o f the l i p o s o m e s w o u l d h a v e b r o 
k e n b e c a u s e o f the l a rge cha rge d i f f e r en t i a l ( Δ Ψ ) c r e a t e d across i t . 
I n c o n t r o l e x p e r i m e n t s on b i l a y e r s t a b i l i t y w e d e m o n s t r a t e d that 
1 4 C - l a b e l e d suc rose c a p t u r e d i n the i n t e r n a l a q u e o u s space d u r i n g 
v e s i c l e fo rmat ion r e m a i n e d i n s i d e d u r i n g c a t a l y z e d e l e c t r o n t ransport . 
T h u s , the l i p o s o m e s are q u i t e s t ab le t h r o u g h o u t e l e c t r o n t ransport . 

A s a fur ther ve r i f i ca t ion that the c a t a l y t i c process p r o c e e d e d i n an 
e l e c t r o n e u t r a l m a n n e r , w e tes ted for a n effect b y v a l i n o m y c i n ( i n the 
p resence o f po tass ium) a n d an u n c o u p l e r , c a r b o n y l c y a n i d e - p -

T a b l e V . E l e c t r o c h e m i c a l P o t e n t i a l s o f M 3 + / M 2 + P o r p h y r i n S y s t e m s 

Solvent Systems 

PC 
Vesi
cles 

+ 9 7 - 3 
0 - 9 9 

- 9 6 - 1 3 9 
+ 9 6 - 1 1 9 

+ 9 9 0 d 

Compound" H20 cles CH,CU Other 

F e T P P · I m 
F e P P I X D M E 
F e P P I X - 1 6 0 ( p H 7)* 
M n T P P · I m 
M n P P I X 
M n H P I X D M E - 2 6 8 ( p H 7)» 
C o T P P 
N i T P P 
H 2 T P P 

Note: The values given are relative to the Standard Hydrogen Electrode (SHE). 
For simplicity, data obtained vs. SCE were adjusted by adding 245 mV. This is 
strictly correct, of course, only for aqueous solutions. For aqueous solutions, the 
value corresponds to the midpoint potential, E 0 ' or Em. For nonaqueous solution, the 
numbers represent Em values. The E0' values for the aqueous materials are +440 mV 
for Fe 3 + /Fe 2 + cyanide, and -46 mV for indigotetrasulfonic acid. Each experiment in 
water was conducted in a manner similar to that for which data are given in Figure 11. 
The data reported in acetonitrile were obtained by conducting cyclic voltammetry in 
a manner similar to that described in Figure 10. 

α For abbreviations used see Table IV. 
b From Ref. 127. 
c From Ref. 146. 
dFrom Ref. 128. 
e From Ref. 145. 

- 1 1 0 ( C H 3 C N ) C 

+ 1 2 4 0 ( b e n z o n i t r i l e ) 6 

+ 1330 ( b e n z o n i t r i l e ) e Pu
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22. LOACH ET AL. Photosynthesis and Electron Transfer 543 

3-
ox idan t—- Fe(CN)6 

reductant FeTPP MnTPP 
ITSAH2 ο · 
IDSAH2 ο B 

HRP Δ • 

9 12 
MP(mu Moles) 

15 18 21 

Figure 12. Dependence of the rate of catalysis of electron transport 
by FeTPP and MnTPP with different reductants. ITSAH2 is reduced 
indigotetrasulfonic acid, IDSAH2 is reduced indigodisulfonic acid, and 
HRP is ferrous horseradish peroxidase. The X-axis is the quantity of the 
metalloporphyrin (MP) present in 8 mg of egg yolk phosphatidylcholine 
vesicles. The reductants were 7 x 10~5 M ITSAH2 (210 nmol), 6.5 χ 
W-5 M IDSAH2 (195 nmol) and 4.5 x 10r5 M HRP (135 nmol); 420 nmol 
of potassium ferricyanide was trapped inside the vesicles; 0.4 M 
imidazole, pH 7.0, 0.175 M NaCl, and 0.025 M KCl were present in a 

sample volume of 3.0 mL; anaerobic conditions. 
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τ—ι—ι—ι—ι—ι ι ι 
2.8 

j I ι I ι I ι I ι I ι I ι 
0 100 2 0 0 

T i m e (seconds) 

Figure 13. Liposomal electron transport system in which the electron 
flow was from ascorbic acid (inside) to ferric cytochrome c (outside), 
catalyzed by hemin dimethyl ester. The absorbance increase followed 
is that of the 550-nm band of ferrous cytochrome c. The amount 
(nanomols) of hemin dimethyl ester present in 8 mg of egg yolk phos
phatidylcholine is indicated. The ascorbic acid which was captured 
inside the vesicles was 0.15 M along with 0.2 M K2HP04 · 3HzO, pH 6.8 
during vesicle formation. The cytochrome c was 2 x 10~5 M in 2.55 mL 
of anaerobic buffer containing 0.4 M imidazole, pH 7.0; 0.25 mL of 

anaerobic vesicles was injected at time zero. 

t r i f l u o r o m e t h o x y p h e n y l h y d r a z o n e ( F C C P ) . T h e s e reagents w e r e w i t h 
ou t s ign i f i can t effect (224) . 

E x a m i n a t i o n o f A n i o n M o v e m e n t . F o r h e m i n d i m e t h y l ester 
ca ta lys i s o f e l e c t r o n t ranspor t i n the p h o s p h a t e buffer s y s t e m one 
m i g h t e x p e c t that a h y d r o x i d e i o n is t r anspo r t ed w h e n the f e r r i c fo rm 
diffuses f r o m the i n s i d e to the o u t s i d e o f the v e s i c l e , b e c a u s e h y 
d r o x i d e is l i k e l y to b e c o o r d i n a t e d to the fe r r ic h e m i n i n a q u e o u s sys
t ems at p H 7. E v i d e n c e for h y d r o x i d e c o o r d i n a t i o n c o m e s f r o m m e a 
s u r e m e n t o f the p H d e p e n d e n c y o f E ° ' v a l u e s (127) . It w a s n e v e r t h e 
less i m p o r t a n t to test w h e t h e r a n y o f the o ther an ions p resen t w e r e 
b e i n g t r anspor t ed as p a r t i c i p a n t s i n the e l e c t r o n e u t r a l p rocess . B y 
u t i l i z i n g 3 3 P - l a b e l e d p h o s p h a t e , w e f o u n d that no s ign i f i can t phos 
pha t e (less t h a n 0.05 e q u i v a l e n t ) w a s t r anspo r t ed o u t o f the v e s i c l e s 
d u r i n g c a t a l y z e d e l e c t r o n t ranspor t (124) . W e a l so tes ted for the pos s i 
b i l i t y o f c y a n i d e t ranspor t u s i n g a s i l v e r c y a n i d e p r e c i p i t a t i o n assay 
a n d f o u n d no e v i d e n c e (less t h a n 0 .05 e q u i v a l e n t ) for t ranspor t o f th is 
i o n (124) . 

E v i d e n c e s u p p o r t i n g the i d e a o f h y d r o x i d e t ranspor t w a s p r o v i d e d 
b y m e a s u r i n g the p H e x t e r n a l to the l i p o s o m e s d u r i n g e l e c t r o n trans
por t i n a w e a k l y bu f f e r e d s y s t e m . W h e n r e d u c e d i n d i g o t e t r a s u l f o n i c 
a c i d was s i m p l y t i t r a t ed b y p o t a s s i u m f e r r i c y a n i d e i n s o l u t i o n , the p H 

Ο 
G 
03 

u 
Ο 

C/3 

< 

0.2 

0.1 

0 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

22



22. LOACH ET AL. Photosynthesis and Electron Transfer 545 

d e c r e a s e d d u e to the re lease o f p ro tons f r o m r e d u c e d i n d i g o t e t r a s u l 
f o n i c a c i d as i t w a s o x i d i z e d . S u c h a c h a n g e i n p H is i n d e e d n o t e d i n 
F i g u r e 1 4 A . H o w e v e r , i f 1 e q u i v a l e n t o f h y d r o x i d e is t r a n s p o r t e d ou t 
w i t h e a c h e q u i v a l e n t o f f e r r i c h e m i n d i m e t h y l ester as e l e c t r o n trans
por t is c a t a l y z e d i n the m o d e l l i p o s o m a l s y s t e m , no s u c h p H c h a n g e 
w o u l d b e o b s e r v e d o u t s i d e the l i p o s o m e s . I n d e e d , n o s ign i f i can t p H 
c h a n g e w a s f o u n d d u r i n g e l e c t r o n t ranspor t ( F i g u r e 1 4 B ) . T h e s l o w 
dec rease i n p H o b s e r v e d w i t h t i m e after the e l e c t r o n t ranspor t r e a c t i o n 
is c o m p l e t e d p r o b a b l y represen ts the rate o f p r o t o n l e a k a g e f rom the 
v e s i c l e s . T h i s o b s e r v e d rate is i n g o o d a g r e e m e n t w i t h r e c e n t l y re 
p o r t e d v a l u e s (137) . 

A s a n i n d e p e n d e n t m e a s u r e o f the a b i l i t y o f f e r r i c h e m i n d i m e t h y l 
ester to t ranspor t a n a n i o n - l i k e h y d r o x i d e across a n a p o l a r phase , w e 

+ 0.1 

< 

1 ' 1 ' 1 

- • FERRICYANIDE 

-
\ Δ 

— 

\ Δ ~~ 

xV Δ 

- N O Δ Δ Δ Δ Δ Δ Λ Δ 

1 

X X χ χ χ χ x x x 

I ι I ι I ι 
20 40 60 80 

/ (sec) 

Figure 14A. The pH change in 2 χ 10 ~* M phosphate buffer during 
hemin dimethyl ester catalyzed electron transport in liposomes. 
Control in which K3Fe(CN)6 was added directly to reduced indigo
tetrasulfonic acid. The results of three separate experiments are plotted, 
each with an initial pH near 7.00. (Reproduced, with permission, from 
Ref. 124. Copyright 1981, Elsevier [North-Holland Biomedical Press.) 
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546 BIOLOGICAL REDOX COMPONENTS 

Figure 14B. Complete system. The results of two separate experi
ments are plotted, each with an initial pH near 7.00. (Reproduced, with 
permission, from Ref. 124. Copyright 1981, ElsevierfNorth-Holland 

Biomedical Press.) 

c o n d u c t e d a b u l k phase transfer e x p e r i m e n t u s i n g S 1 4 C N ~ . T h i s r ad io 
a c t i v e a n i o n was a d d e d to one s ide o f th is U - t u b e s y s t e m i n v o l v i n g t w o 
a q u e o u s phases sepa ra ted b y c h l o r o f o r m a n d the rate o f a p p e a r a n c e o f 
S 1 4 C N " on the o ther s i de w a s m o n i t o r e d . S u c h b u l k phase t ranspor t 
was c l e a r l y d e m o n s t r a t e d a n d d e p e n d e d d i r e c t l y o n the h e m i n d i 
m e t h y l ester concen t r a t i on (124). T h e rate o f t ranspor t o b s e r v e d was 
c o m p a t i b l e w i t h a s i m i l a r ca r r i e r r o l e for h e m i n d i m e t h y l ester i n 
h y d r o x i d e t ranspor t i n the l i p o s o m a l sys t ems . 

Conclusions for Model System II 

T h e e x p e r i m e n t a l da ta c l e a r l y i n d i c a t e that h e m i n d i m e t h y l ester 
func t ions i n ca ta lys i s b y a n e l e c t r o n e u t r a l d i f fus ion m e c h a n i s m . A 
s u m m a r y s c h e m e cons is ten t w i t h the resu l t s is s h o w n i n F i g u r e 15. I n 
the s c h e m e , a h y d r o x i d e i o n is c o o r d i n a t e d to fe r r i c h e m i n d i m e t h y l 
ester as i t is f o r m e d b y r e a c t i o n w i t h p o t a s s i u m f e r r i c y a n i d e o n the 
i n s i d e surface . T h i s e l e c t r i c a l l y n e u t r a l c o m p l e x t h e n diffuses to the 
o u t s i d e surface w h e r e a n e l e c t r o n a n d a p r o t o n are r e c e i v e d f r o m re
d u c e d i n d i g o t e t r a s u l f o n i c a c i d . T h e p e n t a c o o r d i n a t e ferrous c o m p l e x 
diffuses b a c k to the i n s i d e surface c a r r y i n g a w a t e r m o l e c u l e as i ts fifth 
l i g a n d . T h e o v e r a l l effect o f the c y c l e is to t ranspor t a n e l e c t r o n a n d a 
p r o t o n i n an e l e c t r o n e u t r a l f ash ion f r o m the r e d u c t a n t o u t s i d e to the 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 547 

o x i d a n t i n s i d e . I n th is sense, the s y s t e m b e h a v e s l i k e the q u i n o n e -
c a t a l y z e d e l e c t r o n a n d p r o t o n t r a n s p o r t i n g sys t ems s t u d i e d p r e v i 
o u s l y (108, 109, 125, 126). V a l i n o m y c i n p l u s p o t a s s i u m a n d F C C P 
w e r e a l so w i t h o u t effects o n those sys t ems . 

F o r h e m i n d i m e t h y l ester ca ta lys i s i n i m i d a z o l e buffer , the a n i o n 
t r anspo r t ed b y c o o r d i n a t i o n to the fe r r ic fo rm p r o b a b l y is i m i d a z o l a t e . 
T h e p K a ' for f e r r i c p o r p h y r i n c o o r d i n a t e d i m i d a z o l e to l o se a p r o t o n , 
t hus f o r m i n g c o o r d i n a t e d i m i d a z o l a t e , is a b o u t 11 i n w a t e r (138,139). 
It w o u l d b e m u c h l o w e r t h a n th is i f the i m i d a z o l a t e is a d d i t i o n a l l y 
s t a b i l i z i n g a p o s i t i v e cha rge o n the fe r r ic p o r p h y r i n i n the less p o l a r 
reg ions o f a l i p i d b i l a y e r . A f t e r d i f f u s i n g across the b i l a y e r , the p r e 
s u m e d fe r r ic h e m i n d i m e t h y l e s t e r - i m i d a z o l a t e c o m p l e x w o u l d b e 
e x p e c t e d to r e c e i v e b o t h a n e l e c t r o n a n d a p r o t o n at the ou te r surface 
a n d t h e n diffuse b a c k to the i n n e r surface as a n o r m a l d i i m i d a z o l e 
h e m o c h r o m e s y s t e m . A g a i n , th is o v e r a l l p rocess c o u l d a l so b e v i e w e d 

/ (sec) 
Figure 14C. Rate of electron transfer of the complete system under 
the conditions of the experiments reported in Figure 14B. (Reproduced, 
with permission, from Ref. 124. Copyright 1981, Elsevier/North-Holland 

Biomedical Press.) 
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548 BIOLOGICAL REDOX COMPONENTS 

I T S A H * 

rrsAH. 

I j 7 

I I 0 

- IN -

-34 A-

- 8 Â -

Figure 15. Schematic representation of hemin dimethyl ester catalyzed 
electron transport in liposomes in phosphate buffer. The rhombi 
drawn to represent the heme group are approximately the correct 
size for the conjugated rr-system relative to the phospholipid bilayer. 
Aq represents the fully hydrated porphyrin complex. Although the 
liposomes have substantial packing differences between the outer and 
inner halves of the bilayer, these are ignored here. The k values are 
used to represent the rate constants for each step: k r , electron transfer 
rate at outer interface with reduced indigotetrasulfonic acid (ITSAH2); 
ko, electron transfer rate at inner interface with ferricyanide; k r s , 
dehydration rate for reduced hemin dimethyl ester; and kos, hydration 
rate for oxidized hemin dimethyl ester. (Reproduced, with permission, 
from Ref. 124. Copyright 1981, Elsevier IN orth-Holland Biomedical 

Press.) 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 549 

as the t ranspor t o f a n e l e c t r o n a n d a p r o t o n f rom the ou te r a q u e o u s 
e n v i r o n m e n t to the i n n e r a q u e o u s space i n a n e l e c t r o n e u t r a l f a sh ion . 

A f t e r v i e w i n g the resu l t s o f th is m o d e l s y s t e m , i t is o f in te res t to 
a g a i n c o n s i d e r i n v i v o e l e c t r o n t ransport . F i g u r e 16 (top) s c h e m a t i c a l l y 
por t rays the p r e s u m e d f u n c t i o n i n g o f h e m e g r o u p s i n a n " e l e c t r o n 
w i r e " or e l e c t r o g e n i c fash ion . I n the i n v i v o c o m p l e x e s the h e m e c e n 
ters are p r e s u m e d not to c h a n g e p o s i t i o n s i g n i f i c a n t l y , a n d for e l e c t r o n 
t ranspor t to o c c u r the h e m e edges s h o u l d b e w i t h i n a b o u t 5 to 10 A o f 
e a c h o ther (132-135). A l t h o u g h th ree s u c h centers are d r a w n i n th i s 
s c h e m e , one or t w o c o u l d h a v e b e e n u s e d i f t h e i r p l a c e m e n t w i t h i n the 
b i l a y e r w e r e w h e r e p r o t e i n s t ruc tu re p r o v i d e d a n a r r o w e d a rea or i f 
o ther car r ie rs w e r e a lso i n v o l v e d . T h u s , the o n l y d i f fe rence b e t w e e n 
th is i m a g i n e d i n v i v o s y s t e m a n d o u r m o d e l w o u l d b e the r o l e o f 
d i f fus ion i n the m o d e l i n s t e a d o f e l e c t r o n h o p p i n g b e t w e e n fixed m u l 
t i p l e h e m e centers i n v i v o . B u t w h a t w o u l d p r e v e n t the p r o t o n f r o m 
m i g r a t i n g as w e l l i n the i n v i v o s y s t e m ? A l l the l i g a n d s c o o r d i n a t e d to 
h e m e a n d c o p p e r i n the e l e c t r o n t ranspor t p a t h w a y s o f b i o e n e r g e t i c 
m e m b r a n e s are not k n o w n w i t h ce r t a in ty , b u t m o s t are a c i d - b a s e 
g roups a n d the i m i d a z o l e g r o u p o f h i s t i d i n e is a l m o s t a l w a y s one o f the 
l i g a n d s i n v o l v e d . M o r e o v e r , a l i g a n d - l i k e i m i d a z o l e w i l l h a v e o ther 
g r o u p s h y d r o g e n - b o n d e d to i t , t hus f a c i l i t a t i n g p r o t o n m o v e m e n t 
(140 , 141). A n e l e c t r o n e u t r a l e l e c t r o n a n d p r o t o n t ranspor t t h r o u g h 
m u l t i p l e h e m e cente rs [e.g. , see F i g u r e 16 (bot tom)] t hus deserves 
ser ious c o n s i d e r a t i o n . 

A m o r e d e t a i l e d v i e w o f h o w th is p a r a l l e l m o v e m e n t o f a n e l e c 
t ron a n d a p r o t o n m i g h t o c c u r i n a n e l e c t r o n e u t r a l f a sh ion t h r o u g h 
m u l t i p l e h e m e cen te r s i n v i v o is s h o w n i n F i g u r e s 1 7 A - F . A funda 
m e n t a l r e q u i r e m e n t for th i s s y s t e m to w o r k is that a g a t e d h y d r o g e n 
b o n d p a t h across the b i l a y e r is n e e d e d to ensu re d i r e c t i o n a l i t y o f 
c o u p l e d p r o t o n a n d e l e c t r o n f low, b u t at the s ame t i m e p r e v e n t p r o 
t o n l e a k a g e . I t is p r o p o s e d tha t m i n i h y d r o g e n - b o n d i n g c h a i n s (140, 
141 ) are c o n n e c t e d to l i g a n d s that are c o o r d i n a t e d to i r o n a n d that the 
s m a l l c o n f o r m a t i o n a l changes that a c c o m p a n y r e d u c t i o n b r e a k o n e 
m i n i h y d r o g e n - b o n d i n g c h a i n a n d f o r m a n e w o n e . T w o s u c h gates 
w e r e u s e d i n this e x a m p l e . O t h e r c o o r d i n a t e d l i g a n d s b e s i d e s 
i m i d a z o l e - i m i d a z o l a t e c o u l d h a v e b e e n u s e d , for e x a m p l e , a t h i o l -
t h io l a t e or a c a r b o x y l - c a r b o x y l a t e . T h e e l e c t r o n d o n o r to the s y s t e m 
is a r b i t r a r i l y s u g g e s t e d to b e a p r o t e i n - b o u n d u b i s e m i q u i n o n e a n i o n 
r a d i c a l . I t c o u l d w e l l b e a n i n t e g r a l m e m b r a n e c o m p l e x n e a r the i n 
s ide surface ra ther t h a n a p e r i p h e r a l p r o t e i n c o m p l e x that exis ts i n the 
a q u e o u s r e g i o n as a r b i t r a r i l y s h o w n . I n p h o t o s y n t h e t i c b a c t e r i a , th i s 
s c h e m e c o u l d r ep re sen t passage o f a n e l e c t r o n f r o m the s e c o n d 
p r o t e i n - b o u n d u b i q u i n o n e (QB) t h r o u g h p e r h a p s a p a i r o f c y t o c h r o m e 
b m o l e c u l e s . 
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550 BIOLOGICAL REDOX COMPONENTS 

Figure 16. Schematic representation of hypothetical in vivo iron 
porphyrin electron transport systems. The shaded areas represent part 
of the protein(s) that binds the iron porphyrin. The porphyrin complex 
is drawn as an octahedral low-spin structure (six coordinated ligands). 
The symbol A could be an imidazole side chain of histidine. The 
arrows merely indicate the direction of electron and proton flow and 
should not be construed as indicating equilibria. (Reproduced, with 
permission, from Ref. 124. Copyright 1981, Elsevier/North- Holland 

Biomedical Press.) 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 551 

Figure 17. Schematic representation of how in vivo electron transport 
through cytochromes could he an electroneutral process. Important 
aspects include a gated hydrogen-bonding network that responds to 
the oxidation state of the various heme centers. A: above. B-F: con

tinued on next page. 
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Figure 17 Β. 
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Figure 17 C. 

_ O U T — 
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554 BIOLOGICAL REDOX COMPONENTS 

Figure 17D. 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 555 

I n s u m m a r y , b e c a u s e o f the l i g a t i o n o f a c i d - b a s e g roups to h e m e 
g roups w i t h i n a m e m b r a n e p r o t e i n , one w o u l d e x p e c t the ex i s t ence o f 
h y d r o g e n - b o n d i n g cha in s to the g r o u p s l i g a t e d . B e c a u s e e l e c t r o n 
transfer b e t w e e n s u c h h e m e centers m u s t b e o v e r a l i m i t e d d i s t ance o f 
a p p r o x i m a t e l y 5 to 10 A (edge to edge ) , the m i n i h y d r c g e n - b o n d e d 
c h a i n s o f adjacent h e m e g r o u p s canno t b e v e r y far apar t a n d m i g h t b e 
e x p e c t e d to c o m m u n i c a t e e a s i l y — p u r p o s e f u l c o m m u n i c a t i o n m a y 
h a v e e v o l v e d . T h u s , i t seems t o t a l l y u n n e c e s s a r y to l i m i t to 
u b i q u i n o n e a l l r e d o x steps e n v i s i o n e d to ca r ry b o t h a n e l e c t r o n a n d a 
p r o t o n . It is , i n fact, j u s t as na tu r a l to t h i n k o f c y t o c h r o m e s as p a r t i c i 
pants i n th is f unc t i on . 

— I N — 

_ O U T — 

Figure 17Ε. 
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22. LOACH ET AL. Photosynthesis and Electron Transfer 557 

Future Directions 

A closer approach of the electron transport model to in vivo sys
tems will utilize multiple covalently linked redox centers, which we 
have synthesized. Furthermore, by combination of the photochemical 
reaction center model and the electron transport model, we expect to 
develop and systematically probe a liposome system where charge 
separation across the bilayer can be achieved by an initial photochem
ical reaction and the products subsequently coupled through the elec
tron transport model system to achieve cyclic electron flow. The net 
result of this coupled system would be to create both a ΔΨ and a 
proton gradient without the requirement for aqueous redox materials. 
This sequence of events, of course, would closely resemble the major 
processes occurring in photosynthetic bacteria as a result of light ab
sorption and secondary electron flow. These model systems should 
make it possible to ask systematically many interesting mechanistic 
questions. 
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23 
Enzymatic and Electrochemical 
Reduction of Dioxygen 

DAVID DOLPHIN, BRIAN R. JAMES, 
and H. CURTIS WELBORN1 

University of British Columbia, Department of Chemistry, Vancouver, British 
Columbia, Canada V6T 1Y6 

Heme proteins utilizing O2 and H2O2 are considered with 
special emphasis on the mechanisms of oxidation of inac
tivated carbon-hydrogen bonds by P-450 cytochrome 
systems. Titration and chemical and spectral studies on a 
P-450 camphor enzyme reveal that an axially coordi
nated cysteinyl thiolate ligand present in the Fe(II) [and 
Fe(III)] state of the enzyme remains bound and deproto
nated when O2 or CO binds at the Fe(II) center. The 
catalytically active species in the enzyme results after 
addition of one electron at about -0.2V (vs. Ag/AgCl) to 
the Fe(II)O2 system. Such isoelectronic species within 
model systems are generated by (1) reaction of Fe(I) por
phyrins with O2, (2) reaction of Fe(II) porphyrins with 
O2-, and (3) an electrochemical one-electron reduction of 
the Fe(II)(O2) porphyrin system at -0.24 V. All three 
model species are identical and appear to be a high spin 
Fe(III) η2-peroxide; such a species could function in the 
enzymatic pathway via an oxene intermediate that in
serts directly into the CH bond of the substrate or gener
ates free radicals by abstraction of hydrogen from the 
substrate. Spectral similarities are noted between the 
Fe(III) η-peroxide and Fe(III)-iodosylbenzene systems, 
the latter effecting oxidations that closely mimic some 
carried out by P-450. 

T _ I e m e p ro te ins p l a y v a r i e d ro les i n the t ransport , s torage, a n d ac t i -
v a t i o n o f d i o x y g e n a n d r e m o v a l o f i ts r e d u c t i o n p r o d u c t s . S c h e m e 

1 s h o w s the m a n y k n o w n a n d p o s t u l a t e d i n t e r m e d i a t e s i n the c h e m i s -

1 Current address: Exxon Chemical Company, Baytown, TX, 77520 

0065-2393/82/0201-0563$06.25/0 
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Scheme 1. Redox chemistry of dioxygen (reduction potentials in aque
ous solutions at pH 7, vs. SHE) 

t ry o f d i o x y g e n r e d u c t i o n . I n na tu re , the 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 is c a t a l y z e d b y c y t o c h r o m e o x i d a s e , w h i c h con ta ins t w o h e m e 
a n d t w o c o p p e r centers ( I , 2 ) . T h e c h a r a c t e r i z a t i o n o f i n t e r m e d i a t e s 
d u r i n g the r e d u c t i o n is far f r om c o m p l e t e , a n d d e f i n i t i v e e v i d e n c e for 
e i t he r s u p e r o x i d e or p e r o x i d e has y e t to b e f o u n d . A t the o x i d a t i o n 
l e v e l o f p e r o x i d e , h e m e e n z y m e s b o t h r e m o v e th i s p o w e r f u l a n d i n 
d i s c r i m i n a t e o x i d i z i n g agent a n d use its o x i d i z i n g p o w e r i n m o r e 
spec i f i c a n d c o n t r o l l e d w a y s . T h u s , m y e l o p e r o x i d a s e a n d c h l o r o -
p e r o x i d a s e , b o t h o f w h i c h are fe r r i c h e m e p ro t e in s i n the r e s t i n g 
e n z y m e , u n d e r g o t w o - e l e c t r o n ox ida t ions b y h y d r o g e n p e r o x i d e to 
g i v e h i g h o x i d a t i o n states o f the e n z y m e s , w h i c h t h e n o x i d i z e c h l o r i d e 
to g i v e C l + . I n c h l o r o p e r o x i d a s e (3) , s u b s e q u e n t c o n t r o l l e d ox ida t ions 
o f o r g a n i c substra tes o c c u r , b u t i n m y e l o p e r o x i d a s e , w h i c h is a const i t 
u e n t o f the m a m m a l i a n p o l y m o r p h o n u c l e a r l e u k o c y t e (4) , the c h l o r i n e 
g e n e r a t e d i n th i s f a sh ion is b u t one o f s eve ra l s m a l l b u t p o w e r f u l 
i n o r g a n i c agents i n c l u d i n g s u p e r o x i d e , s i n g l e t o x y g e n , a n d h y d r o x y l 
r a d i c a l s that de s t roy i n v a d i n g o rgan i sms a n d x e n o b i o t i c ma te r i a l s (5) . 

T w o o ther c l o s e l y r e l a t e d h e m e p ro t e in s that in te rac t w i t h h y d r o 
g e n p e r o x i d e are catalase a n d the ho r se r ad i sh pe rox idases , w h i c h a lso 
are fe r r ic h e m e p ro t e in s i n the r e s t i n g e n z y m e s . I n the p re sence o f 
h y d r o g e n p e r o x i d e b o t h are o x i d i z e d to t h e i r p r i m a r y c o m p l e x e s ( C A T 
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I a n d H R P I) (6). O x i d i z e d cata lase t hen o x i d i z e s a s e c o n d 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 o x y g e n w i t h r e g e n e r a t i o n o f the r e s t i n g e n z y m e . 

C a t [ F e ( I I I ) p o r p h y r i n ] + + H 2 0 2 - > C a t [ F e ( I V ) p o r p h y r i n ] 3 + - + 2 0 H " 

C a t [ F e ( I I I ) p o r p h y r i n ] + + 0 2 + 2 H + 

T h e c h e m i c a l or e l e c t r o c h e m i c a l r e d u c t i o n o f p e r o x i d e c a n generate 
h y d r o x y l r a d i c a l s . C a t a l a s e generates no s u c h o x y g e n r a d i c a l in te r 
m e d i a t e s ; a p p a r e n t l y na tu re d e v i s e d catalase to b r i n g a b o u t the t w o -
e l e c t r o n transfers b e t w e e n p e r o x i d e s w i t h o u t the i n t e r v e n t i o n o f free 
( and r eac t ive ) o x y g e n r a d i c a l s ( 7 ) . 

B o t h h o m o l y t i c a n d h e t e r o l y t i c c l e a v a g e o f p e r o x i d e c a n b e e n 

v i s a g e d , w i t h h y d r o x y l ( H O ) r a d i c a l a n d o x e n e ( : Ο : ), r e s p e c t i v e l y , 

gene ra t ed . T h e c h e m i s t r y o f h y d r o x y l r a d i c a l s is w e l l - e x p l o r e d a n d as 

e x p e c t e d , the r a d i c a l p roves to b e a p o w e r f u l a n d ra ther i n d i s c r i m i n a t e 

o x i d i z i n g agent . T h e c h e m i s t r y o f oxenes is h a r d l y e x p l o r e d as ye t , 

a l t h o u g h t r i p l e t o x y g e n a toms o x i d i z e a lkanes (8 ). 
A l t h o u g h na tu re is u n l i k e l y to use free h y d r o x y l r a d i c a l s or o x e n e 

m o i e t i e s , s u c h spec i e s , s t a b i l i z e d b y c o o r d i n a t i o n to a m e t a l , m a k e 
a t t rac t ive c a n d i d a t e s as e n z y m a t i c o x i d i z i n g agents . T h e o x i d a t i o n o f 
u n a c t i v a t e d C H b o n d s is one o f the p r i n c i p a l m o d e s o f ac t ion o f P - 4 5 0 
c y t o c h r o m e s . T h e s e e n z y m e s are w i d e l y d i s t r i b u t e d i n b o t h 
euca ryo tes a n d p roca ryo te s (9) , a n d a l t h o u g h the s p e c i f i c i t y o f the 
e n z y m e s m a y v a r y w i d e l y , the o v e r a l l reac t ions that t h e y c a t a l y z e are 
s i m i l a r (10, 11). I n i t i a l l y , the r e s t i n g f e r r i h e m o p r o t e i n is r e d u c e d to 
the ferrous state, w h i c h b i n d s d i o x y g e n ; a fur ther o n e - e l e c t r o n r e d u c 
t i o n i n i t i a t e s the o x i d a t i o n , w h i c h resul t s i n one o f the o x y g e n a toms 
b e i n g i n c o r p o r a t e d i n t o subst ra te w h i l e the other o x y g e n e n d s u p as 
w a t e r ( S c h e m e 2). A t y p i c a l e x a m p l e o f s u c h an o x i d a t i o n is that 
c a t a l y z e d b y P - 4 5 0 c a m , i s o l a t e d f rom Pseudomonas putida (12). T h i s 
m i c r o o r g a n i s m w i l l g r o w w i t h d - c a m p h o r as the o n l y c a r b o n source i n 
a r e a c t i o n w h e r e the h y d r o x y l a t i o n o f c a m p h o r ( S c h e m e 2) is the first 
s t ep i n the c o n v e r s i o n o f c a m p h o r to a c e t y l C o A . A n o t h e r r e c e n t l y 
i d e n t i f i e d s y s t e m , h e m e oxygenase (13), conver t s i r o n p r o t o p o r p h y r i n 
to b i l e p i g m e n t s (14). T h e i n i t i a l s teps i n th i s r e a c t i o n , w h i c h a p p e a r 
to p a r a l l e l those o f c y t o c h r o m e s P - 4 5 0 , are the gene ra t ion o f meso-
h y d r o x y h e m i n ( S c h e m e 2). O u r p resen t u n d e r s t a n d i n g o f the c a t a l y t i c 
c y c l e o f P - 4 5 0 is s u m m a r i z e d i n S c h e m e 3, a n d a c o n s i d e r a b l e b o d y o f 
k n o w l e d g e c o n c e r n i n g the m o d e o f ac t ion a n d the na tu re o f the in te r 
m e d i a t e s has e v o l v e d s ince the d i s c o v e r y o f these e n z y m e s . 

I n fact, c y t o c h r o m e s P - 4 5 0 h a v e b e e n k n o w n for o n l y t w o decades 
(15), a n d w e r e n a m e d for the in tense abso rp t i on , at 4 5 0 n m , o f the 
f e r r o u s - C O c o m p l e x . T h i s a b s o r p t i o n s p e c t r u m c a n b e m i m i c k e d 
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566 BIOLOGICAL REDOX COMPONENTS 

CYTOCHROME P-450 

Ferai) + 2e" + 2H* + SUBSTRATE (R-H) + 0 2 

I 
Fen) + H 2 0 + R-OH 

P~450CAM 

HEME OXYGENASE 

Feain 

NADH 

+ 0 2 2 H 4 

NAD* - y 

^ IxS +H ? O 

/ [2H- ] 
+ [ H 2 0 ] 

Ρ ρ 

Scheme 2. Activation of dioxygen by heme proteins 

(substrate) RH_ ^ F e ^ R H ) 

(resting enzyme) Fe3 

( product )R-OHx| <£Tq 
I? 

? [Fe3+(RH)] 

4 V ? 

HOOR 

•fFeOJRH)? 
W I ? 

2 H + · 

F e ^ R H p J ^ F e 2 

\ CO CO 

yoz 

fjeftRH) 

02 

Scheme 3. Cytochrome P-450 enzymatic cycle 
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23. DOLPHIN ET AL. Reduction of Dioxygen 567 

w h e n a f e r r o u s - C O c o m p l e x is c o o r d i n a t e d b y t h io l a t e i o n as the s i x t h 
a x i a l l i g a n d (16,17). H o w e v e r , i n the m o d e l sys t ems the a b s o r p t i o n at 
—450 n m w a s a c c o m p a n i e d b y a n e q u a l l y in t ense a b s o r p t i o n at h i g h e r 
ene rgy . T h i s s ame p h e n o m e n o n w a s t h e n r e p o r t e d w i t h P - 4 5 0 i t s e l f 
(18). S u c h a n o p t i c a l s p e c t r u m w h e r e the " n o r m a l " Sore t b a n d at —410 
n m is s p l i t i n t o a h i g h - a n d l o w - (—450 n m ) e n e r g y c o m p o n e n t w a s 
t e r m e d a h y p e r s p e c t r u m b y H a n s o n et a l . (18), w h o s h o w e d that 
i n t e r a c t i o n b e t w e e n the n o r m a l π - π * (Soret) t r ans i t ion a n d a su l fu r 
ρ π * cha rge transfer t r ans i t i on g i v e s r ise to the h y p e r s p e c t r u m (29) . 

D u r i n g the n o r m a l e n z y m a t i c c y c l e , o x y g e n , ra ther t h a n C O , b i n d s 
to the ferrous h e m o p r o t e i n to g i v e the o x y g e n a t e d c o m p l e x that ap
pears o p t i c a l l y s i m i l a r to o x y m y o g l o b i n . T h u s b o t h o x y - P - 4 5 0 c a m a n d 
o x y m y o g l o b i n ( w h a l e ) absorb at 4 1 8 n m . B e c a u s e w e a t t r i b u t e d the 
differences i n the o p t i c a l spec t r a o f P - 4 5 0 a n d m y o g l o b i n C O -
c o m p l e x e s (450 vs . 4 2 3 n m ) to d i f ferences i n the s ix th a x i a l l i g a n d ( R S " 
vs . i m i d a z o l e ) , the q u e s t i o n arises as to h o w c a n the o x y g e n a t e d c o m 
p l e x e s e x h i b i t s i m i l a r spec t r a i f the a x i a l l i g a n d is d i f fe ren t? O n e pos
s i b i l i t y is that u p o n o x y g e n b i n d i n g to P - 4 5 0 the t h io l a t e is p r o t o n a t e d , 
or d i s p l a c e d b y another a x i a l l i g a n d ( s u c h as i m i d a z o l e ) . 

I f e i the r o f these hypo these s c o n c e r n i n g c h a n g e i n a x i a l l i g a t i o n 
b e t w e e n the C O a n d 0 2 c o m p l e x e s is cor rec t , t h e n one p r o t o n p e r 
h e m e s h o u l d b e i n v o l v e d i n the process ( S c h e m e 4). 

T h e m e a s u r e m e n t s o f p r o t o n b a l a n c e b y d i r e c t t i t r a t ion i n buffers 
o f l o w c a p a c i t y w e r e u s e d to m e a s u r e the B o h r effect u p o n o x y g e n a 
t ion o f h e m o g l o b i n (20) . T h e s ame i n f o r m a t i o n c o n c e r n i n g p r o t o n re
lease c a n b e g a i n e d b y means o f o p t i c a l l y d e t e r m i n i n g pm v a l u e s [p1!2 

is the p a r t i a l p ressure o f a gas r e q u i r e d s u c h that h a l f o f the i ron( I I ) 
cen t e r is c o o r d i n a t e d b y the gas] . H e r e the c h a n g e i n p r o t o n b a l a n c e 
( Δ Η + ) is g i v e n b y the r e l a t i o n s h i p Δ Η + = ô l o g Ρ ι / 2 / δ ρ Η . W e h a v e u s e d 
b o t h t e c h n i q u e s w i t h c y t o c h r o m e P - 4 5 0 c a m (21) , w h i c h b e i n g 

P -450(Fe ( I I ) ) 

o2 
C O 

F e ( I I ) 
Q 2 + H+ 

F e ( I I ) 
C O - H + 

R -s 
[R = — S H or h i s t i d i n e ] 

Scheme 4. 
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568 BIOLOGICAL REDOX COMPONENTS 

m o n o m e r i c suffers no c o m p l i c a t i o n s f rom c o o p e r a t i v e effects. F i g u r e 1 
s h o w s the da ta for the b i n d i n g o f C O a n d 0 2 a n d for t h e i r e x c h a n g e , 
w h e r e o n l y m i n i m a l changes i n a c i d d i s soc i a t i on constants o c c u r u p o n 
b i n d i n g o f the gaseous l i g a n d s . O n l y a b o u t 5 % H + / P - 4 5 0 is l i b e r a t e d 
d u r i n g the c a r b o n y l a t i o n . S i m i l a r l y , the 0 2 / C O r e p l a c e m e n t s reac t ions 
s h o w e s s e n t i a l l y no c h a n g e i n the p r o t o n b a l a n c e . 

T h e s e resu l t s s h o w that the th io l a t e i o n is c o o r d i n a t e d to the fer
rous h e m e i n the absence o f C O a n d 0 2 , a n d i t a lso r e m a i n s as t h io l a t e 
w h e n e i t he r o f these l i g a n d s b i n d s to the ferrous i r o n . T h u s , there 
r e m a i n s the p r o b l e m o f the l a c k o f a h y p e r s p e c t r u m for the o x y g e n a t e d 
P - 4 5 0 s t ruc ture [ ( R S ~ ) F e ( I I ) ( 0 2 ) ] , p a r t i c u l a r l y b e c a u s e m o l e c u l a r o r b i 
t a l c a l c u l a t i o n s h a v e s h o w n that s u c h t h i o l a t e o x y g e n c o m p l e x e s 
s h o u l d g i v e h y p e r spec t r a (22) . T h e a n s w e r to th is d i l e m m a is e a s i l y 
r e s o l v e d w h e n the o p t i c a l spec t r a o f o x y - P - 4 5 0 are e x a m i n e d m o r e 
c l o s e l y . T h u s , a l t h o u g h o x y - P - 4 5 0 a n d o x y m y o g l o b i n a p p e a r super f i -

H 0 .720 

Figure 1. A: Direct titration data at 0°C for 02-binding (a), replace
ment of Ο2 by CO (b), and CO-binding with ferrous P-450 c a m (c). 
B: Spectrophotometry determination of p1/2 for CO-binding as a 

function of pH at 23°C ( Φ); first derivative curve (O). 
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23. DOLPHIN ET AL. Reduction of Dioxygen 569 

e i a l l y s i m i l a r w i t h Sore t absorp t ions at 4 1 8 n m , o x y - P - 4 5 0 does i n d e e d 
s h o w a h y p e r s p e c t r u m ( F i g u r e 2) w i t h the l o w e n e r g y t r ans i t ion at 418 
n m a n d the h i g h e n e r g y c o m p o n e n t at 3 5 0 n m (23) . T h i s s p l i t 
( h y p e r s p e c t r u m ) is a l so o b s e r v e d w i t h the e n z y m e r e c o n s t i t u t e d w i t h 
a v a r i e t y o f d i f ferent h e m i n s ( T a b l e I ) . 

F u r t h e r m o r e , the spec t r a o f a l l o f the o x y g e n a t e d spec i e s s h o w 
o n l y a b r o a d a b s o r p t i o n i n the v i s i b l e r e g i o n , w h i c h is a l so charac te r i s 
t i c o f h y p e r spec t r a . T h i s diffuse a b s o r p t i o n i n the v i s i b l e r e g i o n is 
p a r a l l e l e d b y the P - 4 5 0 - C O c o m p l e x e s , a n d is i n t u r n q u i t e d i f ferent 
f rom the 0 2 a n d C O c o m p l e x e s o f m y o g l o b i n , w h i c h s h o w t w o w e l l -
r e s o l v e d absorp t ions i n the v i s i b l e r e g i o n . C l e a r l y t h e n the o p t i c a l 
spec t r a o f o x y g e n a t e d P - 4 5 0 a lso s u p p o r t the c o o r d i n a t i o n o f a t h io l a t e 
l i g a n d . 

T h e c h e m i s t r y o f o x y - P - 4 5 0 fur ther suppor t s the sugges t ion that a 
t h io l a t e i o n is c o o r d i n a t e d , a n d the d i f fe rence i n the s i x th a x i a l l i g a n d 
b e t w e e n o x y - P - 4 5 0 a n d o x y m y o g l o b i n a n d h e m o g l o b i n ( h i s t i d i n e ) is 
r e f l ec t ed i n t h e i r d i f f e r i n g r e a c t i v i t i e s . O x y h e m o g l o b i n a n d m y o g l o b i n 
are d e s i g n e d to t ranspor t , s tore, a n d r e l ease d i o x y g e n as r e q u i r e d . 
T h u s , these o x y g e n a t e d c o m p l e x e s , e v e n i n v i t r o , are r e a s o n a b l y sta
b l e . S u c h is not the case w i t h o x y - P - 4 5 0 , w h i c h a u t o x i d i z e s q u i t e rap
i d l y to the fe r r ic e n z y m e a n d s u p e r o x i d e (23) . T h e rate l a w for th is 
r eac t i on k[02 * P - 4 5 0 ] [ H + ] differs for that o b s e r v e d w i t h h e m o g l o b i n 
w h e r e a n o v e r a l l t h i r d - o r d e r rate l a w f c [ H b 0 2 ] [ H + ] [ X ~ ] is o b s e r v e d (24) 
( X ~ b e i n g an a d d e d n u c l e o p h i l e s u c h as c y a n i d e or h a l i d e ) . T h i s o b 
se rva t ion is cons i s ten t w i t h the loss o f s u p e r o x i d e f r o m h e m o g l o b i n 
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570 BIOLOGICAL REDOX COMPONENTS 

T a b l e I . H y p e r S p e c t r a o f R e c o n s t i t u t e d P - 4 5 0 F e r r o u s O x y g e n 
C o m p l e x e s (23) 

Hemin 

M e s o 
D e u t e r o 
P r o t o 
D i a c e t y l d e u t e r o 
D i b r o m o d e u t e r o 

High-energy band Low-energy band (nm) 

344 
3 3 5 
3 5 0 
3 5 0 
3 4 3 

4 0 9 
4 0 7 
4 1 8 
4 3 8 
4 1 3 

r e q u i r i n g fo rma t ion o f a h e x a c o o r d i n a t e d fer r ic spec i e s c o n t a i n i n g X ~ . 
I n o x y - P - 4 5 0 , the a l r e a d y c o o r d i n a t e d th io l a t e l i g a n d p r e s u m a b l y a ids 
the loss o f s u p e r o x i d e . F i g u r e 3 s h o w s the s p e c t r a l c h a n g e s o b s e r v e d 
d u r i n g the a u t o x i d a t i o n o f o x y g e n a t e d P - 4 5 0 a n d the first-order rate 
p l o t for th is d e c o m p o s i t i o n i n the p resence o f c a m p h o r subs t ra te . I n 
the absence o f subs t ra te the a u t o x i d a t i o n rates are a b o u t 100 t imes 
faster, b u t i t is u n c l e a r h o w subst ra te s t a b i l i z e s the o x y g e n a t e d 
spec i e s . N e v e r t h e l e s s , the o x y g e n a t e d spec ie s m u s t b e su f f i c i en t ly sta
b l e for the r a t e - l i m i t i n g s tep i n the e n z y m a t i c r eac t ion , w h i c h is the 
a d d i t i o n o f a fur ther e l e c t r o n to th i s spec i e s ( S c h e m e 3). 

W h e n d i o x y g e n b i n d s to a ferrous h e m e p r o t e i n , cha rge transfer 
f rom i r o n to o x y g e n o f the ferrous d i o x y g e n c o m p l e x w i l l generate 
s o m e fe r r i c s u p e r o x i d e charac te r (I I I , S c h e m e 5). T h e deg ree o f 
cha rge t ransfer i n h e m o g l o b i n a n d m y o g l o b i n is s t i l l a mat te r o f some 
c o n t e n t i o n , a l t h o u g h c l e a r l y these p ro te ins e x h i b i t s o m e fe r r i c 
s u p e r o x i d e cha rac te r (25). T h e c o o r d i n a t i o n o f a t h io l a t e i o n trans to 
d i o x y g e n c a n b e e x p e c t e d to i nc rease the fe r r ic s u p e r o x i d e na tu re o f 
o x y g e n a t e d P - 4 5 0 . A s a l r e a d y n o t e d ( S c h e m e 3) the nex t s tep i n the 
e n z y m a t i c c y c l e is the fur ther o n e - e l e c t r o n r e d u c t i o n . F o r m a l l y this 
c o u l d b e e n v i s a g e d as a r e d u c t i o n o f the ferrous d i o x y g e n c o m p l e x to 
the F e ( I ) d i o x y g e n c o m p l e x (I - » I I I , S c h e m e 5). S i m i l a r l y , a d d i t i o n o f 
the e l e c t r o n to the o x y g e n o f I w o u l d g i v e the ferrous s u p e r o x i d e 
c o m p l e x (I —> I V , S c h e m e 5), w h e r e a s a d d i t i o n o f the e l e c t r o n to the 
o x y g e n m o i e t y o f I I w o u l d g i v e a fe r r i c p e r o x i d e c o m p l e x (II —» V ) . 
T h e q u e s t i o n arises as to w h e t h e r I I I , I V , a n d V m e r e l y represen t 
resonance s t ruc tures o f the same spec i e s ( and i f t h e y d o w h a t is the 
p r i n c i p a l c o n t r i b u t i n g form) or are t h e y separate d i s t i n c t s p e c i e s ? 

T o c o n s i d e r these p r o b l e m s a n d to m i m i c the e n z y m a t i c r e d u c t i o n 
o f o x y g e n a t e d P - 4 5 0 , w e e x a m i n e d the Reac t i ons a - d o u t l i n e d i n 
S c h e m e 5 u s i n g m o d e l i r o n p o r p h y r i n c o m p l e x e s . T h e 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 r e d u c t i o n o f c h l o r o ( t e t r a p h e n y l p o r p h i n a t o ) i r o n ( I I I ) 
[ F e ( I I I ) C l ( T P P ) ] at - 0 . 9 V vs . A g / A g C F i n a c e t o n i t r i l e - m e t h y l e n e 

2 All potentials reported in this chapter are quoted vs. the Ag/AgCl electrode. 
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23. DOLPHIN ET AL. Reduction of Dioxygen 571 

5 10 
T i m e (min ) 

Figure 3. Spectral changes (A) and 
first-order plot of absorbance at 378 
nm (B), during the autoxidation 
of me s op orphy rin-r ec onstituted fer
rous P-450 cam(- · · ·).In the presence 
of camphor substrate, pH 7.0, 0°C, 
tjiz = 7.0 min. The product is high 

spin Fe(III) (—). 
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572 BIOLOGICAL REDOX COMPONENTS 

d i c h l o r i d e or t e t r a h y d r o f u r a n [ c o n t a i n i n g t e t r a - n - b u t y l a m m o n i u m 
hexa f luo rophospha t e N ( n - B u ) 4 P F 6 ] generates the c o r r e s p o n d i n g i ron( I ) 
c o m p l e x , [ F e ( I ) T P P ] ~ (26) , w h i c h o n t r ea tmen t w i t h d i o x y g e n at 
- 5 0 ° C generates a n e w spec i e s (1) ( X m a x [ T H F ] 4 3 3 , 564 , 607 , 
F i g u r e 4). R e a c t i o n o f 1, [ F e ( 0 2 ) T P P ] - , w i t h C O generates 
[ F e ( I I ) T P P ( C O ) ( T H F ) ] , r e a d i l y i d e n t i f i e d b y its o p t i c a l s p e c t r u m , a n d 
p r e s u m a b l y s u p e r o x i d e . C o m p o u n d 1 is i d e n t i c a l to that d e r i v e d f rom 
the r e a c t i o n o f o x y g e n w i t h N a [ F e ( T P P ) ( T H F ) 2 l , p r e p a r e d f rom 
[ F e ( I I I ) C l ( T P P ) ] , s o d i u m n a p h t h a l e n i d e , a n d c r o w n e ther i n te t rahy
d ro fu ran (27) . S o l u t i o n s c o n t a i n i n g C o m p o u n d 1 p r e p a r e d b y e i the r 
rou te (path a, S c h e m e 5), e x h i b i t E S R s igna l s at g = 4.3 a n d 2.0 at 7 7 K . 
F u r t h e r m o r e , the same c o m p l e x was p r e p a r e d f r o m F e ( I I ) T P P a n d 
s u p e r o x i d e (path b , S c h e m e 5) (28) . 

W e e x a m i n e d the i n t e r a c t i o n o f c h l o r o ( o c t a e t h y l p o r p h i n a t o ) -
i ron ( I I I ) [ F e ( I I I ) C l ( O E P ) ] w i t h the c r o w n e ther c o m p l e x o f p o t a s s i u m 
s u p e r o x i d e i n d i m e t h y l s u l f o x i d e . T h e first e q u i v a l e n t o f s u p e r o x i d e 
acts as a r e d u c t a n t a n d generates the p i n k spec i e s ( X m a x 4 1 2 , 515 , 546) 
F e ( I I ) O E P ( F i g u r e 5). T h e a d d i t i o n o f a s e c o n d e q u i v a l e n t o f 
s u p e r o x i d e generates 2, w h i c h is o range ( X m a x 4 2 3 , 5 4 5 , 572 , F i g u r e 5), 
a n d g ives r i se to a n E S R s p e c t r u m w i t h s igna l s at g = 4 .2 a n d 2.0 , 
s i m i l a r to that o f 1. I n d e e d 1 a n d 2 a p p e a r to differ o n l y i n the na ture o f 
the p o r p h y r i n l i g a n d s u c h that 2 c a n b e d e s i g n a t e d as [ F e ( 0 2 ) O E P ] ~ . 
C o m p l e x 2 appears i d e n t i c a l to the c o m p l e x p r e v i o u s l y p r e p a r e d i n 
the s a m e w a y (28) . 

T h e c o o r d i n a t i o n o f p e r o x i d e to a fe r r i c p o r p h y r i n (route c, 
S c h e m e 5) was u n s u c c e s s f u l . O u r f a i l u r e d e r i v e s f rom the s e c o n d pfC f l 

4 0 0 5 0 0 
λ (nm) 

6 0 0 

Figure 4. Optical spectrum of [Fe(IXTPP)]~(- • · ·) prepared by the 
electrochemical reduction of [Fe(III)Cl(TPP)] in THF-(n-Bu)4PF6 at 

— 0.9 V, and its reaction with 02 at — 50°C to give 1 (—). 
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23. DOLPHIN ET AL. Reduction of Dioxygen 573 

3 0 0 4 0 0 500 

λ (nm) 
6 0 0 7 0 0 

Figure 5. Reaction of Fe(II)(OEP)( · · · -) in DMSO with crown K02 

to give 2 (—). 

v a l u e o f h y d r o g e n p e r o x i d e , w h i c h is a b o u t 20 . T h e s t rong ly b a s i c 
p rope r t i e s o f the p e r o x i d e i o n c o u p l e d w i t h the so lven ts , w h i c h 
s t a b i l i z e C o m p o u n d s 1 a n d 2 ( p r i n c i p a l l y D M S O ) , r e s u l t i n a c i d - b a s e 
c h e m i s t r y w i t h 02

2~, ra ther t h a n c o o r d i n a t i o n to i r o n . 
H y d r o g e n p e r o x i d e , a l k y l h y d r o p e r o x i d e s , a n d p e r a c i d s c a n s h u n t 

the e n z y m a t i c c y c l e o f P - 4 5 0 a n d r e p l a c e the o x y g e n p l u s the t w o -
e l e c t r o n r educ t ions ( S c h e m e 3). A s o u t l i n e d i n S c h e m e 5, rou te b or d 
c a n g i v e r ise to C o m p l e x I V . R o u t e d is that u s e d b y P - 4 5 0 w h e r e b y the 
ferrous d i o x y g e n c o m p l e x is r e d u c e d b y one e l e c t r o n . W e m i m i c k e d 
this r e a c t i o n (29) b y e x a m i n i n g the d i r e c t o n e - e l e c t r o n r e d u c t i o n o f the 
d i o x y g e n c o m p l e x o f ferrous o c t a e t h y l p o r p h y r i n [ F e ( I I ) ( O E P ) L ( 0 2 ) ] , 3 
( L = so lven t ) . T h e c o m p l e x a s s u m e d to b e 3 w a s p r e p a r e d b y t r e a t i n g 
F e ( I I ) O E P at - 2 5 ° C w i t h d i o x y g e n u n t i l there w a s no fur ther s p e c t r a l 
c h a n g e ; the f inal s p e c t r u m ( F i g u r e 6) c l o s e l y r e s e m b l e s those o f o ther 
h e x a c o o r d i n a t e d ferrous p o r p h y r i n d i o x y g e n spec ie s (28) . A r g o n w a s 
t hen p a s s e d t h r o u g h the s o l u t i o n to r e m o v e excess o x y g e n . C y c l i c v o l 
t a m m e t r y o f 3 t h e n s h o w e d a r e v e r s i b l e (bo th t h e r m o d y n a m i c a n d 
e l e c t r o c h e m i c a l ) c o u p l e at - 0 . 2 4 V (vs. A g / A g C l ) ( F i g u r e 7). B u l k 
e l e c t r o l y s i s o f 3 w a s c a r r i e d o u t i n a 1 -mm cuve t t e l i n e d w i t h a t h i n 
p l a t i n u m g a u z e e l e c t r o d e , w h i c h was t ransparen t to the m o n i t o r i n g 
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574 BIOLOGICAL REDOX COMPONENTS 

I 1 1 1 1 " 
4 0 0 5 0 0 6 0 0 

λ (nm) 

Figure 6. Optical spectra ofFe(II)(OEP) in DMSO-CH3CH at -25°C 
(---) and [Fe(02)OEP]~(2) (—) prepared by the one-electron electro

chemical reduction of Fe(OEP)L(02) (3) ( ' * · ') at —0.5 V. 

Figure 7. Cyclic voltammogram of Fe(II)(OEP) and Fe(II)(OEP)L(02) 
in DMSO-CH3CN/(n-Bu)4NPF6 at -25°C. 
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23. DOLPHIN ET AL. Reduction of Dioxygen 575 

b e a m . S i n c e d i f fus ion is s l o w at — 2 5 ° C , the a n o d e w a s s i m p l y p l a c e d 
a w a y f r o m the c a t h o d e b u t not s epa ra t ed b y a d i v i d e r . R e d u c t i o n at 
- 0 . 5 V b r o u g h t a b o u t the c h a n g e i n s p e c t r u m s h o w n i n F i g u r e 6. T h e 
o n e - e l e c t r o n r e d u c t i o n p r o d u c t is i d e n t i c a l to the c o m p l e x e s p r e p a r e d 
f rom F e ( I ) O E P a n d 0 2 , or F e ( I I ) O E P a n d s u p e r o x i d e . T h u s , no mat te r 
w h i c h rou te is p u r s u e d (a, b , or d , S c h e m e 5) , these i s o e l e c t r o n i c reac
t ions p r o c e e d to g i v e the same p r o d u c t . T h e p r o b l e m t h e n r e m a i n s to 
d e t e r m i n e the bes t d e s c r i p t i o n o f the e l e c t r o n i c s t ruc tu re o f th is 
spec ie s ( I I I , I V , or V , S c h e m e 5). 

O n the basis o f E P R a n d I R m e a s u r e m e n t s (28) , a h i g h s p i n f e r r i c 
n 2 - p e r o x i d e c o m p l e x is s u g g e s t e d as the s t ruc tu re for the spec i e s p r e 
p a r e d b y rou te a, b , or d , a n d a p p a r e n t l y u p o n r e d u c t i o n the e n d - o n 
V - d i o x y g e n c o m p l e x is c o n v e r t e d to the fe r r ic n 2 - p e r o x i d e c o m p l e x 4 
( S c h e m e 6). W h e t h e r 4 con ta ins a fur ther a x i a l c o o r d i n a t e d so lven t 
l i g a n d L is u n c l e a r . 

A s is often o b s e r v e d w i t h the h e m e p r o t e i n o x y g e n s y s t e m , the 
e l e c t r o n i c con f igu ra t i on s u g g e s t e d b y one p h y s i c a l m e a s u r e m e n t m a y 
b e s o m e w h a t m o d i f i e d b y that i n d i c a t e d b y o ther m e a s u r e m e n t s . T h e 
c l a s s i c e x a m p l e is the d e g r e e o f cha rge t ransfer i n o x y h e m o g l o b i n 
t o w a r d the fe r r ic s u p e r o x i d e c o n f i g u r a t i o n , w h e r e p h y s i c a l m e a s u r e 
men t s a n d t h e o r e t i c a l s tud ies w e r e d i s c u s s e d i n t e rms o f l o w s p i n 
F e ( I I ) - 0 2 a n d s p i n - c o u p l e d , l o w s p i n F e ( I I I ) - 0 2 ( - I ) in te rac t ions , 
p r e d o m i n a n t l y i n t e rms o f the lat ter; at l eas t the o x y g e n is n o w k n o w n 
to b e m o n o h a p t o b o n d e d (30) . F o r S p e c i e s 4, a l t h o u g h the m a g n e t i c 
m o m e n t s h o w s i t to b e h i g h s p i n (S = 5/2) i r on ( I I I ) a n d the E S R a n d 
I R m e a s u r e m e n t s are cons i s ten t w i t h the n 2 - p e r o x i d e f o r m u l a t i o n , the 
o p t i c a l spec t r a m o r e c l o s e l y r e s e m b l e a h e x a c o o r d i n a t e d ferrous por 
p h y r i n c o m p l e x e d to a s t rong π - a c c e p t o r . 

N o d e f i n i t i v e e v i d e n c e i n d i c a t e s that the fe r r ic n 2 - p e r o x i d e o b 
s e r v e d i n the e l e c t r o c h e m i c a l r e d u c t i o n o f o x y g e n a t e d ferrous O E P 
(29) has the s ame e l e c t r o n i c c o n f i g u r a t i o n as the o n e - e l e c t r o n r e d u c 
t i o n p r o d u c t o f o x y - P - 4 5 0 . N e v e r t h e l e s s , the s i m i l a r i t y b e t w e e n the 
t w o sys t ems i n c l u d i n g the s i m i l a r i t i e s i n the p o t e n t i a l s at w h i c h the 
i r o n - o x y g e n c o m p l e x is r e d u c e d ( - 0 . 2 4 v s . - 0 . 2 0 V ) (31) ( S c h e m e 7), 
c o u p l e d w i t h the o b s e r v a t i o n that m i c r o s o m e s genera te p e r o x i d e (32) 
m a k e the p e r o x i d e 4 an a t t rac t ive i n t e r m e d i a t e for the e n z y m a t i c 
p a t h w a y . 

4 

Scheme 6. 
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576 BIOLOGICAL REDOX COMPONENTS 

Ç50 [Feuiu] — REDUCTASE—*• Fétu) -o2-~ Fe(ii) R ™ C ™ S E · [FeOj? 

ENZYMATIC 

OEP[RB(iii)] e - — Fe(ii)~o2— Fecn) ̂  ELECTRODE [ F E Q L 

J 2 -0.24 V ά 

CHEMICAL 

Scheme 7. Comparison between enzymatic and electrochemical re
duction of ferrous porphyrin dioxygen complexes 

T h e o x i d i z i n g a b i l i t y o f 4 has not b e e n s h o w n (for e x a m p l e , e v e n 
t o w a r d s the e p o x i d a t i o n o f s tyrene) . I f 4 does r ep re sen t an e n z y m a t i c 
i n t e r m e d i a t e , h o w is i t a c t i v a t e d for o x i d a t i o n , a n d at w h a t stage i n the 
r e a c t i o n is the O - O b o n d b r o k e n ? I f the t h io l a t e is s t i l l a x i a l l y l i g a t e d at 
th is stage, the 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 p r o v i d e d w o u l d b e e x p e c t e d 
to i nc rease the cha rge d e n s i t y o n the p e r o x i d e m o i e t y , m a k i n g i t m o r e 
s u s c e p t i b l e b o t h to e l e c t r o p h i l i c a t tack a n d to b o n d c l e a v a g e . I n the 
ne t e n z y m a t i c r eac t i on t w o pro tons are c o n s u m e d . A d i r e c t p r o t o n a t i o n 
o f 4 f o l l o w e d b y loss o f w a t e r (b, S c h e m e 8) w o u l d l e a d to the o x e n e (5) 
( v i d e infra) . H o w e v e r , the a c t i v e si te o f the e n z y m e , a b o v e the face o f 
the p o r p h y r i n trans to the th io l a t e l i g a n d , is h y d r o p h o b i c a n d the 
t ranspor t or a c c u m u l a t i o n o f cha rge d e n s i t y is l i k e l y to b e u n f a v o r a b l e . 
A s i n g l e t u r n o v e r o f P - 4 5 0 c a m s h o w e d (33) the ex i s t ence o f a n in te r 
m e d i a t e p e r a c i d [gene ra t ed p r e s u m a b l y f rom the n u c l e o p h i l i c a t tack 
o f the c o o r d i n a t e d p e r o x i d e o f 4 on to a c a r b o x y l i c a c i d (a, S c h e m e 8)]. 
H e t e r o l y t i c c l e a v a g e o f the p e r a c i d (or o f a h y d r o p e r o x i d e , w h i c h the 
e n z y m e c a n use as w e l l ) c o u l d genera te the o x e n e 5 . A s ye t no d e f i n i 
t i v e e v i d e n c e exis ts for the i n t e r m e d i a c y o f a n o x e n e d u r i n g the P - 4 5 0 
e n z y m a t i c c y c l e . H o w e v e r , the o x i d a n t i o d o s y l b e n z e n e c a n a lso b e 
u t i l i z e d b y P - 4 5 0 a n d the o x y g e n o f the i o d o s y l g r o u p is s u c c e s s f u l l y 
i n c o r p o r a t e d i n t o the h y d r o x y l a t e d subs t ra te (34) . 

E x t e n s i v e w o r k has s h o w n that a s i m p l e f e r r i c p o r p h y r i n [ s u c h as 
F e ( I I I ) T P P ] a n d i o d o s y l b e n z e n e generates an o x i d a n t that c l o s e l y 
m i m i c s the r e g i o s e l e c t i v i t y o f P - 4 5 0 (35) . I o d o s y l b e n z e n e does not 
h o w e v e r , r e a d i l y t ransfer a n o x y g e n a t o m to i r o n ( I I I ) p o r p h y r i n s , a l 
t h o u g h i n a c o r r e s p o n d i n g c h r o m i u m ( I I I ) s y s t e m , o x y g e n a t o m trans
fer r e a d i l y o c c u r s to g i v e the c h r o m y l p o r p h y r i n — C r ( V ) ( = 0 ) — 
( S c h e m e 9) (36) . T h i s d i f fe rence i n r e a c t i v i t y b e t w e e n the i r o n a n d 
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Scheme 8. P-450 active oxidizing agent 
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578 BIOLOGICAL REDOX COMPONENTS 

c h r o m i u m sys t ems is r e a d i l y d e m o n s t r a t e d . T h e i o d i n a t i o n a n d o x i d a 
t i on o f p o l y s t y r e n e generates i o d o s y l b e n z e n e c o v a l e n t l y b o u n d to 
an i n s o l u b l e suppor t . P a s s i n g a s o l u t i o n o f [ C r ( I I I ) C l ( T P P ) ] o v e r 
th i s s u p p o r t at l o w t e m p e r a t u r e generates the c o r r e s p o n d i n g 
c h r o m i u m ( V ) - o x o c o m p l e x , w h i c h is e l u t e d f r o m the suppor t . H o w 
ever , w h e n the s ame e x p e r i m e n t is r e p e a t e d w i t h [ F e ( I I I ) C l ( T P P ) ] , 
the r e su l t an t c o m p l e x is r e t a i n e d o n the suppor t , s u g g e s t i n g that a 
c o m p l e x b e t w e e n the i o d o s y l b e n z e n e a n d i r o n p o r p h y r i n is f o r m e d . 
I n d e e d , w h e n [ F e ( I I I ) C l ( T P P ) ] is t r ea t ed w i t h i o d o s y l b e n z e n e i n 
a c e t o n i t r i l e at - 4 5 ° C s u c h a c o m p l e x is f o r m e d ( F i g u r e 8). T h i s 
s p e c i e s w i l l c a r r y ou t the r ange o f ox ida t i ons p r e v i o u s l y r e p o r t e d (35) 
a n d , c e r t a i n l y i n the e p o x i d a t i o n o f cis- a n d r r a n s - s t i l b e n e [ w h e r e o n l y 
the c i s d i a s t e r e o m e r is o x i d i z e d (34) ] , the d i f ference i n r e a c t i v i t y c a n 
b e a t t r i b u t e d to the b u l k o f the s t i l l c o o r d i n a t e d i o d o b e n z e n e m o i e t y . 
T h e o p t i c a l s p e c t r u m o f the fe r r ic i o d o s y l b e n z e n e c o m p l e x is r e m a r k 
a b l y s i m i l a r to that o f the fe r r ic n 2 - p e r o x i d e c o m p l e x 4 ( F i g u r e 9), 
w h i c h suggests a s i m i l a r i t y i n s t ruc tu re . F r e e i o d o s y l b e n z e n e r e a d i l y 
hydra t e s a n d c o o r d i n a t i o n o f the h y d r a t e d fo rm w o u l d g i v e a c o m p l e x 
(6, S c h e m e 9) h a v i n g the same c h a r g e as, a n d a s i m i l a r s t ruc tu re to , the 
fe r r i c p e r o x i d e c o m p l e x . T h e i o d o s y l b e n z e n e m a y , o f c o u r s e , c o o r d i 
nate as i n 7 ( S c h e m e 9) a n d the s i m i l a r i t y i n s p e c t r a m a y b e m e r e l y 
c o i n c i d e n t a l . I n e i the r case, loss o f i o d o b e n z e n e , e i t he r d u r i n g or be 
fore o x i d a t i o n o f subs t ra te , w o u l d genera te the oxene c o m p l e x 8, a n a l 
ogous to the c h r o m y l c o m p l e x 9 ( S c h e m e 9). T h e fe r r ic o x e n e c o m p l e x 
a n d the C r ( V ) oxo c o m p l e x are f o r m a l l y s i m i l a r s ince the o x e n e c o m 
p l e x c a n b e w r i t t e n as the f e r r y l [ F e ( V ) ( = 0 ) ] c o m p l e x ( S c h e m e 10). 

__J I I I L 
3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 

λ (nm) 

Figure 8. Optical spectra of [Fe(III)Cl(TPP)] ( ) in CH3CN at 
-45°C and the product from its reaction with iodosylbenzene (—). 
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23. DOLPHIN ET AL. Reduction of Dioxygen 579 

A 

3 0 0 4 0 0 5 0 0 
λ (nm) 

6 0 0 700 

Figure 9. Optical spectra of [Fe(HI)(TPP)]. Iodosylbenzene adduct 
(—) and [Fe(TPP)02]~ (1) ( ). 

:0 : 

ι 

Feoil) PORPHYRIN(P) 

O X E N E 

I 
Fe(iv)P 

Ο 
II 
Fé(v) 

I 
Fe(iv)P+" 

7T-CATION RADICAL 

HjiOj, 

CATALASE ( Fe < m ) ) 

Scheme 10. 

F u r t h e r m o r e , a d d i t i o n a l r esonance s t ruc tures c a n b e w r i t t e n for this 
s y s t e m , w h i c h i n c l u d e , after p r o t o n a t i o n , the F e ( I V ) p o r p h y r i n w i t h a 
h y d r o x y l r a d i c a l a n d the F e ( I V ) p o r p h y r i n 7 r -ca t ion r a d i c a l c o o r d i 
n a t e d b y h y d r o x i d e ( S c h e m e 10). T h i s s t ep b r i n g s us f u l l c i r c l e be 
cause 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 o f f e r r i c catalase b y h y d r o g e n 
p e r o x i d e is i n d e e d the F e ( I V ) p o r p h y r i n π - c a t i o n r a d i c a l (37) . I n a d d i 
t i o n , th i s o x i d a t i o n p r o d u c t con ta ins o x y g e n d e r i v e d f rom h y d r o g e n 
p e r o x i d e (38) . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

23



580 BIOLOGICAL REDOX COMPONENTS 

T h e s e e x t r e m e e l e c t r o n i c conf igura t ions o f the fe r r ic o x e n e a n d 
the F e ( I V ) π - c a t i o n r a d i c a l a l l o w for s p e c u l a t i o n s o n the m o d e o f o x i 
d a t i o n o f u n a c t i v a t e d C H b o n d s b y P - 4 5 0 . B y a n a l o g y w i t h c a r b e n e or 
n i t r e n e c h e m i s t r y , d i r e c t i n s e r t i o n o f o x e n e i n t o a C H b o n d w o u l d 
o c c u r w i t h r e t e n t i o n o f s t e r e o c h e m i s t r y . T h i s r e su l t does not necessar
i l y o c c u r w i t h P - 4 5 0 , w h e r e h y d r o x y l a t i o n c a n i n some cases p r o c e e d 
v i a subst ra te i n t e r m e d i a t e s . T h e bes t e x a m p l e o f th is is h y d r o x y l a t i o n 
o f t e t r adeu t e rono rbo rnane , w h e r e the h y d r o x y l a t e d p r o d u c t re ta ins 
d e u t e r i u m (39) ( F i g u r e 10). B e c a u s e the a c t i v e si te o f the P - 4 5 0 e n 
z y m e s m u s t b e h y d r o p h o b i c , the gene ra t ion o f i o n i c i n t e r m e d i a t e s 
seems u n l i k e l y . I n a d d i t i o n , the s i m i l a r i t y b e t w e e n some P - 4 5 0 
c a t a l y z e d h y d r o x y l a t i o n s a n d those k n o w n to p r o c e e d v i a r a d i c a l 
i n t e r m e d i a t e s suggests tha t P - 4 5 0 i t s e l f m a y f u n c t i o n v i a the genera 
t ion o f subs t ra te r a d i c a l s (35) . S u c h a process c a n b e f a c i l i t a t e d b y the 
a b i l i t y o f the i r o n p o r p h y r i n s y s t e m to s t a b i l i z e r a d i c a l i n t e r m e d i a t e s 
b y s t o r i n g u n p a i r e d e l ec t rons e i the r o n the m e t a l or m a c r o c y c l i c r i n g . 
I n i t i a l abs t rac t ion o f a h y d r o g e n a t o m f r o m the subs t ra te ( R H , S c h e m e 
11) to genera te subst ra te r a d i c a l a n d the e q u i v a l e n t o f a h y d r o x y l r a d i 
c a l c o o r d i n a t e d to fe r r i c i r o n c o u l d l e a d to p r o d u c t b y s u b s e q u e n t 
t ransfer o f the h y d r o x y l r a d i c a l to subs t ra te r a d i c a l ( S c h e m e 11). S u c h a 

46s 
D i r e c t i n s e r t i o n 

* 
ι D 

D 

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

Figure 10. Hydroxylation of tetradeuteronorbornane via direct inser
tion or through an intermediate. 
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23. DOLPHIN ET AL. Reduction of Dioxygen 581 

process was t e r m e d a n o x y g e n r e b o u n d r e a c t i o n (35 ) , a n d the P -
4 5 0 - m e d i a t e d m e t a b o l i s m o f the i n s e c t i c i d e d i e l d r i n (10), b y l i v e r 
m i c r o s o m e s , to the k e t o n e (11) c a n b e m o s t r e a d i l y e x p l a i n e d b y the 
i n t e r m e d i a c y o f a subs t ra te r a d i c a l f o l l o w e d b y r e a c t i o n w i t h a h y 
d r o x y l r a d i c a l ( S c h e m e 12). 

FeowP Feciio 

R \ H R* =ii — R \ A 
=0= H H 

I 
FeuviP 

I 
=0= 

I 
Fe<iv)P+' ROH + Fetni) 

Scheme 11. 

Fe(iv) Fedv) 

11 
Scheme 12. Proposed mechanism for P-450-mediated metabolism of 

dieldrin. 
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24 
The Reaction Chemistry of Superoxide 
Ion in Aprotic Media 

D O N A L D T. SAWYER, E D W A R D J. NANNI, JR., and 
J U L I A N L . ROBERTS, JR. 

University of California, Department of Chemistry, Riverside, C A 92521 

Superoxide ion (O2-) is a strong Brönsted base, an 
effective nucleophile, and a moderate one-electron re
ducing agent. In the presence of O2- polychloro hydro
carbons, are rapidly degraded via a primary nucleo
philic displacement of chloride ion; the relative SN2 
second-order rate constants for the chloromethanes are 
CCl4 > CHCl3 > CH3Cl > CH2Cl2, with an approximate 
value of 1300 M-1s-1 for CCl4 in DMF at 25°C. Combi
nation of O2- with basic substrates such as hydro-
phenazines, reduced flavins, and hydroxylamine yields 
substrate oxidation products via direct transfer of one, 
two, or three hydrogen atoms to O2- from the reduced 
substrate. Superoxide ion reacts with the cation radical 
of methyl viologen (MV+) via a primary radical-radical 
coupling process to yield a diamagnetic adduct. The lat
ter decomposes, apparently via a peroxide intermediate, 
to products that may represent the biological toxins of 
methyl viologen. A similar radical coupling reaction oc
curs between a neutral flavin radical and O2- to yield a 
flavoperoxide anion. The latter is an effective reaction 
mimic for flavοoxygenases. When O2- and reduced tran
sition metal ions are combined, an overall redox process 
occurs via either direct electron transfer or a series of 
disproportionation steps. The kinetics and mechanisms 
of these processes have been studied in relation to those 
for the superoxide dismutases. 

I he e l e c t r o n transfer r e d u c t i o n o f d i o x y g e n y i e l d s s u p e r o x i d e i o n 
( 0 2 " ) as a p r i m a r y p r o d u c t i n b i o l o g i c a l ( I ) as w e l l as c h e m i c a l 

sys t ems (2). T h i s r edox process has b e e n c h a r a c t e r i z e d b y e l e c t r o 
c h e m i c a l s tud ie s i n a p r o t i c so lven t s s u c h as d i m e t h y l f o r m a m i d e 

0065-2393/82/0201-0585$06.00 
© 1982 Amer ican Chemica l Society 
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586 BIOLOGICAL REDOX COMPONENTS 

( D M F ) (3) a n d b y p u l s e r a d i o l y s i s s tud ie s i n w a t e r (4) (for u n i t 
m o l a l i t y as the s t anda rd state for 0 2 a n d 0 2 " ) 

0 2 + e - * ± ( V EDMF= - 0 . 6 0 V VS. N H E ] m 

E ° H ' 2 0 = - 0 . 1 7 V J U j 

F i g u r e 1 is a s u m m a r y o f the r e d u c t i o n po t en t i a l s for d i o x y g e n a n d its 
r e d u c t i o n p r o d u c t s i n a q u e o u s m e d i a for a c i d i c , n e u t r a l , a n d b a s i c 
c o n d i t i o n s . T h e s e da ta r ep re sen t a bes t e s t ima te f rom the c o n s i d e r a 
t i o n o f p u l s e r a d i o l y s i s , e l e c t r o c h e m i c a l , s p e c t r o p h o t o m e t r y , a n d 
c a l o r i m e t r i c m e a s u r e m e n t s (4-9), and*are b a s e d o n ρ Κ α v a l u e s o f 4 .69 
for H 0 2 · (4) a n d 11.9 for H 2 O z (8). 

T h e l i m i t e d l i f e t i m e o f s u p e r o x i d e i o n i n a q u e o u s so lu t ions , 
b e c a u s e o f r a p i d h y d r o l y s i s a n d d i s p r o p o r t i o n a t i o n [(4) a n d F i g u r e 1], 

H + + ( V < = > Η 0 2 · p K a = 4 .69 (2) 

Or + Η 0 2 · - * 0 2 + H 0 2 " k3 = 1.0 x 10 8 M ^ s " 1 (3) 

Η 0 2 · + Η 0 2 · - » 0 2 + H 2 0 2 k4 = 8.6 x 1 0 5 M ' V 1 (4) 

2 0 2 - + 2 H + *± H 2 0 2 + 0 2 Kp„ 7 = 4 x 1 0 2 0 (5) 

p r o m p t e d n u m e r o u s inves t iga t ions o f its r e ac t i on c h e m i s t r y i n a p r o t i c 
so lven t s . I n s u c h so lven t s ( a n d i n the absence o f p r o t i c subst ra tes a n d 
t race l e v e l s o f m e t a l ions) s u p e r o x i d e i o n is s t ab le , w i t h a h a l f - l i f e o f 
m o r e t h a n 8 h at m i l l i m o l a r concen t ra t ions . 

T h e d i f fe rence i n the r e d u c t i o n p o t e n t i a l s for d i o x y g e n i n n e u t r a l 
[ - 0 . 6 0 V v s . the n o r m a l h y d r o g e n e l e c t r o d e ( N H E ) ] a n d a c i d i f i e d 
(+0 .12 V vs . N H E ) D M F p r o v i d e s a n a p p r o x i m a t e m e a s u r e o f the 
a c i d i t y o f Η 0 2 · i n a p r o t i c m e d i a (pKa ~ 13). H e n c e , s u p e r o x i d e i o n is a 
s t ronger base i n D M F t h a n i n a q u e o u s m e d i a b e c a u s e o f the m u c h 
w e a k e r s o l v a t i o n o f an ions b y a p r o t i c so lven t s . F o r the s ame reason , the 
p r o t o n - d r i v e n d i s p r o p o r t i o n a t i o n o f s u p e r o x i d e i o n ( E q u a t i o n 5) is 
e v e n m o r e c o m p l e t e i n a p r o t i c so lven ts a n d causes s u p e r o x i d e i o n to 
h a v e u n i q u e l y s t rong B r o n s t e d b a s i c i t y [e .g. , 1-butanol ( p K a = 33) is 
d e p r o t o n a t e d b y s u p e r o x i d e i o n i n D M F ] (10). 

T h i s c h a p t e r s u m m a r i z e s the p r i m a r y r e a c t i o n c h e m i s t r y o f 
s u p e r o x i d e i o n i n a p r o t i c so lven t s . T h e r e a c t i v i t y o f s u p e r o x i d e i o n i n 
a q u e o u s m e d i a is e x p e c t e d to b e s i m i l a r , b u t m o d e r a t e d b y the l e v e l 
i n g effects o f w a t e r a n d the c o m p e t i t i v e p r o t o n - i n d u c e d d i s p r o p o r 
t i o n a t i o n reac t ions . T h e la t ter process y i e l d s subst ra te an ions , 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 . T h i s process , p l u s s i m i l a r reac t ions o f 
a c i d i c substrates i n a p r o t i c so lven t s , l e a d s to ox ida t ions b y 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 o f subs t ra te an ions that w e r e e r r o n e o u s l y a t t r i 
b u t e d to d i r e c t e l e c t r o n transfer to s u p e r o x i d e i o n (3). 
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588 BIOLOGICAL REDOX COMPONENTS 

Oxidation-Reduction Reactions 

O n e - E l e c t r o n R e d u c t a n t . T h e r e d o x p o t e n t i a l for the 0 2 / O r 
c o u p l e i n d i m e t h y l f o r m a m i d e ( E q u a t i o n 1) is su f f i c i en t ly n e g a t i v e to 
m a k e s u p e r o x i d e a m o d e r a t e r e d u c i n g agent . F o r e x a m p l e , d i s s o l v e d 
s u l f u r d i o x i d e is r e d u c e d b y s u p e r o x i d e i o n (11). 

Or + s o 2 «± 0 2 + SOr Ke = 5 (6) 

T h e process , w h i c h is d r i v e n to the r i g h t b y the d i m e r i z a t i o n o f SOr to 
d i t h i o n i t e ( K d i m e r = 5 x 10 3 ) , i n d i c a t e s that s u p e r o x i d e i o n is a m o r e 
e f fec t ive o n e - e l e c t r o n r e d u c i n g agent t h a n d i t h i o n i t e i n D M F . 

O t h e r e x a m p l e s o f r educ t i ons b y s u p e r o x i d e i o n i n c l u d e 3 ,5 -d i -
i - b u t y l - o - q u i n o n e ( D T B Q ) i n D M F 

Or + D T B Q «± D T B Q " + 0 2 K7 = 0.8 x 1 0 6 (7) 

a n d n u m e r o u s t r ans i t ion m e t a l c o m p l e x e s i n a p r o t i c so lven t s ; 
C u ( I I ) ( 9 , 1 0 - p h e n a n t h r o l i n e ) (12) , C u ( I I ) s a l i c y l a t e (13), M n ( I I I ) -
( T P P ) C l ( T P P is t e t r a p h e n y l p o r p h i n a t o ) (14), a n d F e ( I I I ) ( T P P ) C l 
(15). I n a q u e o u s m e d i a , s u p e r o x i d e i o n (genera ted b y p u l s e r a d i o l y 
sis) r educes F e ( I I I ) ( E D T A ) (16) a n d f e r r i c y t o c h r o m e c (17). 

c y t c ( F e 3 + ) + Or ^ c y t c ( F e 2 + ) + O z K8 = 4 χ 1 0 4 (8) 

R e c e n t s tud ies (18) c o n f i r m that s u b s t a n t i a l a m o u n t s o f s i n g l e t 
o x y g e n ( Ό 2 ) r e s u l t f r o m the o x i d a t i o n o f s u p e r o x i d e i o n b y c o o r d i 
n a t e d sa tu ra t ed t r ans i t ion m e t a l o x i d a n t s ( w i t h Ε ° ' - v a l u e s grea ter t h a n 
+0 .34 V ) i n D M F . M e a s u r e m e n t s o f s i n g l e t o x y g e n b y p h o t o n coun t 
i n g i n d i c a t e a s ign i f i can t y i e l d w h e n f e r r i c e n i u m p e r c h l o r a t e is the 
o x i d a n t , b u t a n e g l i g i b l e a m o u n t f rom s u p e r o x i d e i o n o x i d a t i o n b y 
F e ( I I I ) ( C l 0 4 ) 3 . T h i s r e su l t c a n b e r a t i o n a l i z e d o n the basis that the 
c o o r d i n a t e l y sa tu ra ted f e r r i c e n i u m i o n forms a s i n g l e t t ransi t ion-s ta te 
c o m p l e x w i t h s u p e r o x i d e i o n , [ ( C p ) 2 F e : 0 2 : ] t r . O t h e r ox idan t s that 
c o n v e r t s u p e r o x i d e i o n to s i n g l e t o x y g e n i n c l u d e M n ( I I I ) ( 0 3 t e r p y ) 2

3 + 

( 0 3 t e r p y is 2 , 2 ' , 2 " - t e r p y r i d i n e Ι , Ι ' , Γ - t r i o x i d e ) a n d [ M n ( I V ) ( o - p h e n ) 2 -
0 ] 2

4 + ( o - p h e n is 1 ,10 -phenan th ro l ine ) . 
O x i d a n t v i a H y d r o g e n - A t o m Trans fe r . T h e resu l t s o f a r e c e n t 

i n v e s t i g a t i o n (19) demons t ra t e that s u p e r o x i d e is a n ef fec t ive o x i d a n t 
o f b a s i c r e d u c i n g substrates w i t h r e a d i l y t ransfe rab le h y d r o g e n a toms . 
W h e n s u p e r o x i d e i o n is c o m b i n e d (1 :1 m o l rat io) w i t h e i the r d i h y -
d r o p h e n a z i n e or N - m e t h y l h y d r o p h e n a z i n e (bo th m o d e l s for r e d u c e d 
f lav ins) i n d i m e t h y l f o r m a m i d e , a s t o i c h i o m e t r i c y i e l d o f p h e n a z i n e or 
J V - m e t h y l p h e n a z i n e r a d i c a l , r e s p e c t i v e l y , resu l t s f r o m a t w o - h y d r o g e n 
a t o m or a o n e - h y d r o g e n a t o m transfer 
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24. SAWYER ET AL. Superoxide Ion in Aprotic Media 589 

p h e n H 2 + 0 2 " + H s o l p h e n + ^ ( - s o l ) n + H 2 0 + O H " (9) 

C H 3 N p h e n H + 0 2 " - * C H 3 N p h e n - + H 0 2 " (10) 

S i m i l a r reac t ions are o b s e r v e d for r e d u c e d flavins, h y d r o x y l a m i n e , a n d 
h y d r a z i n e . T h e s t o i c h i o m e t r y o f the reac t ions is c o n t r o l l e d b y the 
n u m b e r o f r e d u c i n g h y d r o g e n a toms p e r subs t ra te m o l e c u l e . C o n v e r 
s ion o f s u c h h y d r o g e n a toms to p ro tons p r o v i d e s s t a b i l i z a t i o n o f the 
r e d u c t i o n p r o d u c t s o f s u p e r o x i d e i o n ( 0 2

2 ~ , O " , a n d O 2 " ) . 
M o s t o f the r e p o r t e d ox ida t ions o f p r o t i c substrates b y s u p e r o x i d e 

a c t u a l l y r ep resen t a n i n i t i a l p r o t o n abs t rac t ion to g i v e subst ra te a n i o n 
a n d d i s p r o p o r t i o n a t i o n spec i e s , H 0 2

_ a n d 0 2 (3). T h e la t ter o x i d i z e the 
subs t ra te a n i o n for c a t echo l s a n d α - t o c o p h e r o l . A l t h o u g h the same p r o 
cess was s u g g e s t e d for the o x i d a t i o n o f a s c o r b i c a c i d (3), the to ta l ab
sence o f a n y i n t e r m e d i a t e 0 2 ( f rom the p r o t o n - i n d u c e d d i s p r o p o r t i o n a 
t ion o f 0 2 " ) a n d a 1:1 i n i t i a l r e a c t i o n s t o i c h i o m e t r y for the 0 2 " -
a c o r b i c a c i d r eac t i on to g i v e p r i m a r i l y ascorba te r a d i c a l a n i o n r e q u i r e 
a n a l t e r n a t i v e m e c h a n i s m . T h e s e factors a n d the r a p i d b i m o l e c u l a r 
k i n e t i c s (fc2, 2.8 Χ 1 0 4 M _ 1 s _ 1 ) i n d i c a t e that a c o n c e r t e d h y d r o g e n -
a t o m transfer a n d p r o t o n transfer to s u p e r o x i d e i o n f r o m a s c o r b i c a c i d 
o c c u r s (JO) 

C H 2 O H C H 2 O H 

H C O H H C O H 

Ο 

/ \ ( I D 

Ο 
/ \ 

H C C = 0 + Or -> H C C = 0 + H 2 0 2 

I I I I 
c — c c — c 
I I I ^ ι 

O H O H Ο ί - ) Ο 

Hjjasc asc" 

f o l l o w e d b y a p r o t o n - i n d u c e d d i s p r o p o r t i o n a t i o n o f the ascorbate r a d i 
c a l a n i o n (asc") to d e h y d r o a s c o r b i c a c i d ( d e h y d ) a n d ascorbate a n i o n 
( H a s c " ) 

H 2 a s c + 2 asc" -> d e h y d + 2 H a s c " (12) 

B o t h H 2 a s c a n d asc" a p p e a r to b e u n r e a c t i v e w i t h h y d r o g e n p e r o x i d e 
i n D M F a n d there is no e v i d e n c e for a c o n c e r t e d t w o - h y d r o g e n a t o m 
transfer f r om H 2 a s c to s u p e r o x i d e i o n . T h e f a c i l e o x i d a t i o n o f ascorbate 
i o n i n a q u e o u s m e d i a at p H 9.9 b y s u p e r o x i d e i o n [gene ra t ed b y p u l s e 
r a d i o l y s i s (20)] p r o b a b l y occu r s v i a a s i m i l a r h y d r o g e n - a t o m transfer 
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590 BIOLOGICAL REDOX COMPONENTS 

mechanism, as suggested previously (21). Hence, ascorbic acid ap
pears to be unique among acidic substrates in its ability to reduce 
superoxide ion directly to hydrogen peroxide without significant con
comitant proton-induced disproportionation. 

Radical-Radical Coupling 

Combination of superoxide ion with the cation radical (MV"*") of 
methyl viologen (l,l'-dimethyl-4,4'-bipyridinium ion, paraquat) in 
D M F and D M S O results in a primary radical-radical coupling reac
tion to yield a diamagnetic product (Figure 2). This conclusion is based 
on electrochemical, spectroscopic, NMR, electron paramagnetic reso
nance (EPR), thin-layer chromatography (TLC), high performance 
liquid chromatography (HPLC), and mass spectrometric measure
ments (22). Characterization of reaction intermediates and products 
provides the basis for proposing a self-consistent mechanistic scheme. 
This is the first definitive example of a radical reaction for superoxide 
ion. 

M V t 

(13) 

Ο 

\ 
ΟΘ 

[MV0 2 ] 

[MV0 2 ] 
C H 3 — Ν I Ν — C H 3 

O - O 
-Jtr 

H C H 3 

0 = C — Ν — C H = C H — C = < 
M V 0 2 T T I 

°· polymer 

N - C H 3 (14) 
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24. SAWYER ET AL. Superoxide Ion in Aprotic Media 591 

Ε, V vs. SCE 

Figure 2. Cyclic voltammograms in DMF (0.1 M tetraethylammonium 
perchlorate) of a, 1 m M Of; b, 1 m M methyl viologen cation radical 
(MV-); and c, 0.5 m M 0 2 " plus 0.5 raM M V f within 5 min after mixing. 
Controiled-potential coulometry was used to prepare Ο2^ from 02 and 
MV from MVCl2. Measurements were made with a Pt electrode (area, 

0.23 cm2) at a scan rate of 0.1 V/s (22). 
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592 BIOLOGICAL REDOX COMPONENTS 

R e s o n a n c e s t a b i l i z a t i o n a p p a r e n t l y p r e c l u d e s s ign i f i can t r a d i c a l c o u p l 
i n g at the C - 4 p o s i t i o n . S u c h a process w o u l d l e a d to a s y m m e t r i c a l 
d i o x e t a n e i n t e r m e d i a t e a n d d i s soc i a t i on to t w o 4 - N - m e t h y l p y r i d o n e 
m o l e c u l e s ; o n l y t race l e v e l s are d e t e c t e d i n the p r o d u c t s o l u t i o n . 

I n the p r e sence o f D M S O or o ther substrates sub jec t to o x y g e n a 
t i o n b y p e r o x i d e s , [ M V 0 2 ] u n d e r g o e s s u c h reac t ions be fore i t c a n fo rm 
the d i o x e t a n e i n t e r m e d i a t e a n d p r o d u c t s o f E q u a t i o n 14. 

[ M V 0 2 ] + D M S O - > D M S O 

ο 

+ C H 3 - N V - / 0 N - C H 3 (15) 

[ M V O ] 

T h e [ M V O ] spec i e s c a n rea r range to a l a c t a m , h y d r o l y z e v i a an 
e p o x i d e to a g l y c o l , a n d reac t w i t h d i o x y g e n to g i v e a p y r i d o n e 
( M V O + ) 

[ M V O ] 

C H 3 — ^ — < ^ 0 ^ N — C H 3 + H 0 2 

Ο 

M V O + 

Ο 

/ = \ / = \ 
C H 3 — Ν V=/ Ν — C H 3 (16) 

H - \ — ( - H 
O H O H 
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24. SAWYER ET AL. Superoxide Ion in Aprotic Media 593 

T h e g l y c o l p r o b a b l y is sub jec t to o x y g e n a t i o n b y e i the r [ M V 0 2 ] or 
o x y g e n to g i v e a n α - k e t o - l a c t a m a n d o ther o x y g e n a t i o n p r o d u c t s . A n 
a p p a r e n t m o n o o x y g e n a t i o n b y the [ M V 0 2 ] p e r o x i d e o f the M V O l a c 
t a m ( E q u a t i o n 16) appea r s to f o r m t race q u a n t i t i e s o f the d i l a c t a m , 

F o r those s i tuat ions w h e r e excess r e d u c e d m e t h y l v i o l o g e n is 
c o m b i n e d w i t h l i m i t i n g a m o u n t s o f o x y g e n , the i n i t i a l f o rma t ion o f 
s u p e r o x i d e i o n 

s h o u l d b e f o l l o w e d b y fo rmat ion o f [ M V 0 2 ] ( E q u a t i o n 13). T h e la t ter 
c o m p o u n d represents a s i g n i f i c a n t l y greater b i o l o g i c a l h a z a r d t h a n 
free s u p e r o x i d e i o n . F u r t h e r m o r e , the fo rma t ion o f [ M V 0 2 ] m e a n s that 
m e t h y l v i o l o g e n s p e c i f i c a l l y is i n v o l v e d i n t o x i c reac t ions ra ther t h a n 
a c t i n g s o l e l y as a r e d u c i n g agent for the p r o d u c t i o n o f s u p e r o x i d e i o n 
( E q u a t i o n 17). 

A s i m i l a r r e a c t i v e p e r o x i d e i o n , N 5 - e t h y l - 4 a - p e r o x y - 3 - m e t h y l l u m i -
f l a v i n ( 4 a - F l E t O O ~ ) , resu l t s f r om the c o m b i n a t i o n o f s u p e r o x i d e i o n 
a n d N 5 - e t h y l - 3 - m e t h y l l u m i f l a v i n r a d i c a l ( F l E t - ) i n a p r o t i c m e d i a 
(see F i g u r e 3) (23) 

T h i s r e ac t i on represen ts a s e c o n d e x a m p l e o f s u p e r o x i d e i o n a c t i n g as 
a c o u p l i n g reagent w i t h s t ab le r a d i c a l s . T h e n e u t r a l r a d i c a l ( F l E t ) c a n 
b e p r o d u c e d f r o m the one- to-one c o m b i n a t i o n o f F l E t + a n d 0 2 " , or b y 
e l e c t r o c h e m i c a l r e d u c t i o n o f F l E t + . T h e 4 a - F l E t O O ~ spec ies , a n effec
t i v e r e a c t i o n m i m i c for flavomonooxygenases (24), r e a d i l y oxygena tes 
d i m e t h y l s u l f o x i d e ( D M S O ) a n d o ther substrates sub jec t to o x y g e n -
a t o m a d d i t i o n f r o m p e r o x i d e ions . T h e r e s u l t i n g p s e u d o base , 4a-
F l E t O " , rever ts to F l E t + a n d H 2 0 u p o n a d d i t i o n o f p ro tons , or is 
o x i d i z e d b y a n y r e s i d u a l o x y g e n . 

I n sp i t e o f v i g o r o u s a n d pers i s ten t r e sea rch effort (3, 25-27), 
s u p e r o x i d e i o n has not b e e n f o u n d to act as a n i n i t i a t o r o f r a d i c a l c h a i n 
reac t ions . R a d i c a l - r a d i c a l c o u p l i n g o n l y is o b s e r v e d for those f o r c i n g 
c o n d i t i o n s ( M V * or F l E t ' p l u s s u p e r o x i d e ion) w h e r e a l t e r n a t i v e reac-
t ins o f s u p e r o x i d e i o n are not f avo red . 

M V + + 0 2 - » 0 2 " + M V 2 + (17) 

F l E t + 0 2 " -> F l E t O O " (18) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

24



594 BIOLOGICAL REDOX COMPONENTS 

8,000 h 

300 400 500 
λ (nm) 

Figure 3. Absorption spectra in DMF (0.1 M tetraethylammonium 
perchlorate) of a, 0.5 m M N5-ethyl-4a-hydroperoxy-3-methyllumiflavin 
(FlEtOOH); b, 0.52 mM FlEtOOH plus 0.52 mM t-BuO~K+; and c, 0.49 

mM FlEt+ plus 1.15 mM 02- (23). 

Nucleophilicity and Monooxygenase Reactivity by 
Peroxide Intermediates 

A l k y l H a l i d e s . U n d e r a p r o t i c c o n d i t i o n s , s u p e r o x i d e i o n at tacks 
a l k y l h a l i d e s v i a n u c l e o p h i l i c s u b s t i t u t i o n (28). K i n e t i c s tud ies (29-
32) c o n f i r m that the r eac t i on is first o rde r i n subst ra te a n d first o rde r i n 
s u p e r o x i d e i o n , that the rates f o l l o w the o rde r 1 ° > 2 ° » 3° a n d 
I > B r > C I , a n d that the at tack b y s u p e r o x i d e i o n resu l t s i n i n v e r s i o n 
o f c o n f i g u r a t i o n . I n a p r o t i c so lvents , p r i m a r y a n d s e c o n d a r y a l k y l 
h a l i d e s y i e l d d i a l k y l p e r o x i d e s w h e n c o m b i n e d w i t h excess 
s u p e r o x i d e i o n (31-33), w h i c h is cons is ten t w i t h a m u l t i s t e p m e c h 
a n i s m 

R X + 0 2 " -> R 0 2 + X " (19) 

R O z + ( V R 0 2 " + 0 2 (20) 

R 0 2 " -I- R X — > R O O R + Χ " (21) 

T h e p r i m a r y s tep o c c u r s v i a a n S N 2 d i s p l a c e n e n t o f h a l i d e f rom the 
c a r b o n . T h e r e s u l t i n g p e r o x y r a d i c a l is r e d u c e d b y a s e c o n d super -
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24. SAWYER ET AL. Superoxide Ion in Aprotic Media 595 

o x i d e i o n to g i v e the a l k y l p e r o x i d e i o n , w h i c h acts as a n u c l e o p h i l e 
for at tack o f a s e c o n d subs t ra te m o l e c u l e . 

I n D M S O (or i n the p re sence o f o ther r e a c t i v e substra tes) R e a c t i o n 
20 is f o l l o w e d b y at tack o f the so lven t b y R 0 2 ~ to g i v e d i m e t h y l s u l f o n e 
a n d a l c o h o l s (30, 34 , 35 ) 

R 0 2

_ + D M S O - » D M S 0 2 + R O " (22) 

A r e c e n t i n v e s t i g a t i o n (36) has d e m o n s t r a t e d that p o l y c h l o r o h y d 
rocarbons ( C C 1 4 , C H C I 3 , C H 2 C 1 2 , a n d p , p ' - D D T ) are r a p i d l y d e g r a d e d 
b y s u p e r o x i d e i o n i n a p r o t i c m e d i a ( D M F a n d D M S O ) . T h e p r i m a r y 
s tep appears to b e a n u c l e o p h i l i c or c o n c e r t e d r e d u c t i v e d i s p l a c e m e n t 
o f c h l o r i d e i o n . K i n e t i c s tud ies c o n f i r m that the i n i t i a l s tep is rate 
l i m i t i n g a n d first o r d e r w i t h r e spec t to s u p e r o x i d e i o n a n d subs t ra te . 
T h e o v e r a l l reac tan t a n d p r o d u c t s t o i c h i o m e t r i e s for the d e g r a d a t i o n o f 
the p o l y c h l o r o m e t h a n e s a n d ρ , ρ ' - D D T i n D M F are s u m m a r i z e d i n 
T a b l e I . I n a d d i t i o n , the s econd -o rde r rate constants for the p r i m a r y 
process are t a b u l a t e d ; the v a l u e o f 1300 M - 1 s _ 1 for C C 1 4 is the fastest 
d i s p l a c e m e n t y e t o b s e r v e d for s u p e r o x i d e . 

C o m b i n a t i o n o f C C 1 4 w i t h s ix e q u i v a l e n t s o f o x y g e n i n D M S O 
y i e l d s a p r o d u c t s o l u t i o n that, after d i l u t i o n w i t h wa te r , c a n b e t i t r a t ed 
w i t h a q u e o u s H C 1 . T h e r e s u l t i n g t i t r a t ion c u r v e is cons is ten t w i t h that 
for a n au t hen t i c s a m p l e o f ca rbona te i o n i n the same m e d i u m . B e c a u s e 
p e r o x i d e s o x y g e n a t e D M S O to i ts su l fone (37), a r e a s o n a b l e c o n c l u s i o n 

Table I. Stoichiometries and Kinetics for the Reaction of 0 2 " with 
Polychloromethanes and p,p ' -DDT in D M F 

(0.1 M Tetraethylammonium Perchlorate) at 25°C 

Substrate ci-
(S), Of released 

0.1-5 mM per S per S k2, M~'s 
C H 3 C I 1 1 80 
C H 2 C 1 2 2 2 9 
C H C I 3 4 3 460 
eel* 6 4 1300 
p , p ' - D D T 3 2 130 
Overall Reactions: 

(a) C H 3 C I + ( V -»· i C H 3 O O C H 3 + C I " + i 0 2 

(b) C H 2 C 1 2 + 2 C V -*· C H 2 0 + 2 C 1 ~ + | 0 2 

(c) C H C 1 3 + 4 ( V -> H C ( 0 ) O Q - + 3 C 1 ~ + f 0 2 

(d) C C 1 4 + 6 C V -> C O / " ^ 4 C 1 - + 4 0 2 

(e) ρ , ρ ' - D D T + 3 0 Γ - * p r o d u c t s + 2 C 1 " + f O ; 
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596 BIOLOGICAL REDOX COMPONENTS 

is that the o v e r a l l p r o d u c t f r o m the r e a c t i o n o f C C 1 4 w i t h excess 
s u p e r o x i d e i o n is C 0 4

2 " a n d that i t reacts w i t h th is s o l v e n t to y i e l d 
C O 3 2 - . 

W h e n C H C I 3 is c o m b i n e d w i t h four e q u i v a l e n t s o f s u p e r o x i d e i o n 
i n D M F , a b a s i c p r o d u c t s o l u t i o n is o b t a i n e d that has the charac te r i s 
t ics o f p e r o x y f o r m a t e i o n (the a c i d i f i e d p r o d u c t s o l u t i o n o x i d i z e s I " to 

h). 
O n the basis o f these e x p e r i m e n t s a n d the r e a c t i o n s t o i c h i o m e 

tr ies , o v e r a l l reac t ions are p r o p o s e d for the d e g r a d a t i o n o f the 
p o l y c h l o r o substrates (see T a b l e I) . A se l f -consis tent set o f reac t ions for 
the s u p e r o x i d e - c a r b o n t e t r a c h l o r i d e s y s t e m i l lus t r a t e s the g e n e r a l 
m e c h a n i s t i c processes for th is c lass o f substra tes . 

C C 1 4 + 0 2 - -> [ C C l 4 ( 0 2 - ) ] t r ^ C C 1 3 0 2 + C I " (23) 

C C 1 3 0 2 + Or -> C C 1 3 0 2 - + 0 2 (24) 

C C 1 3 0 2 - + C C 1 4 C C l 3 O O C C l 3 + C I " (25) 

C C l 3 O O C C l 3 + 2 Or -> 2 0 2 + 2 C C 1 3 0 - (26) 

I — > 2 C C 1 2 0 + 2 C l -

C C 1 2 0 + Or -> C C 1 ( 0 ) 0 2 + C l ~ (27) 

Lo 2 i>cci (o)or + o 2 

C C 1 ( 0 ) 0 2 " + C C 1 2 0 -> C C l ( 0 ) O O C C l ( 0 ) + CI" (28) 

C C l ( 0 ) O O C C l ( 0 ) + 2 Or 2 C C 1 ( 0 ) 0 " + 2 0 2 (29) 

I——>2 C O z + 2 C l -

C 0 2 + 2 θ Γ - ^ C 0 4

2 " + 0 2 (30) 

T h e p e r o x i d e i n t e r m e d i a t e s o f Reac t i ons 24 , 2 7 , a n d 3 0 c a n p a r t i c i p a t e 
i n m o n o o x y g e n a s e reac t ions i n the p re sence o f substrates s u c h as 
D M S O . 

E s t e r s . A n o t h e r d i m e n s i o n o f the n u c l e o p h i l i c i t y o f s u p e r o x i d e 
i o n is i ts a b i l i t y to at tack the c a r b o n y l c a r b o n o f esters to y i e l d car-
b o x y l i c a c i d an ions a n d a l c o h o l s (38-40), a n d to a t tack the c a r b o n y l 
c a r b o n o f a c y l h a l i d e s to y i e l d d i a c y l p e r o x i d e s (41). T h e ester h y 
d r o l y s i s o c c u r s v i a a c y l o x y g e n sc i s s ion o n the bas is o f c o m p l e t e r e t en 
t i o n o f con f igu ra t i on i n the a l c o h o l m o i e t y f r o m a n o p t i c a l l y a c t i v e 
ester (38). 

F o r the r e a c t i o n o f s u p e r o x i d e i o n w i t h e t h y l acetate a n d p h e n y l 
acetate i n p y r i d i n e , the s econd-o rde r rate constants are 0 .011 M " ^ " 1 

a n d 160 M ^ s - 1 , r e s p e c t i v e l y (40). T h i s ra t io o f rate constants (10 4 ) is 
cons i s ten t w i t h o ther da ta for the reac t ions o f p h e n y l a n d e t h y l esters 
w i t h e f fec t ive n u c l e o p h i l e s (42, 43), a n d w i t h a n S N 2 m e c h a n i s m . T h e 
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24. SAWYER ET AL. Superoxide Ion in Aprotic Media 597 

p r i m a r y r e a c t i o n appea r s to b e a n u c l e o p h i l i c a d d i t i o n that is f o l l o w e d 
b y e l i m i n a t i o n at the c a r b o n y l c a r b o n (40) 

Ο Ο " Ο 

Il I II 
R—C—OR' + Or fcf R—C—OR' -* R—C + OR' (31) 

I \ 
o - o o - o 

w i t h s u b s e q u e n t s teps to g i v e a n o v e r a l l es ter h y d r o l y s i s r eac t ion . 

Ο Ο 

Il II 

R C O O + 0<f -> R C O O " + 0 2 (32) 

Ο Ο Ο Ο 

II II II II 
R C O O " + R C O R ' R C O O C R + " O R ' (33) 

Ο Ο Ο 

II II II 
R C O O C R + 20<τ -> 2 R C O " + 2 0 2 (34) 

A d d i t i o n o f s u p e r o x i d e i o n to a-keto- , α - h y d r o x y - , a n d α - h a l o c a r b o n y l 
c o m p o u n d s resu l t s i n a n u c l e o p h i l i c a d d u c t o f the c a r b o n y l c a r b o n , 
w h i c h u n d e r g o e s a n o x i d a t i v e c l e a v a g e to g i v e the c a r b o x y l i c a c i d that 
is d e r i v e d f rom the a - p o s i t i o n (44). A g a i n , the p e r o x y a c i d a n i o n in te r 
m e d i a t e s ( E q u a t i o n 32) r ep resen t e f fec t ive m o n o o x y g e n a s e s for s u b 
strates s u c h as D M S O . 

A g e n e r a l cha rac te r i s t i c o f the n u c l e o p h i l i c at tack o f a l k y l h a l i d e s 
a n d esters b y s u p e r o x i d e i o n is that a p e r o x y r a d i c a l is the i n i t i a l 
p r o d u c t . T h i s p e r o x y r a d i c a l is r a p i d l y r e d u c e d b y a s e c o n d s u p e r o x i d e 
i o n to a p e r o x i d e a n i o n , w h i c h c a n o x y g e n a t e s u s c e p t i b l e substrates . 
H e n c e , the n u c l e o p h i l i c i t y o f s u p e r o x i d e i o n p r o v i d e s a m e a n s to ac t i 
vate the r e d u c t i o n p r o d u c t o f d i o x y g e n to o rganope roxy r a d i c a l s a n d 
o r g a n o p e r o x i d e ions . T h i s a b i l i t y m a y r ep resen t a s ign i f i can t h a z a r d i n 
b i o c h e m i c a l sy s t ems . 
Metal-Catalyzed Disproportionation 

M e t a l ca t ions c a n act as L e w i s a c i d s a n d t h r o u g h cha rge n e u 
t r a l i z a t i o n c a n b r i n g a b o u t the d i s p r o p o r t i o n a t i o n o f s u p e r o x i d e i o n to 
d i o x y g e n a n d a m e t a l p e r o x i d e (45). C o m b i n a t i o n o f s u p e r o x i d e i o n 
w i t h Zn (C10 4 )2 , C d ( C 1 0 4 ) 2 , a n d F e ( C 1 0 4 ) 2 r esu l t s i n s u c h a process . F o r 
M n ( C 1 0 4 ) 2 a n d C o ( C 1 0 4 ) the resu l t an t m e t a l p e r o x i d e s are u n s t a b l e 
a n d u n d e r g o fur ther d i s p r o p o r t i o n a t i o n . A p l a u s i b l e m e c h a n i s m is out-
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598 BIOLOGICAL REDOX COMPONENTS 

l i n e d for manganese ( I I ) to i l l u s t r a t e the r i c h v a r i e t y o f r e a c t i v e in te r 
m e d i a t e s 

M n 2 + + ( V M n ( I I ) ( ( V ) + (35) 

Mn(II)(Or)+ + Or - * [ 0 2 : M n ( I I ) : 0 2 ] -> 0 2 + M n ( I I ) ( 0 2

2 - ) (36) 

M n ( I I ) ( 0 2

2 " ) + M n ( I I ) ( 0 2

2 - ) 2 M n ( I I ) 0 + 0 2 (37) 

M n ( I I ) + 0 2 ^ Mn(III)(Or )2+ (38) 

Mn(III)(Or ) 2 + + M n ( I I ) [ M n ( I I I ) - 0 - 0 - M n ( I I I ) ] 4 + (39) 

[ Μ η ( Π Ι ) - 0 - 0 - Μ η ( Ι Ι Ι ) ] 4 + + M n ( I I ) - > 

[ M n ( I I I ) - 0 - M n ( I I I ) ] 4 + + [ M n ( I I I ) 0 ] 2 + (40) 

[ M n ( I I I ) 0 ] 2 + + M n ( I I ) ^ [ M n ( I I I ) - 0 - M n ( I I I ) l 4 + (41) 

C l e a r l y , m a n y o f these i n t e r m e d i a t e s c a n o x i d i z e a n d oxygena t e v a r i 
ous o r g a n i c f u n c t i o n a l g r o u p s . T h e c h e m i s t r y o f E q u a t i o n s 3 5 - 4 1 rep
resents a l i k e l y m e c h a n i s m for t r ans i t i on -me ta l a c t i v a t i o n o f d i o x y g e n , 
e s p e c i a l l y w i t h r e spec t to r anc id i f i c a t i on o f fats a n d o i l s . 

A s m e n t i o n e d , s u p e r o x i d e i o n is a n effec t ive o n e - e l e c t r o n r e d u c 
tant for t r ans i t i on -me ta l ions . U n d e r l i m i t e d c o n d i t i o n s , s u p e r o x i d e i o n 
a lso c a n act as a n o x i d a n t o f r e d u c e d t r ans i t i on -me ta l ions . T h e process 
m u s t b e a u g m e n t e d t h r o u g h the fo rma t ion o f a s tab le m e t a l - p e r o x i d e 
i n t e r m e d i a t e . E x a m p l e s i n c l u d e F e ( I I ) 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 ) i n a q u e o u s m e d i a (46) a n d i ron( I I ) t e t r a p h e n y l p o r p h y r i n 
i n a p r o t i c m e d i a (15). S u c h react ions a re a n essen t ia l par t o f the f a v o r e d 
m e c h a n i s m s for the s u p e r o x i d e d i s m u t a s e ( S O D ) e n z y m e s (47). T h e 
F e ( I I I ) E D T A s y s t e m (48) represents an ef fec t ive m o d e l for S O D i n 
a q u e o u s m e d i a ; the p r o p o s e d m e c h a n i s m is 

F e ( I I I ) E D T A + Or -> F e ( I I ) E D T A + 0 2 (42) 

F e ( I I ) E D T A + Or ^ F e ( I I I ) E D T A + H 2 O z (43) 

T h e b i s ( 8 - q u i n o l i n a t o ) m a n g a n e s e ( I I ) c o m p l e x [Mn(I I ) (8 -Q ) 2 (H 2 0) 2 ] 
a l so is a n ef fec t ive ca ta lys t for the d i s p r o p o r t i o n a t i o n o f s u p e r o x i d e 
i o n i n a p r o t i c m e d i a (49), a n d has b e e n sugges t ed as a n ef fec t ive 
m o d e l for the m a n g a n e s e S O D e n z y m e s (50). A rea sonab le m e c h a n i s m 
for the M n ( I I ) ( 8 - Q ) ( H 2 0 ) 2 c a t a l y z e d d i s p r o p o r t i o n a t i o n o f s u p e r o x i d e 
i o n i n v o l v e s a M n ( I I I ) - p e r o x i d e i n t e r m e d i a t e , w h i c h s h o u l d b e a n 
ef fec t ive o x i d a n t for s u p e r o x i d e i o n . 

M n ( I I ) ( 8 - Ç ) 2 ( H 2 0 ) 2 + Or — Mn( I I I ) (8 -Q) 2 (0 2 H)(H 2 0) + OH" (44) 

Mn( I I I ) (8 -Q) 2 (0 2 H)(H 2 0) + O r - ^ 

M n ( I I ) ( 8 - Ç ) 2 ( H 2 0 ) 2 + 0 2 + HOr (45) 

T h i s m e c h a n i s m is a r e a l i s t i c m o d e l for the m a n g a n e s e - S O D , i r o n -
S O D , a n d c o p p e r - z i n c - S O D e n z y m e s . 
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24. SAWYER ET AL. Superoxide Ion in Aprotic Media 599 

Summary 

Superoxide is a versatile reactant, but its most dominant charac
teristic is as an effective Bronsted base. It readily removes protons 
from water and weakly acidic substrates such as 1-butanol, and in so 
doing it disproportionates to yield peroxide and dioxygen. Under apro
tic conditions, its strong basicity causes superoxide ion to act as a 
powerful nucleophile (probably second only to fluoride ion). 
Superoxide ion also is a moderate, but facile, one-electron reductant 
(about as effective as dithionite). Strong one-electron oxidants with 
closed coordination spheres (e.g., ferricenium ion) oxidize superoxide 
ion to singlet oxygen. Reduced transition-metal ions are oxidized by 
superoxide ion when their oxidized state forms stable peroxide ad-
ducts. Basic reductants such as dihydrophenazine, dihydroflavins, 
hydroxylamine, and hydrazine are oxidized by a hydrogen-atom trans
fer mechanism. The only example of any radical character for 
superoxide ion is the formation of a diamagnetic adduct with reduced 
methyl viologen cation radical via a radical-radical coupling mech
anism. 
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25 
Electrocatalytic Reduction of 
Molecular Oxygen Using 
Water-Soluble and Immobilized Iron 
and Cobalt Porphyrins 

PAUL A. FORSHEY and THEODORE KUWANA 

Ohio State University, Department of Chemistry, Columbus, OH 43210 

NAGAO KOBAYASHI and TETSUO OSA 

Tohoku University, Pharmaceutical Institute, Sendai, Japan 980 

The electrocatalytic reduction of molecular oxygen using 
water-soluble metal macrocyclic compounds was stud
ied, with emphasis on the water-soluble iron and cobalt 
porphyrins. An electrochemical (EC) catalytic regenera
tive mechanism appears to be valid for these compounds, 
with the redox potential of the porphyrin and the hetero
geneous electron transfer rate primarily governing the 
electrode potential for the catalytic reduction of oxygen. 
Hydrogen peroxide was the initial product for both the 
iron and cobalt porphyrins; however, the iron porphy
rins catalyzed the reduction or dismutation of hydrogen 
peroxide to water, whereas the cobalt porphyrins 
showed little reactivity toward hydrogen peroxide. 
Computer simulation of cyclic voltammetric current
-potential curves for these reactions was used to support 
conclusions based on electrochemical results. 

* I ^he m e c h a n i s m o f o x y g e n e l ec t roca t a ly s i s u s i n g m e t a l m a c r o c y c l i c 
c o m p l e x e s s u c h as the i r o n a n d c o b a l t p o r p h y r i n s has i n t e r e s t e d us 

s ince the mid-1970*8 . O u r a p p r o a c h has i n v o l v e d s t u d y i n g the s o l u t i o n 
p h a s e ca ta lys i s b y the e l e c t r o g e n e r a t e d r e d u c e d state o f the wate r -
s o l u b l e m e t a l p o r p h y r i n s a n d then c o m p a r i n g these resu l t s w i t h those 
o b t a i n e d w i t h p o r p h y r i n s that w e r e i m m o b i l i z e d on surfaces o f c a r b o n 
e l e c t r o d e s . A major a s s u m p t i o n has b e e n that the r e a c t i o n s e q u e n c e 
c o u l d b e d e s c r i b e d b y an e l e c t r o c h e m i c a l ( E C ) c a t a l y t i c r egene ra t ion 

0065-2393/82/0201-0601$07.00/0 
© 1982 Amer ican C h e m i c a l Society 
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602 BIOLOGICAL REDOX COMPONENTS 

m e c h a n i s m at w h i c h the p o t e n t i a l o f the ca ta lys is w a s g o v e r n e d b y the 
r e d o x p o t e n t i a l o f the m e t a l p o r p h y r i n . T h i s c h a p t e r s u m m a r i z e s the 
status o f o u r p resen t u n d e r s t a n d i n g o f the e l e c t r o c a t a l y t i c m e c h a n i s m 
for 0 2 r e d u c t i o n a n d presents the s a l i en t features, some o f w h i c h h a v e 
b e e n p u b l i s h e d p r e v i o u s l y ( 1 - 8 ) , o f the s t u d y o f the w a t e r - s o l u b l e 
p o r p h y r i n s . 

T h e use o f m e t a l m a c r o c y c l i c c o m p o u n d s for 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 m o l e c u l a r o x y g e n first was i n t r o d u c e d b y J a s i n s k i (9), 
w h o r e p o r t e d the e l ec t roca t a lys i s o f 0 2 w i t h c o b a l t p h t h a l o c y a n i n e 
a d s o r b e d on c a r b o n a n d n i c k e l s t ruc tures (10) . S h o r t l y thereafter, 
p o l y m e r i c m e t a l p h t h a l o c y a n i n e s w e r e e x a m i n e d (11, 12) a n d a d 
sorbed i r o n a n d c o b a l t p h t h a l o c y a n i n e s o n p y r o l y t i c g r a p h i t e e l e c 
t rodes w e r e s t u d i e d e x t e n s i v e l y (13, 14). S i n c e t hen , m a n y p u b l i c a 
t ions h a v e d e s c r i b e d the c a t a l y t i c a c t i v i t y o f s u c h m e t a l m a c r o c y c l e s 
(15-20), i n c l u d i n g the r ecen t case o f the face-to-face c o b a l t p o r p h y r i n 
(21,22) that , w h e n a d s o r b e d onto a glassy c a r b o n e l e c t r o d e , a p p a r e n t l y 
r e d u c e s 0 2 to w a t e r i n a c i d i c so lu t ions at po t en t i a l s m o r e p o s i t i v e t h a n 
the r e v e r s i b l e o x y g e n - h y d r o g e n p e r o x i d e p o t e n t i a l . 

T h e m e c h a n i s m o f the ca ta lys i s u s i n g m e t a l m a c r o c y c l i c c o m 
p o u n d s has not b e e n w e l l u n d e r s t o o d p r o b a b l y b e c a u s e o f the use o f 
w a t e r - i n s o l u b l e m e t a l m a c r o c y c l e s . O f cou r se , the e l e c t r o c h e m i s t p r e 
f e r r ed to use i n s o l u b l e m a c r o c y c l e s so that the ca ta lys t w o u l d r e m a i n 
on the surface w h e n the e l e c t r o d e was i m m e r s e d i n a q u e o u s so lu t ions . 
O f t e n the ca ta lys t was i m b e d d e d i n the e l e c t r o d e ma t r i x . U n f o r t u 
n a t e ly , the e l u c i d a t i o n o f the he t e rogeneous m e c h a n i s m has b e e n 
d i f f i cu l t , a n d a c o m p l e t e d e s c r i p t i o n o f o x y g e n r e d u c t i o n has re
m a i n e d e l u s i v e . 

O u r w o r k has c e n t e r e d a r o u n d the w a t e r - s o l u b l e i r o n a n d c o b a l t 
t e t r a k i s ( N - m e t h y l - 4 - p y r i d y l ) p o r p h y r i n ( F e T M P y P a n d C o T M P y P ) 
a n d the s t ruc tu re o f F e T M P y P is as s h o w n : 
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25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 603 

T h e s e m e t a l m a c r o c y c l e s are r e n d e r e d s o l u b l e v i a the c a t i o n i c 
m e t h y l p y r i d y l g roups on e a c h o f the meso- pos i t ions o f the p o r p h y r i n 
r i n g . T h e F e ( I I I ) T M P y P first was s y n t h e s i z e d b y F l e i s c h e r a n d H a m -
b r i g h t (23) a n d a lso has b e e n d e s c r i b e d b y Pas t e rnack a n d S p i r o (24). 

O u r e a r l y a t tempts to use the F e ( I I I ) T M P y P for the c a t a l y z e d 
r e d u c t i o n o f 0 2 r e s u l t e d i n p o o r l y d e f i n e d c y c l i c v o l t a m m e t r i c ( C V ) 
c u r r e n t - p o t e n t i a l (i-E) c u r v e s . W h e n the e x p e r i m e n t s w e r e r e p e a t e d 
u s i n g h i g h l y p o l i s h e d T o k a i g lassy c a r b o n i n s t e a d o f u n p o l i s h e d 
p y r o l y t i c g r a p h i t e , w e l l - d e f i n e d i-E c u r v e s r e s u l t e d . I n F i g u r e 1, 
C u r v e a ( I ) is the i-E c u r v e for a n u n c a t a l y z e d 0 2 r e d u c t i o n at a h i g h l y 
p o l i s h e d T o k a i g lassy c a r b o n e l e c t r o d e i n 0 .05 M H 2 S 0 4 . C u r v e b is 
the i-E w a v e for the r e d u c t i o n o f 2.5 x 10~ 4 M F e ( I I I ) T M P y P 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 f th is e x p e r i m e n t is r e p e a t e d after the s o l u t i o n is 
a i r - sa tura ted , C u r v e c resu l t s . T h e o v e r p o t e n t i a l for 0 2 r e d u c t i o n is 
r e d u c e d b y n e a r l y 0.5 V a n d the p e a k cu r ren t , ip, is i n c r e a s e d b y ca . 
e i g h t t i m e s ove r the F e T M P y P w a v e . B e c a u s e the p o t e n t i a l for 0 2 

Li ι ι * « J I 

+ 0.8 +0 .6 +0.4 +0 .2 0 - 0 . 2 - 0 . 4 

V o l t s v s . N H E 

Figure 1. Cyclic voltammograms for the reduction of a, Oz on a glassy 
carbon electrode; b, Fe(III)TMPyP in the absence of 02 and c, 02 

with Fe(II)TMPyP acting as catalyst. Oz concentration, 2.4 x 10~4 M ; 
Fe(III)TMPyP concentration, 2.5 x 10~4 M . (Curve a taken from Réf. I.) 
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604 BIOLOGICAL REDOX COMPONENTS 

r e d u c t i o n a p p e a r e d to b e g o v e r n e d b y the r e d o x p o t e n t i a l o f 
F e T M P y P , the m e c h a n i s m for the 0 2 ca ta lys i s w a s a s s u m e d to b e an 
E C c a t a l y t i c r egene ra t i on m e c h a n i s m : 

Ε s tep : F e ( I I I ) T M P y P + e~ = F e ( I I ) T M P y P (1) 

C s tep : 2 F e ( I I ) T M P y P + O z + 2 H + = 2 F e ( I I I ) T M P y P + H 2 0 2 (2) 

w h e r e the p r o d u c t o f the r e d u c t i o n was d e d u c e d to b e h y d r o g e n 
p e r o x i d e f r o m the m a g n i t u d e o f the p e a k cu r ren t , ( i P ) c a t , o f C u r v e c. 
T h a t is, the ( i p ) c a t was a b o u t e i g h t t imes greater t h a n that o f C u r v e b , 
w h i c h w a s e x p l a i n e d b y a s s i g n i n g η = 2 for the 0 2 to H 2 0 2 c o n v e r 
s ion , a n d b y a b o u t a ten t imes d i f fe rence i n the d i f fus ion coeff ic ients 
o f 2 x 1 0 " 6 a n d 2.1 x 1 0 " 5 c m 2 / s for F e ( I I I ) T M P y P a n d O z , r e spec 
t i v e l y . T h i s ana lys i s a s s u m e d that the p e a k cur ren t s w e r e d i f fus ion 
c o n t r o l l e d i n F e ( I I I ) T M P y P ( C u r v e b ) a n d 0 2 ( C u r v e c) . 

T h e s t o i c h i o m e t r y o f R e a c t i o n 2 w a s c o n f i r m e d (2) u s i n g ro t a t i ng -
r i n g - d i s k s tud ie s o f a i r - sa tu ra ted so lu t ions o f 1 0 " 4 M F e ( I I I ) T M P y P 
at p H 9.0 i n 0.1 M K C 1 , a n d H 2 0 2 w a s p r o d u c e d as the i n i t i a l p r o d 
u c t i n 9 5 % y i e l d . T h e ca ta lys t w a s t rans fe r red to the e l e c t r o d e sur
face b y i m m o b i l i z i n g F e ( I I I ) t e t r a k i s ( o - a m i n o p h e n y l ) p o r p h y r i n a n d 
F e ( I I I ) t e t r a k i s [ ] V - ( 2 - h y d r o x y e t h y l ) - 4 - p y r i d y l ] p o r p h y r i n i n a m e t h y l -
a c r y l o y l c h l o r i d e p o l y m e r a n d s p i n - c o a t i n g the p o l y m e r onto a g lassy 
c a r b o n e l e c t r o d e (4). T h e l o a d i n g l e v e l o f these c o m p o u n d s i n the 
p o l y m e r g o v e r n e d the ex ten t o f 0 2 r e d u c t i o n ; that is , l o a d i n g s o f 1 0 " 1 1 

a n d 10~ 9 m o l / c m 2 p r o d u c e d p r e d o m i n a n t l y H 2 0 2 a n d H 2 0 , r e spec 
t i v e l y . R e s u l t s o f t h i n - l a y e r c e l l c o u l o m e t r i c e x p e r i m e n t s a lso i n d i 
c a t e d that 0 2 c o u l d b e r e d u c e d to w a t e r i n the p re sence o f F e T M P y P 
(8) . 

T h e di f ferences o b s e r v e d i n the ex ten t o f 0 2 r e d u c t i o n , d e p e n d i n g 
o n the e x p e r i m e n t a l c o n d i t i o n s a n d e l e c t r o c h e m i c a l m e t h o d , s i g n i f i e d 
a n e e d for m o r e d e t a i l e d e l e c t r o c h e m i c a l a n d o p t i c a l l y c o u p l e d 
e l e c t r o c h e m i c a l s tud ies o f F e T M P y P a n d 0 2 . W e sough t to a n s w e r the 
f o l l o w i n g ques t ions : 

1. W a s the E C c a t a l y t i c m e c h a n i s m v a l i d a n d c o u l d the 
h o m o g e n e o u s ca ta lys i s b e t r ans fe r red to the surface v i a 
i m m o b i l i z a t i o n ? 

2. W h a t w e r e the e x p e r i m e n t a l c o n d i t i o n s c o n t r o l l i n g the 
p r o 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 or w a t e r i n the c a t a l y t i c 
r e d u c t i o n ? 

3. W e r e m e t a l o x y g e n c o m p l e x e s i n v o l v e d as p recu r so r s or 
i n t e r m e d i a t e s d u r i n g 0 2 r e d u c t i o n a n d w e r e s u c h o x y g e n 
spec i e s as s u p e r o x i d e i o n or h y d r o x y l r a d i c a l s p r o d u c e d ? 
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25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 605 

4 . C o u l d the C V i-E c u r v e s b e q u a n t i t a t i v e l y d e s c r i b e d 
a n d r e l a t e d to a n E C m e c h a n i s m w i t h a s soc ia t ed rate 
cons tan t s? 

Characterization of FeTMPyP in the Absence of Oxygen 

T h e e l e c t r o c h e m i c a l , a c i d - b a s e , a n d d i m e r i z a t i o n p rope r t i e s o f 
F e T M P y P are s u m m a r i z e d i n T a b l e I . T h e m o n o m e r , w h i c h is the 
d o m i n a n t spec i e s i n a c i d i c so lu t ions , u n d e r g o e s a w e l l - d e f i n e d , one-
e l e c t r o n , q u a s i - r e v e r s i b l e (ks = 5.8 x 10~ 3 cm/s ) e l e c t r o n transfer reac
t ion w i t h a Eo.85 o f +0 .18 V vs . n o r m a l h y d r o g e n e l e c t r o d e ( N H E ) . 
T h i n - l a y e r c o u l o m e t r y c o n f i r m e d the η - v a l u e as 1.02 ( ± 0 . 0 2 ) p e r i r o n 
for the r e d u c t i o n o f F e ( I I I ) T M P y P i n the absence o f 0 2 f r om p H 1 to 
13. B o t h o x i d i z e d a n d r e d u c e d states o f F e T M P y P w e r e s t ab le , as 
e v i d e n c e d b y the r e p r o d u c i b i l i t y o f the o p t i c a l s p e c t r u m o f the r e spec 
t i v e states o n r e d o x c y c l i n g i n a g o l d m i n i g r i d o p t i c a l l y t r ansparen t 
t h i n - l a y e r e l e c t r o c h e m i c a l c e l l ( O T T L E ) . 

T a b l e I . E l e c t r o c h e m i c a l , A c i d - B a s e , a n d D i m e r i z a t i o n P r o p e r t i e s 
o f F e T M P y P 

Property Method of Analysis11 Comments* 

S t o i c h i o m e t r y : t h i n - l a y e r p H 1 -13 
η = 1 . 0 2 ( ± 0 . 0 2 ) c o u l o m e t r y 
p e r i r o n 

Eo.85 = +0 .18 V vs . 
N H E , scan rate = 
0.1 V / s 

D = 2 . 5 ( ± 0 . 1 ) x 1 0 " 6 

c m 2 / s 
H e t e r o g e n e o u s rate 

constant , k8 = 
5 . 8 ( ± 0 . 9 ) x 10~ 3 

c m / s 
p K a o f F e ( I I I ) T M P y P : 

4 .7 a n d 6.5 
ρ Κ α o f F e ( I I ) T M P y P : 

ca . 7 
F e ( I I I ) T M P y P 

d i m e r i z a t i o n ; KD = 
2 . 2 ( ± 0 . 5 ) x 1 0 3 M " 1 

a CV taken at highly polished glassy carbon electrode (Tokai, grade GC10 or 20); 
Au minigrid electrode used for thin-layer electrochemistry. 

b Summary of data from Ref. 6. 

c y c l i c v o l t a m m e t r y 0 .05 M H 2 S 0 4 

c h r o n o a m p e r o m e t r y 

c y c l i c v o l t a m m e t r y 

EQ.85 a n d Ep v s . p H , 
a n d s p e c t r a l da ta 

c o u l o m e t r i c 
t i t r a t ion 

c y c l i c v o l t a m m e t r y 

0 .05 M H 2 S 0 4 

p H 1 -9 

d i m e r i m p o r t a n t at p H 
greater t h a n a b o u t 6 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

25



606 BIOLOGICAL REDOX COMPONENTS 

C o n t r o l l e d p o t e n t i a l c h r o n o c o u l o m e t r i c e x p e r i m e n t s w e r e c o n 
d u c t e d to d e t e r m i n e the ex ten t o f ad so rp t i on , i f any , o f the F e T M P y P 
o n the surface o f the h i g h l y p o l i s h e d T o k a i g lassy c a r b o n . P l o t s o f the 
c h a r g e , Q, v s . squa re root o f t i m e , t112, w e r e l i n e a r ; a n d the s lopes o f 
these l i n e s i n c r e a s e d w i t h F e ( I I I ) T M P y P concen t r a t i on i n a c c o r d a n c e 
w i t h a d i f f u s i o n - c o n t r o l l e d e l e c t r o d e r eac t i on . M o r e i m p o r t a n t l y , the 
e x t r a p o l a t e d Q v s . t1/2 c u r v e s , after c o r r e c t i o n for b a c k g r o u n d cha rge , 
i n t e r c e p t e d the Q axis at or s l i g h t l y b e l o w the o r i g i n . B e c a u s e an 
a d s o r b e d spec i e s w o u l d p r o d u c e a p o s i t i v e Q i n t e r cep t , ad so rp t i on o f 
F e T M P y P w a s n e g l i g i b l e . 

A n u m b e r o f a c i d - b a s e s tud ies h a v e b e e n r e p o r t e d . p K « v a l u e s o f 
ca . 4 .7 a n d 6.5 for F e ( I I I ) T M P y P (25, 26 ) w e r e d e t e r m i n e d b y m o n i 
t o r i n g the o p t i c a l spec t r a as a func t ion o f p H . G o f f a n d M o r g a n (27), 
after f o l l o w i n g the m a g n e t i c m o m e n t d u r i n g p H t i t ra t ions , r e p o r t e d 
that th is c o m p o u n d u n d e r w e n t a h i g h to l o w s p i n t r ans i t ion at a b o u t 
p H 5. R e a c t i o n 3 i n T a b l e I I represents the first p K a a n d the s p i n 
t r ans i t ion as the i r o n changes c o o r d i n a t i o n f r o m five to s ix . T h e p r o d u c t 
o f th is r e a c t i o n , the m o n o h y d r o x y l spec ie s , was r e p o r t e d (26) to 
u n d e r g o fur ther d e p r o t o n a t i o n w i t h a pKa o f 6.5, cons is tent w i t h R e a c 
t i o n 4 ( T a b l e I I ) . 

E l e c t r o d e Reac t i ons 7 t h r o u g h 10 i n T a b l e I I w e r e p r o p o s e d to 
a c c o u n t for the o b s e r v e d C V i - E c u r v e s b e t w e e n p H 1 a n d 13. T h e s e 
reac t ions ref lect c o n c l u s i o n s b a s e d o n the Ε v s . p H p lo t s o f the o b 
s e r v e d i - E w a v e s , ρΚ« v a l u e s o f F e ( I I I ) T M P y P a n d F e ( I I ) T M P y P , 
o p t i c a l l y c o u p l e d e l e c t r o c h e m i c a l resu l t s ( p a r t i c u l a r l y o f the d i m e r ) , 
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 o s c o p y o f the 
F e ( I I ) T M P y P . B e c a u s e m u c h o f the da ta w e r e d i s c u s s e d p r e v i o u s l y (6 , 
8 ) , w e b r i e f l y s h a l l e labora te on o n l y here tofore u n p u b l i s h e d data . T h e 
p K a o f F e ( I I ) T M P y P w a s d e t e r m i n e d b y c o u l o m e t r i c t i t r a t ion w i t h 
e l e c t r o g e n e r a t e d h y d r o x y l i o n at a s m a l l p l a t i n u m e l e c t r o d e . T h e 
F e ( I I ) T M P y P w a s g e n e r a t e d i n s i t u b y r e d u c i n g F e ( I I I ) T M P y P at a 
l a rge p l a t i n u m e l e c t r o d e i n a t h o r o u g h l y degas sed s o l u t i o n . A pKa o f 
ca . 6.6 was d e t e r m i n e d f rom the t i t ra t ion c u r v e for R e a c t i o n 5. T h i s ρΚα 
v a l u e w a s c o n f i r m e d b y m o n i t o r i n g at v a r i o u s p H v a l u e s the o p t i c a l 
spec t r a o f F e ( I I ) T M P y P , o b t a i n e d w i t h the use o f an O T T L E , a n d b y 
p l o t t i n g the abso rbance at 5 6 0 n m as a f unc t i on o f p H . 

T h e M C D spec t r a ( F i g u r e 2) w e r e o b t a i n e d to s t u d y the c o o r d i n a 
t i on a n d s p i n state o f the i r o n i n F e ( I I ) T M P y P . A s s o c i a t e d w i t h the 
4 4 5 - n m absorbance m a x i m u m o f F e ( I I ) T M P y P , the M C D spec t r a 
s h o w e d an in tense p e a k at 4 5 0 n m a n d a t r o u g h at 404 n m w i t h [θ]μ o f 
18.0 a n d - 2 . 6 (un i t s : d e g r e e c m 2 d m o l " 1 gauss), r e s p e c t i v e l y . T h e 
M C D spec t r a i n the v i s i b l e r e g i o n , assoc ia ted w i t h the 567-n m absor
b a n c e m a x i m u m , s h o w e d t w o peaks at 542 a n d 597 n m a n d a t r o u g h at 
568 n m w i t h [θ]μ o f 1.7, 1.8, a n d - 1 . 5 , r e s p e c t i v e l y . T h e shape , s i g n , 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

25



25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 607 

Table II. Acid-Base, Dimerization, and Redox Reactions of 
Fe(III)TMPyP and Fe(II)TMPyP 

Acid-Base: H 2 0 H 2 0 

- F e - ^ + H 2 0 ^ - F e ^ + H + = 4.7 (3) 
I 

O H 

H 2 0 O H 

- F e ^ = - F e ^ + H + = 6.5 (4) 

O H O H 

H 2 0 O H 

- F e - " - ^ - F e - " - + H + pK« = 6.6 (5) 

Dimerization: 

/ H 2 0 \ ^ 

21 - F e ^ ) ^ H ^ - F e - ^ O - F e - ^ O (6) 

\ O H / KD = 2 2 0 0 M1 

Redox: 

H 2 0 H 2 0 

- F e ^ + e~- — F e — (7) 

H 2 0 O H 

- F e ^ + e~ ^ - F e ^ + H 2 0 (8) 

O H 

O H O H 

- F e - " 1 + e+H+^± - F e - + H 2 0 (9) 
I 

O H 

( O H 
I , 

-Fe^-J (10) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

25



608 BIOLOGICAL REDOX COMPONENTS 

15 

10 

^ 5 

- 5 

-

•J Ψ 
ι ι 1 ι 1 i · ι · · « · I · ι » - j — I — 

4 0 0 500 6 0 0 

W a v e l e n g t h (nm) 

7 0 0 

Figure 2. Magnetic circular dichroism spectrum of Fe(II)TMPyP in pH 
4.7 acetate buffer. [θ]μ in degree · cm2 · dmol'1 · gauss. 

a n d m a g n i t u d e o f the M C D spec t r a , s p e c i f i c a l l y i n the 4 4 5 - n m r e g i o n , 
are q u i t e s i m i l a r to those r e p o r t e d for ferrous h e m o p r o t e i n s , s u c h as 
d e o x y m y o g l o b i n a n d the r e d u c e d fo rm o f p e r o x i d a s e . T h e s e c o m 
p o u n d s w e r e r e p o r t e d to b e i n a p e n t a c o o r d i n a t e d , h i g h s p i n fo rm w i t h 
the i r o n ou t o f the p o r p h y r i n p l a n e (28 , 29 ) . T h i s o b s e r v a t i o n suggests 
that the F e ( I I ) T M P y P is a l so a p e n t a c o o r d i n a t e d , h i g h s p i n state c o m 
p l e x . T h u s , R e a c t i o n s 7 - 9 are w r i t t e n i n c o n s i d e r a t i o n o f these resu l t s . 

A s w e p r e v i o u s l y n o t e d , the c y c l i c v o l t a m m o g r a m s for F e ( I I I ) -
T M P y P i n so lu t ions o f p H 7 - 1 3 are c h a r a c t e r i z e d b y t w o c a t h o d i c 
w a v e s a n d one a n o d i c w a v e o n r eve r se s can . T h e m o r e n e g a t i v e , 
p H - i n d e p e n d e n t w a v e at - 0 . 3 V , is d u e to the r e d u c t i o n o f the d i m e r 
( R e a c t i o n 10, T a b l e I I ) . T h e a n o d i c w a v e is p H d e p e n d e n t a n d is 
c o u p l e d to the r e d u c t i o n w a v e for the d i h y d r o x y l m o n o m e r , R e a c t i o n 
9. T h u s , the d i m e r r a p i d l y d issoc ia tes to the m o n o m e r i c fer rous s p e c i e s 
o n r e d u c t i o n . 
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25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 609 

Characteristics of FeTMPyP Reaction with Oxygen 

T h e p H d e p e n d e n c e o f the 0 2 r e d u c t i o n r eac t i on is s h o w n i n 
F i g u r e 3, w h i c h s h o w s that the p o t e n t i a l for ca ta lys i s v i a F e ( I I ) T M P y P 
o c c u r s i n d e p e n d e n t l y o f p H at a c i d i c p H v a l u e s , as e x p e c t e d . A b o v e 
a b o u t p H 5, the p o t e n t i a l va r i e s at a rate o f 6 0 m V / p H u n i t . A t a s c a n 
rate o f 0.1 V / s , the Ep v a l u e s o f the i-E w a v e s , w i t h a n d w i t h o u t 0 2 , 
v i r t u a l l y c o i n c i d e o v e r the p H range o f 1-13. T h i s c o r r e s p o n d e n c e o f 
Ep v a l u e s w i t h p H l eaves l i t t l e d o u b t that the p o t e n t i a l g o v e r n i n g the 

1 2 3 4 5 6 7 8 9 1 0 1 1 12 13 

p H 

Figure 3. Potential vs. pH for the various reduction processes. Key: A , 
the reduction of 02 in the presence ofFe(II)TMPyP; · , the reduction of 
Fe(III)TMPyP; • , the reduction of Oz in the presence of Co(III)TMPyP; 

and —, E p value for Fe(III)TMPyP in 02-free solutions. 
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610 BIOLOGICAL REDOX COMPONENTS 

0 2 r e d u c t i o n is the r e d o x p o t e n t i a l o f the F e ( I I I ) T M P y P c o u p l e , c o n 
sis tent w i t h the p r o p o s e d E C m e c h a n i s m . 

T o i nves t i ga t e the effect o f the F e T M P y P concen t r a t i on o n the 
ex ten t o f 0 2 r e d u c t i o n , C V i-E c u r v e s w e r e o b t a i n e d i n a i r - sa tu ra ted 
a c i d i c s o l u t i o n as the F e ( I I I ) T M P y P concen t r a t i on w a s v a r i e d f rom 
10~5 to 10"3 M . Traces a, b , a n d c i n F i g u r e 4 s h o w t y p i c a l i-E c u r v e s 
for concen t r a t i on rat ios o f F e ( I I I ) T M P y P : 0 2 o f 0.08 : 1, 1:1, a n d 4 :1, 
r e s p e c t i v e l y . N o t o n l y does the ( i p ) c a t r e a d i l y i n c r e a s e w i t h a n inc reas 
i n g F e ( I I I ) T M P y P : 0 2 ra t io , b u t the ( E p ) c a t a l so shifts to m o r e p o s i t i v e 
p o t e n t i a l s w i t h i n c r e a s i n g F e ( I I I ) T M P y P concen t r a t i on . T h e c o m 
p u t e r s i m u l a t e d i-E c u r v e s i n this figure w i l l b e d i s c u s s e d later . 

T h e d e p e n d e n c e o f ( i p ) c a t o n the F e ( I I I ) T M P y P concen t r a t i on is 
s h o w n i n F i g u r e 5, C u r v e a. T h e c u r r e n t is p l o t t e d as a n o r m a l i z e d 
cu r r en t , (ip)N, w h i c h is the ( i p ) c a t d i v i d e d b y the cu r ren t , (ip)n=i> w h i c h is 
e x p e c t e d i f 0 2 w e r e r e d u c e d r e v e r s i b l y v i a an o n e - e l e c t r o n r e d u c t i o n 

Ε ° ' Ε ° ' E ° ' 

Figure 4. Cyclic voltammograms for the reduction of 02 with Fe(II)-
TMPyP as catalyst. 02 concentration, 2.4 x 10~4 M . Fe(III)TMPyP con
centration: a, 2.2 χ 10~5 M; b, 2.5 x I0r4 M , and c, 9.8 x 10~4 M , a', h', 
c', a", h", and c" are the computer-simulated cyclic voltammograms for 
02 reduction under identical conditions as a, b, and c, respectively, but 
with η = 2 (α', b', d) or η = 4 (a", b", c"); scan rate, 0.05 Vis; electrode area, 

0.388 cm2. 
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25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 611 

•a 4 h 

u 

υ 
CD 
Ν 

ε 
Ο 

0.2 0.4 0.6 0.8 

[ F e T M P y P ] ( m M ) 

1.0 

Figure 5. Plot of the peak normalized current vs. Fe(III)TMPyP con
centration. Curve a, (i„)N vs. [Fe(IH)TMPyP]; Curve b, (iv)s,COrr vs. 
[Fe(III)TMPyP]. Oz concentration, 2.4 χ 10~4 M; scan rate, 0.05 Vis; 
(i„) n=j calculated for the one-electron reduction of 02 using the 
Randies-Sevcik equation and the concentration and diffusion coeffi

cient of 02. 

to s u p e r o x i d e i o n at the w o r k i n g e l e c t r o d e . T h e R a n d l e s - S e v c i k e q u a 
t i o n (30 , 31) was u s e d to c a l c u l a t e th is (iP)n=u w i t h a n e l e c t r o d e a rea o f 
0 .388 c m 2 a n d a s can rate o f 0 .05 V / s . T h e d i f fus ion coef f ic ien t a n d 
c o n c e n t r a t i o n o f 0 2 w e r e 2.1 x 10~ 5 c m 2 / s a n d 2.4 x 1 0 " 4 M , r e spec 
t i v e l y . A s seen i n the figure, the (ip)N increases r a p i d l y w i t h the 
F e ( I I I ) T M P y P concen t r a t i on u p to a c o n c e n t r a t i o n o f ~ 5 x 1 0 " 4 M . 
N o a n o d i c c u r r e n t p e a k w a s o b s e r v e d o n C V scan r e v e r s a l u n t i l th i s 
concen t r a t i on w a s r e a c h e d . C u r v e b o f F i g u r e 5 is the c o r r e c t e d nor
m a l i z e d cu r ren t , (ipVcorr, w h i c h is c a l c u l a t e d b y s u b t r a c t i n g f r o m the 
(Ucat the c u r r e n t that w o u l d b e o b t a i n e d f rom the r e d u c t i o n o f 
F e ( I I I ) T M P y P u n d e r a n a e r o b i c c o n d i t i o n s be fore c a l c u l a t i n g the nor
m a l i z e d cu r ren t . T h e (ipVcorr y i e l d s a l i m i t i n g v a l u e o f η = 4, w h i c h is 
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612 BIOLOGICAL REDOX COMPONENTS 

m u c h l a rge r t h a n the v a l u e e x p e c t e d for the r e d u c t i o n o f 0 2 to H 2 0 2 , 
a n d is i n d i c a t i v e o f the r e d u c t i o n o f 0 2 to water . 

N o t s u r p r i s i n g l y , w e p r e v i o u s l y i n t e r p r e t e d the c a t a l y z e d r e d u c 
t i on o f 0 2 as p r o d u c i n g m a i n l y H 2 0 2 ( F i g u r e 1). I n these e a r l y e x p e r i 
men t s , the F e ( I I I ) T M P y P : 0 2 ra t io w a s — 1 : 1 (see C u r v e b o f F i g u r e 
5) a n d h e n c e , the c a l c u l a t e d η - v a l u e f r o m the e x p e r i m e n t a l ip w o u l d b e 
a p p r o x i m a t e l y t w o . 

Characteristics of FeTMPyP Reactions with Hydrogen Peroxide 

A s s u m i n g that the 0 2 to w a t e r c o n v e r s i o n p r o c e e d s t h r o u g h H 2 0 2 

as the i n i t i a l p r o d u c t , the pa thway(s ) w h e r e b y H 2 0 2 m a y b e c o n v e r t e d 
to w a t e r m u s t b e c o n s i d e r e d . I n i t i a l l y , the k i n e t i c s o f the d i s m u t a t i o n 
o f H 2 0 2 w i t h F e ( I I I ) T M P y P a c t i n g as the ca ta lys t w e r e d e t e r m i n e d b y 
m o n i t o r i n g the H 2 0 2 concen t r a t i on i n a s t i r r e d s o l u t i o n w i t h a g o l d 
m i c r o e l e c t r o d e . T h e p lo t s o f l o g [ H 2 0 2 ] v s . t i m e w e r e l i n e a r , a n d the 
s lopes o f these p lo t s i n c r e a s e d l i n e a r l y w i t h the F e ( I I I ) T M P y P c o n 
cen t r a t ion . T h e r a t e - l i m i t i n g s tep for the d i s m u t a t i o n w a s first o rde r i n 
b o t h H 2 0 2 a n d F e ( I I I ) T M P y P . S i m i l a r e x p e r i m e n t s w e r e c o n d u c t e d at 
p H v a l u e s r a n g i n g f r o m 5.6 to 13. Ra t e constants d e t e r m i n e d for the 
d i s m u t a t i o n i n c r e a s e d w i t h p H f rom 5 M " 1 s" 1 at p H 5.6 to 1.2 x 1 0 4 

M " 1 s" 1 at p H 13. A l t h o u g h a m o r e c a r e f u l p H s t u d y n e e d s to b e 
c o n d u c t e d to u n d e r s t a n d f u l l y the p H d e p e n d e n c e , R e a c t i o n 12 ( T a b l e 
I I I ) fu l f i l l s the p H a n d the first-order concen t r a t i on d e p e n d e n c e o n 
H 2 0 2 a n d F e ( I I ) T M P y P . T h e i r o n - p e r o x i d e i n t e r m e d i a t e f o r m e d i n 
th is r e a c t i o n p r o c e e d s to reac t w i t h ano the r p e r o x i d e to fo rm the p r o d 
ucts s h o w n i n R e a c t i o n 13 ( T a b l e I I I ) . T h e s e reac t ions (12 a n d 13) are 
s i m i l a r to those p r o p o s e d for catalase a c t i v i t y o f o ther m e t a l m a c r o c y c 
l i c c o m p o u n d s (32 , 33 ) . 

T a b l e I I I . R e a c t i o n s o f H y d r o g e n P e r o x i d e w i t h F e ( I I I ) T M P y P 
a n d F e ( I I ) T M P y P 

Ferric porphyrin: 

F e ( I I I ) T M P y P + H 2 O z Λ F e ( I I I ) T M P y P · 0 2 H " + H + (12) 
F e ( I I I ) T M P y P · 0 2 H " + H 2 0 2 - > F e ( I I I ) T M P y P + 0 2 

+ H 2 0 + O H " (13) 

Ferrous porphyrin: 

F e ( I I ) T M P y P + H 2 O z ^ F e ( I I ) T M P y P · 0 2 H " + H + (14) 
F e ( I I ) T M P y P · 0 2 H " + F e ( I I ) T M P y P + H + - » 2 F e ( I I I ) T M P y P 

+ 2 0 H - (15) 
F e ( I I ) T M P y P · 0 2 H " + e~ + H + -> F e ( I I I ) T M P y P + 2 0 H " (16) 
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25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 613 

P a s t e r n a c k a n d H a l l i w e l l (34) r e p o r t e d that F e ( I I I ) T M P y P 
u n d e r w e n t d e c o m p o s i t i o n v i a H 2 0 2 d u r i n g a d i s m u t a s e r eac t i on w i t h 
s u p e r o x i d e . T o d e t e r m i n e the i m p o r t a n c e o f th is t y p e o f r e a c t i o n , the 
rate cons tant for the d e c o m p o s i t i o n o f F e ( I I I ) T M P y P b y H 2 0 2 w a s 
e v a l u a t e d u s i n g the s t opped - f l ow m e t h o d w h e r e the concen t r a t i on o f 
F e ( I I I ) T M P y P was m o n i t o r e d at 4 0 0 n m . Pseudo- f i r s t -o rder c o n d i t i o n s 
w e r e m a i n t a i n e d b y u s i n g at leas t a 100 - fo ld excess o f H 2 0 2 to 
F e ( I I I ) T M P y P . P l o t s o f the l n [ F e ( I I I ) T M P y P ] v s . t i m e w e r e l i n e a r 
a n d fitted the rate l a w : 

rf[Fe(III)TMPyP]/df = fc[Fe(III)TMPyP] [ H 2 0 2 ] (11) 

T h e rate cons tant , k, for th is r e a c t i o n was c a l c u l a t e d to b e 5.3 M~l s" 1 

i n 0 .05 M H 2 S 0 4 . T h e p r o d u c t s o f the r eac t ion w e r e a s s u m e d to b e 
s i m i l a r to the b i l e p r o d u c t s f o r m e d b y the o x i d a t i v e d e c o m p o s i t i o n o f 
h e m e s i n b i o l o g i c a l sys tems (35) . 

B e c a u s e the rate o f H 2 0 2 d i s m u t a t i o n b y F e ( I I I ) T M P y P a n d the 
rate o f F e ( I I I ) T M P y P d e c o m p o s i t i o n b y H 2 0 2 w e r e s l o w i n a c i d i c 
so lu t ions , w e r e a l i z e d that oxygen- f ree (by u s u a l d e g a s s i n g p r o c e d u r e ) 
so lu t ions o f F e ( I I I ) T M P y P i n t he p resence o f H 2 0 2 c o u l d b e p r e p a r e d . 
T h i s finding m a d e i t p o s s i b l e to s t u d y the react ion(s) b e t w e e n H 2 0 2 

a n d e l e c t r o g e n e r a t e d F e ( I I ) T M P y P . 
T h e C V i-E w a v e for the r e d u c t i o n o f F e ( I I I ) T M P y P i n the p res 

ence o f H 2 0 2 is s h o w n i n F i g u r e 6, C u r v e e. I t is s u r p r i s i n g l y s i m i l a r to 
C u r v e d , the ca ta lys i s o f 0 2 , w h i c h is s h o w n for c o m p a r i s o n pu rpose s . 
B e c a u s e the r e d u c t i o n o f F e ( I I I ) T M P y P c o n t r i b u t e s to the ip o f b o t h 
C u r v e s d a n d e; a n d b e c a u s e the concen t ra t ions a n d d i f fus ion coeff i 
c i en t s o f o x y g e n a n d p e r o x i d e are di f ferent , the 0 2 to H 2 0 2 c a t a l y t i c 
p e a k cu r ren t s are not i n a ra t io o f 2 : 1 . H o w e v e r , s i m i l a r to the 0 2 case, 
a n o r m a l i z e d p e a k c u r r e n t c a n b e c a l c u l a t e d . T h a t is, the ( i p ) c a t c a n b e 
c o r r e c t e d for the c u r r e n t d u e to F e ( I I I ) T M P y P r e d u c t i o n (Trace a, 
F i g u r e 6), a n d t hen this c o r r e c t e d v a l u e is n o r m a l i z e d b y the p e a k 
c u r r e n t that w o u l d h a v e r e s u l t e d i f H 2 0 2 u n d e r w e n t o n l y a one -
e l e c t r o n r e d u c t i o n . T h i s la t ter p e a k c u r r e n t w a s c a l c u l a t e d u s i n g the 
R a n d l e s - S e v c i k e q u a t i o n (30 , 31), w h e r e the v a l u e o f the d i f fus ion 
coef f ic ien t for H 2 0 2 was 6.8 x 10~ 6 c m 2 / s (36) . T h e c o r r e c t e d nor
m a l i z e d c u r r e n t at tains a v a l u e o f 2 .0 (+0.2) , w h i c h w o u l d b e e x p e c t e d 
for the r e d u c t i o n o f H 2 0 2 to H 2 0 b y a n E C c a t a l y t i c m e c h a n i s m . A l s o , 
as i n the r e d u c t i o n o f 0 2 , the p o t e n t i a l for H 2 0 2 ca ta lys i s is g o v e r n e d 
b y the F e T M P y P r e d o x c o u p l e , a g a i n cons is ten t w i t h a n E C m e c h 
a n i s m . 

T h e p r o p o s e d r eac t i on s teps for the r e d u c t i o n o f H 2 0 2 i n v o k e a n 
i r o n - p e r o x i d e i n t e r m e d i a t e ( R e a c t i o n 14, T a b l e I I I ) that c a n b e re
d u c e d fur ther v i a r eac t i on w i t h ano ther F e ( I I ) T M P y P or w i t h the e l e c -
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614 BIOLOGICAL REDOX COMPONENTS 

j : L 

+0 .6 +0.4 +0 .2 0 - 0 . 2 - 0 . 4 

V o l t s v s . N H E 

Figure 6. Cyclic voltammograms for the reduction of a, nitrogen-
saturated 4.3 x 10~4 M Fe(III)TMPyP; b, nitrogen-saturated 2.9 x 10~4 

M H202 on a bare glassy carbon electrode; c, 2.4 x 10~4 M 02 on a bare 
glassy carbon electrode; d, 2.9 x 10~4 M H202 and 4.3 x 10~4 M 
Fe(III)TMPyP; and e, 2.4 χ 10~4 M 02 and 4.3 χ 10~4 M Fe(III)TMPyP; 

0.05 M H2S04. Scan rate, 0.1 Vis; electrode area, 0.388 cm2. 

t r ode (Reac t ions 15 a n d 16, r e s p e c t i v e l y ) . T h e s e reac t ions c l o s e l y 
p a r a l l e l those p r o p o s e d for the p e r o x i d a s e e n z y m e (37) . T h e t y p e o f 
F e ( I I I ) T M P y P spec i e s i n Reac t i ons 1 2 - 1 6 , as w e l l as w h e t h e r O H - o r 
H 2 0 is p resen t i n the final p r o d u c t s , d e p e n d s on the s o l u t i o n p H , i n 
a c c o r d a n c e w i t h the a c i d - b a s e e q u i l i b r i a (Reac t ions 3, 4, a n d 6 i n 
T a b l e II) . 

Characteristics of CoTMPyP in the Absence and Presence of 
Oxygen 

A l t h o u g h there are m a n y s i m i l a r i t i e s b e t w e e n the e l e c t r o c h e m i 
c a l , a c i d - b a s e , a n d spec t r a l p rope r t i e s o f C o T M P y P a n d F e T M P y P , 
there are t w o major d i f ferences . T h e first is that w a t e r - s o l u b l e 
C o ( I I I ) T M P y P s t r o n g l y adsorbs on to the surface o f the h i g h l y p o l i s h e d 
glassy c a r b o n e l e c t r o d e . T h e s e c o n d di f ference is that H 2 0 2 c a n b e 
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25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 615 

p r o d u c e d q u a n t i t a t i v e l y w h e n 0 2 is r e d u c e d c a t a l y t i c a l l y b y e l e c -
t r ogene ra t ed C o ( I I ) T M P y P . T h e s e di f ferences a l so a p p e a r w h e n 
w a t e r - s o l u b l e C o ( I I I ) t e t r a k i s ( N - p y r i d y l i u m ) p o r p h y r i n [ C o ( I I I ) T P y P ] 
is i n a c i d i c so lu t ions w h e r e the p y r i d y l g r o u p s are p r o t o n a t e d . W i t h 
these t w o dif ferences i n m i n d , the p rope r t i e s o f C o T M P y P are s u m 
m a r i z e d i n T a b l e I V . 

I n a n 0 2 s a tu ra ted 0.05 M H 2 S 0 4 s o l u t i o n o f C o ( I I I ) T M P y P , i n 
w h i c h the C o T M P y P a n d 0 2 concen t ra t ions w e r e a p p r o x i m a t e l y e q u a l 
at 1.3 x 10~ 3 M (sa tura ted w i t h p u r e 0 2 ) , t he C V ( i p ) c a t w a s a b o u t five 
t imes l a rge r t h a n i n oxygen- f ree so lu t ions . N o a n o d i c c u r r e n t was o b 
s e r v e d o n the r eve r se scan . P l o t s o f ( i p ) c a t v s . square- roo t o f s can rate 
w e r e l i n e a r , a n d a p p e a r e d to b e l i m i t e d b y the rate o f 0 2 d i f fus ion . 
A n a l y s i s o f the ( i p ) c a t i n d i c a t e d that 0 2 w a s r e d u c e d to H 2 0 2 b y a 
t w o - e l e c t r o n process . H y d r o g e n p e r o x i d e w a s c o n f i r m e d as the p r o d 
uc t o f the r e d u c t i o n b y c o n t r o l l e d p o t e n t i a l c o u l o m e t r i c e x p e r i m e n t s 
i n w h i c h the H 2 0 2 was i d e n t i f i e d q u a l i t a t i v e l y b y r eac t ion w i t h 
T i ( S 0 4 ) 2 (38) a n d q u a n t i t a t e d b y t i t r a t ion w i t h a c i d i c K M n 0 4 (38) . 
H y d r o g e n p e r o x i d e was p r o d u c e d w i t h a 9 0 % c u r r e n t e f f i c i ency 1 . 

T h e p o t e n t i a l at w h i c h 0 2 w a s r e d u c e d c a t a l y t i c a l l y c o r r e s p o n d e d 
c l o s e l y to the r e d o x p o t e n t i a l o f the c o b a l t p o r p h y r i n . T h e m e c h a n i s m 
is u n d o u b t e d l y i d e n t i c a l to Reac t i ons 1 a n d 2 w r i t t e n for F e T M P y P ; 
that is , the E C c a t a l y t i c r egene ra t i on m e c h a n i s m . I n cont ras t to the 
i r o n p o r p h y r i n , the r e d u c e d fo rm o f the c o b a l t p o r p h y r i n reacts m u c h 
m o r e s l o w l y w i t h H 2 0 2 . T h i s d e c r e a s e d r e a c t i v i t y w a s d e m o n s t r a t e d 
m o s t c l e a r l y b y the a b i l i t y o f s o l u t i o n C o ( I I ) T M P y P to genera te b u l k 
concen t ra t ions o f H 2 0 2 v i a the c a t a l y t i c r e d u c t i o n o f 0 2 . A l s o , the r e d o x 
p o t e n t i a l for the c o b a l t p o r p h y r i n is s o m e 2 0 0 m V m o r e p o s i t i v e t h a n 
the i r o n p o r p h y r i n . H e n c e , the ca ta lys i s o c c u r r e d q u i t e n e a r to the 
r e v e r s i b l e r e d o x p o t e n t i a l o f 0 2 / H 2 0 2 . 

B e c a u s e C o T M P y P a n d C o T P y P a d s o r b e d s t r o n g l y o n the g lassy 
c a r b o n sur face , 0 2 ca ta lys is c o u l d b e a t t a i n e d w i t h an e l e c t r o d e p r e -
t r ea t ed b y i m m e r s i o n i n t o a c o b a l t p o r p h y r i n s o l u t i o n p r i o r to u s i n g the 
e l e c t r o d e for 0 2 ca ta lys is i n a s o l u t i o n free o f the c o b a l t p o r p h y r i n . T h e 
l o n g - t e r m a c t i v i t y o f the a d s o r b e d c o b a l t p o r p h y r i n e l e c t r o d e w a s l i m 
i t e d b y d e a c t i v a t i o n . T h e d e a c t i v a t i o n o f the p o r p h y r i n b y p e r o x i d e 
at tack w a s b e l i e v e d to r e su l t f r o m the s l o w d e c o m p o s i t i o n o f the por 
p h y r i n , ra ther t h a n f rom d e s o r p t i v e losses. 

Oxygen Electrocatalysis by Other Water-Soluble Iron or Cobalt 
Porphyrins 

T h e r e d o x po t en t i a l s ( r epo r t ed as £ p or fio.es f r o m C V data) for 
s e v e r a l i r o n a n d c o b a l t w a t e r - s o l u b l e p o r p h y r i n s , i n c l u d i n g the c o b a l t 

1 Calculated by comparing the results of the KM11O4 titration with the charge con
sumed by 0 2 reduction. 
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a n d i r o n t e t r a su l fona ted p h t h a l o c y a n i n e s ( C o T S P c a n d F e T S P c ) re
p o r t e d b y Z a g e l et a l . (17) i n the absence a n d p re sence o f 0 2 , are l i s t e d 
i n T a b l e V . W i t h the e x c e p t i o n o f these t w o c o m p o u n d s , C o T S P c a n d 
F e T S P c , a c l o s e c o r r e s p o n d e n c e exis ts b e t w e e n the r e d o x p o t e n t i a l o f 
the c o m p o u n d a n d the p o t e n t i a l for 0 2 ca ta lys i s . T h e + 3 to + 2 r e d u c 
t ion o f C o T S P c w a s a s s i g n e d (17) to the C V i-E w a v e w i t h Ep o f + 0 .80 
V v s . S C E a n d the w a v e at - 0 . 1 2 V vs . S C E was a s s i g n e d to F e T S P c . 
H o w e v e r , the p o t e n t i a l o f the r o t a t i n g r i n g - d i s k e l e c t r o d e ( R R D E ) 
l i m i t i n g c u r r e n t for the r e d u c t i o n o f 0 2 w a s not a t t a i n e d u n t i l a p o t e n 
t i a l o f a b o u t - 0 . 6 V , w h i c h is at or n e a r the p o t e n t i a l for the r e d u c t i o n 
o f 0 2 on a ba re g lassy c a r b o n e l e c t r o d e . O n the o ther h a n d , the l i m i t i n g 
c u r r e n t i n c r e a s e d b y f o u r f o l d to fivefold w i t h a d s o r b e d F e T S P c o v e r 
the u n c a t a l y z e d 0 2 r e d u c t i o n . T h e m e c h a n i s m p r o p o s e d for the 0 2 

r e d u c t i o n was 

i n w h i c h R e a c t i o n 18 or 19 w a s c i t e d as the r a t e - l i m i t i n g s tep d e 
p e n d e n t o n p H . E v e n t h o u g h o n l y s m a l l y i e l d s o f H 2 0 2 w e r e o b s e r v e d , 
as d e t e r m i n e d b y m o n i t o r i n g H 2 0 2 on the r i n g e l e c t r o d e , no m e c h a 
n i s m for the r e d u c t i o n o f H 2 0 2 to H 2 0 w a s p r o p o s e d (17). 

M a n y researchers r e p o r t e d on 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 0 2 

u s i n g m e t a l l o p h t h a l o c y a n i n e s . V a n V e e n (19) p r o p o s e d a m e c h a n i s m 
for 0 2 ca ta lys i s , w h i c h a g r e e d w i t h that o f Z a g e l e t a l . (17). V a n V e e n 
f o u n d that the m a g n i t u d e o f the 0 2 r e d u c t i o n c u r r e n t c o r r e l a t e d 
d i r e c t l y w i t h the rate o f the d e c o m p o s i t i o n o f H 2 0 2 b y the m e t a l -
l o p h t h a l o c y a n i n e . A l t h o u g h V a n V e e n ( 19) a r g u e d aga ins t the r e l a t i o n 
s h i p b e t w e e n the r e d u c t i o n p o t e n t i a l o f the ca ta lys t a n d i ts e l e c 
t r o c h e m i c a l a c t i v i t y for 0 2 r e d u c t i o n , h i s p r o p o s e d m e c h a n i s m has, as 
its first s tep , the r e d u c t i o n o f the m e t a l m a c r o c y c l i c ca ta lys t . 

Discussion of Mechanism 

S e v e r a l aspec ts o f the d e t a i l e d m e c h a n i s m s t i l l l a c k d e f i n i t i v e ex
p e r i m e n t a l e v i d e n c e to p r o v e t h e i r v a l i d i t y , ye t a g r o w i n g consensus o f 
e x p e r i m e n t a l observa t ions a n d m o d e l i n g s tud ies fits a g e n e r a l 
m e c h a n i s t i c s c h e m e . A t present , th is s c h e m e i n d i c a t e s that a c o m m o n 
i n t e r m e d i a t e is i n v o l v e d i n the r e d o x reac t ions o f o x y g e n w i t h i r o n 
p o r p h y r i n s , a n d that b o t h 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 c a n b e 
r e d u c e d b y i r o n p o r p h y r i n s . 

U n l i k e the a d s o r b e d ca ta lys ts on the e l e c t r o d e surface that appar 
e n t l y c a n transfer succes s ive e l ec t rons f rom the e l e c t r o d e to a s o l u t i o n 

M ( I I I ) P c + e~ 

M ( I I ) P c + 0 2 

M ( I I I ) P c - ( V + e~ 

M ( I I ) P c 

M ( I I I ) P c · C V 

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

(17) 

(18) 

(19) 
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25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 619 

subs t ra te , the w a t e r s o l u b l e ferrous p o r p h y r i n s are o n e - e l e c t r o n r e d u c 
i n g agents . H o w e v e r , the ne t s t o i c h i o m e t r y for the r e d u c t i o n o f 0 2 to 
H 2 0 2 or the r e d u c t i o n o f H 2 0 2 to H 2 0 r e q u i r e s t w o e l ec t rons i n e a c h 
case. A l t h o u g h the p r o d u c t i o n o f the o n e - e l e c t r o n i n t e r m e d i a t e , the 
s u p e r o x i d e i o n (0<f ), b y F e ( I I ) T M P y P is t h e r m o d y n a m i c a l l y unfavor 
a b l e (by 0.5 V ) , the s u p e r o x i d e i o n has b e e n i n t i m a t e d as a k e y in te r 
m e d i a t e i n s eve ra l i r o n - c a t a l y z e d o x y g e n reac t ions . A s t u d y (34) o f the 
s u p e r o x i d e d i s m u t a s e a c t i v i t y o f F e ( I I I ) T M P y P s h o w e d that 
s u p e r o x i d e was r e d u c e d at a rate o f 3 x 1 0 7 M - 1 s" 1 at p H 10. T h i s rate 
is n e a r l y i d e n t i c a l to the rate o f 4 x 1 0 7 M " 1 s" 1 at p H 9 for the r eac t i on 
o f F e ( I I ) T M P y P w i t h 0 2 to fo rm H 2 0 2 as m e a s u r e d b y R R D E (2). T h e 
s i m i l a r i t i e s b e t w e e n these rate constants , a l o n g w i t h the ther
m o d y n a m i c data , suggest that these reac t ions p r o c e e d t h r o u g h a c o m 
m o n i n t e r m e d i a t e s u c h as a c o o r d i n a t i o n c o m p l e x b e t w e e n m o l e c u l a r 
o x y g e n a n d the i r o n p o r p h y r i n i n w h i c h a p a r t i a l cha rge was trans
fe r red . C o m p l e x e s s u c h as these w e r e s u g g e s t e d (39-42) as i n t e r m e 
dia tes i n the reac t ions o f i r o n h e m e s w i t h 0 2 a n d 0 2 " , a n d w e r e c o n 
firmed at l o w t empera tu re s i n n o n a q u e o u s so lven t s (43). A r eac t i on 
s c h e m e cons i s ten t w i t h the observa t ions j u s t m e n t i o n e d i n v o l v e d 
R e a c t i o n 1 a n d R e a c t i o n s 2 0 - 2 2 : 

F e ( I I ) T M P y P + 0 2 = F e ( I I I ) T M P y P · ( V (20) 

F e ( I I I ) T M P y P · 0<f + 2 H + + F e ( I I ) T M P y P 
= 2 F e ( I I I ) T M P y P + H 2 O z (21) 

or F e ( I I I ) T M P y P · 0<f 4- 2 H + + e' = F e ( I I I ) T M P y P + H 2 0 2 (22) 

w h e r e the i n t e r m e d i a t e is r e d u c e d fur ther b y another F e ( I I ) T M P y P or 
b y a n e l e c t r o n f rom the e l e c t r o d e . T h e f o r m a l i s m u s e d to deno te the 
i n t e r m e d i a t e suggests e l e c t r o n transfer f r om the i r o n p o r p h y r i n to the 
o x y g e n a d d u c t . H o w e v e r , the ex ten t o f cha rge t ransfer for i n t e r m e d i 
ates o f th is t y p e ranges f r o m a n e x p e r i m e n t a l l y d e t e r m i n e d v a l u e o f 
ca . 8 0 % (44) to a t h e o r e t i c a l v a l u e o f n e a r ze ro (45). B a s e d o n ther
m o d y n a m i c a rgumen t s , the c h a r g e t rans fe r red f rom the ferrous i r o n to 
the o x y g e n on the c o m p l e x m u s t b e less t h a n u n i t y . T h e e l e c t r o n trans
fer m u s t b e d r i v e n b y another r e ac t i on . F o r R e a c t i o n 21 or 22 to o c c u r , 
the r e d u c t i o n p o t e n t i a l o f the i n t e r m e d i a t e m u s t b e e q u i v a l e n t to, or 
m o r e p o s i t i v e t h a n , the r e d u c t i o n p o t e n t i a l o f F e ( I I I / I I ) T M P y P . T h e 
r e d u c t i o n p o t e n t i a l o f the i n t e r m e d i a t e r e a s o n a b l y m a y b e a s s u m e d to 
b e m o r e p o s i t i v e t h a n 0.18 V (the r e d u c t i o n p o t e n t i a l o f F e T M P y P ) 
w h e n the s t anda rd p o t e n t i a l o f 1.42 V (46) for H 0 2 · / H 2 0 2 is c o n s i d 
e r e d ; for e x a m p l e , the i n t e r a c t i o n o f s u p e r o x i d e w i t h F e ( I I I ) T M P y P 
m a y shif t the r e d u c t i o n p o t e n t i a l o f s u p e r o x i d e i n the s ame w a y that 
p r o t o n a t i o n does . T h e p r o p o s e d r e a c t i o n s c h e m e fur ther is s u p p o r t e d 
b y p u l s e r a d i o l y s i s resu l t s (47), w h i c h s u g g e s t e d the p re sence o f the 
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620 BIOLOGICAL REDOX COMPONENTS 

s a m e i n t e r m e d i a t e a n d i n d i c a t e d that the r eac t ion w a s first o rde r i n 0 2 

a n d s e c o n d o rde r i n F e ( I I ) T M P y P . 
T h e c o n t e n t i o n that o x y g e n c a n b e r e d u c e d c a t a l y t i c a l l y to H 2 0 2 

or to H 2 0 t h r o u g h a p a t h w a y i n v o l v i n g H 2 0 2 w a s e x p l o r e d t h r o u g h the 
c o m p a r i s o n o f d i g i t a l l y s i m u l a t e d C V i-E c u r v e s w i t h t h e i r e x p e r i 
m e n t a l coun te rpa r t s . I n the c o m p u t e r c a l c u l a t i o n s o f the C V i-E 
c u r v e s (see C u r v e s a ' , b ' , c ' , a n d a", b", c" i n F i g u r e 4) , the s i m u l a t i o n s 
o f the E C c a t a l y t i c s e q u e n c e i n c l u d e d e i the r R e a c t i o n 1' or 2 3 : 

F e ( I I I ) T M P y P + e~ F e ( I I ) T M P y P ( Γ ) 

2 F e ( I I ) T M P y P + 0 2 + 2 H + 2 F e ( I I I ) T M P y P + H 2 0 2 (23) 

or R e a c t i o n s 1' a n d 2 4 : 

4 F e ( I I ) T M P y P + 0 2 + 4 H + 2 F e ( I I I ) T M P y P + 2 H z O (24) 

w h e r e the reac tant s t o i c h i o m e t r y o f the F e T M P y P to o x y g e n w a s fixed 
at 2 : 1 or 4 : 1, c o r r e s p o n d i n g to the r e d u c t i o n o f o x y g e n to h y d r o g e n 
p e r o x i d e ( R e a c t i o n 23) o r w a t e r ( R e a c t i o n 24) , r e s p e c t i v e l y . T h e c o m 
p u t e r s i m u l a t i o n s w e r e p r o g r a m m e d to i n c l u d e the h e t e r o g e n e o u s rate 
cons tant , k8, or R e a c t i o n 1' a n d a h o m o g e n e o u s b i m o l e c u l a r rate c o n 
stant, kf, a s s u m i n g that a s i n g l e r a t e - d e t e r m i n i n g s tep l i m i t e d the ho
m o g e n e o u s r e a c t i o n , i r r e s p e c t i v e o f the 2 : 1 or 4 : 1 reac tant 
s t o i c h i o m e t r y . T h e C V i-E p rof i les w e r e s i m u l a t e d for a w i d e r ange o f 
e x p e r i m e n t a l c o n d i t i o n s , i n c l u d i n g the effect o f s can rate, the reac tan t 
s t o i c h i o m e t r y , the concen t r a t i on ra t io , a n d the ks a n d kf v a l u e s . A l 
t h o u g h d e t a i l s o f these s i m u l a t i o n s w i l l b e p u b l i s h e d e l s e w h e r e (48), 
i n t e r e s t i n g features are that (1) the p o t e n t i a l o f the c a t a l y t i c o x y g e n i-E 
w a v e is g o v e r n e d p r i m a r i l y b y the r e d o x p o t e n t i a l o f the F e T M P y P 
a n d the v a l u e o f k8; a n d (2) the m a g n i t u d e o f the p e a k c a t a l y t i c c u r r e n t 
is d e t e r m i n e d b y the reac tan t s t o i c h i o m e t r y , the c o n c e n t r a t i o n o f 
F e T M P y P a n d 0 2 , a n d the v a l u e o f kf. 

E x a m p l e s o f s i m u l a t e d i-E cu rves are s h o w n i n F i g u r e 4. T h e s e 
c u r v e s are c a l c u l a t e d u s i n g 0 2 concen t r a t i on a n d d i f fus ion coef f ic ien t 
v a l u e s o f 2.4 x 10~ 4 M a n d 2.1 x 1 0 - 5 c m 2 / s , r e s p e c t i v e l y 2 . T h e left-
h a n d set o f the th ree i-E c u r v e s (a ' , b ' , c ' ) is s i m u l a t e d for R e a c t i o n 
s e q u e n c e Γ a n d 2 3 . T h e r i g h t - h a n d set is for R e a c t i o n s e q u e n c e 1' a n d 
24 . T h e cen te r set is the e x p e r i m e n t a l i-E c u r v e s . I n a l l t h ree sets, the 

2 There is considerable uncertainty in the values of the diffusion coefficient, D 0 z , and 
concentration of 0 2 for the computer calculations. And hence, uncertainty in the value of 
(iP)c- Values of D0i and C 0 a range from minimum of 1.67 x 10~δ cm/s (Ref. 17) and 2.2 x 
10~4 M (Ref. 49) and maximum of 2.5 x HT 5 cm/s (Réf. 1) and 2.6 x 10"4 M (Ref. 50), 
respectively. Average values were used in the computation for the i-E simulations 
shown in Figure 4. 
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25. FORSHEY ET AL. Molecular Oxygen Reduction with Porphyrins 621 

i-E c u r v e s for the a, b , a n d c ser ies c o r r e s p o n d to rat ios o f 0.08 : 1 , 1 : 1 , 
a n d 4 : 1 , r e s p e c t i v e l y , for the F e T M P y P to 0 2 concen t r a t i on . N o t e that 
i n a l l t h ree sets the Ep shifts to m o r e p o s i t i v e v a l u e s as the F e T M P y P 
to 0 2 concen t r a t i on ra t io increases . A l s o , the c u r v e s are c l o s e l y r e l a t e d 
to the E0' o f F e T M P y P r e d o x c o u p l e s i n a c c o r d a n c e w i t h the E C 
c a t a l y t i c m e c h a n i s m . P a r t i c u l a r l y , C u r v e s c a n d c" are n e a r l y i d e n t i c a l 
w i t h the (Ep)cat v a l u e s w i t h i n ± 5 m V o f e a c h other . T h i s c l o se agree
m e n t l e n d s c r e d e n c e to the correc tness o f the ks v a l u e u s e d i n the 
s i m u l a t i o n b e c a u s e the (Ep)cai v a l u e changes 120 m V p e r d e c a d e 
c h a n g e i n ks. T h e n e x t i t e m to b e n o t e d is the m a g n i t u d e o f the ca ta ly 
t i c p e a k cur ren t s b e t w e e n the t w o s i m u l a t e d sets a n d the e x p e r i m e n t a l 
one . I n s p e c t i o n o f the c u r v e s shows a c lo se r a g r e e m e n t at a l l 
F e T M P y P to 0 2 c o n c e n t r a t i o n rat ios w h e n the reac tant s t o i c h i o m e t r y 
is 4 : 1 t h a n w h e n i t is 2 : 1. W i t h o u t q u e s t i o n , the c a t a l y t i c p e a k c u r r e n t 
( and h e n c e the ex ten t o f 0 2 r e d u c t i o n ) increases as the concen t r a t i on o f 
F e T M P y P to 0 2 inc reases . F o r cu rves c a l c u l a t e d for the 4 : 1 reac tan t 
s t o i c h i o m e t r y ( R e a c t i o n s e q u e n c e 1' a n d 24) , the e x p e r i m e n t a l ( i p ) c a t 
v a l u e s for the 1: 1 a n d 4 :1 concen t r a t i on rat ios are 89 a n d 9 4 % , r e spec 
t i v e l y , o f the c o r r e s p o n d i n g c a l c u l a t e d v a l u e s ( c o m p a r e C u r v e b a n d b " 
a n d c w i t h c" i n F i g u r e 4) . 

T h e c o m p u t e r s i m u l a t e d i-E c u r v e s o f the E C c a t a l y t i c m e c h a 
n i s m s u p p o r t the v a l i d i t y o f the (ip)jv,corr c a l c u l a t i o n s for the r e d u c t i o n 
o f 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 . T h e s i m u l a t e d c u r v e s i n d i c a t e d that 
the c o r r e c t e d ip (the to ta l ip m i n u s the ip d u e to the ca ta lys t a lone) w a s 
the p r o d u c t o f the s t o i c h i o m e t r i c ra t io m u l t i p l i e d b y the p e a k c u r r e n t 
that w o u l d b e o b s e r v e d i f the reac tant w a s r e d u c e d o n l y v i a a one -
e l e c t r o n process . T h i s r e su l t is i n contras t to the c u r r e n t that w o u l d 
r e su l t i f the reac tant w a s r e d u c e d r e v e r s i b l y at an e l e c t r o d e surface b y 
a t w o - or fou r - e l ec t ron process w h e r e the η - v a l u e is r a i s e d to the 3 / 2 

p o w e r as i n the R a n d l e s - S e v c i k e q u a t i o n (30, 31). H o w e v e r , the 
s t o i c h i o m e t r i c ra t io m o r e a p p r o p r i a t e l y m a y b e t h o u g h t o f as a m u l t i 
p l i e r o f the subst ra te c o n c e n t r a t i o n i n s t e a d o f the η - v a l u e b e c a u s e , for 
the E C c a t a l y t i c m e c h a n i s m , the subst ra te r e p l e n i s h e s the concen t r a 
t i on o f the e l e c t r o a c t i v e s pe c i e s (the o x i d i z e d cata lys t ) v i a the h o m o 
g e n e o u s r eac t i on . 

I n these s i m u l a t i o n s , the s t o i c h i o m e t r y does not d i f ferent ia te b e 
t w e e n an i n t e r m e d i a t e spec i e s b e i n g r e d u c e d v i a the ferrous s p e c i e s 
or b y the e l e c t r o d e . A l s o , the v a l u e o f fc/used i n these s i m u l a t i o n s w a s 
l i m i t e d to an u p p e r v a l u e o f ca . 1 0 6 M ~ 1 s" 1 b e c a u s e o f c o m p u t e r t i m e 
a n d s t a b i l i t y cons ide ra t ions . U s e o f the e x p e r i m e n t a l l y d e t e r m i n e d 
v a l u e i n the l o w 10~ 7 M - 1 s - 1 r ange m a y inc rease the s i m u l a t e d ( i p ) c a t 
b y a b o u t 1 5 % ( c a l c u l a t e d b y ex t r apo la t ion ) . F u r t h e r de t a i l s o f o u r 
c o m p u t e r s i m u l a t i o n w i l l b e p u b l i s h e d e l s e w h e r e (48). 
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622 BIOLOGICAL REDOX COMPONENTS 

C o n t r a r y to the i r o n p o r p h y r i n s , the c o b a l t p o r p h y r i n s t e n d e d to 
p r o d u c e H 2 0 2 as the e n d p r o d u c t i n the r e d u c t i o n o f 0 2 at a l l e x p e r i 
m e n t a l l y a c c e s s i b l e concen t r a t i on ra t ios . T h i s finding is i n contras t to 
the repor ts (21,22) i n w h i c h a c o f a c i a l c o b a l t p o r p h y r i n a p p e a r e d to b e 
a b l e to r e d u c e o x y g e n to water . 

I n the presen t case, the d i f fe rence p r e s u m a b l y is r e l a t e d to the 
a b i l i t y o f the l o w e r v a l e n t fo rm o f the m e t a l to b i n d a x i a l l y w i t h the 
p e r o x i d e a n i o n . H o w e v e r , the s i tua t ion is u n c l e a r a n d fur ther s tud ies 
are necessa ry to u n d e r s t a n d the differences i n the d e g r e e o f h y d r o g e n 
p e r o x i d e r e d u c t i o n b y these m e t a l p o r p h y r i n s . 

T h e u l t i m a t e goa l is to t ransform the h o m o g e n e o u s E C m o d e o f 
ca ta lys is i n t o a he t e rogeneous one b y i m m o b i l i z i n g the ca ta lys t , i n th is 
case a m e t a l p o r p h y r i n , o n the e l e c t r o d e surface . S u c c e s s f u l i m m o b i l i 
za t ions h a v e b e e n d e m o n s t r a t e d (4, 51 ). T h e c o r r e s p o n d e n c e b e t w e e n 
the p o t e n t i a l for 0 2 ca ta lys is a n d the r e d o x p o t e n t i a l o f the m e t a l por
p h y r i n i n d i c a t e d that the E C s e q u e n c e was m a i n t a i n e d . 

W h e n the m e t a l m a c r o c y c l e s w e r e i n c o r p o r a t e d i n t o c a r b o n or 
g r a p h i t i c ma t r i ces , c o n s i d e r a b l e v a r i a t i o n was appa ren t i n the p o t e n 
t i a l for o x y g e n ca ta lys is c o m p a r e d to the r e d o x p o t e n t i a l o f the ca ta lys t 
( i f i t c a n b e d e t e r m i n e d ) , p a r t i c u l a r l y w h e n s u c h e l e c t r o d e s w e r e heat 
t r ea t ed (19) . T h e e n v i r o n m e n t o f the m e t a l c o m p l e x , p a r t i c u l a r l y w i t h 
r e spec t to the a x i a l l i g a t i o n , is u n d o u b t e d l y v e r y c r i t i c a l to the a b i l i t y 
o f the m e t a l m a c r o c y c l e to fo rm the 0 2 a n d H 2 0 2 c o m p l e x e s a n d h e n c e , 
to t h e i r a b i l i t y to ac t iva te these spec ie s for r e d u c t i o n . I n th is contex t , 
a n a x i a l p o s i t i o n is " o p e n " for r eac t ion w i t h 0 2 i n the p o s t u l a t e d p e n 
t a c o o r d i n a t e d , h i g h s p i n ferrous F e T M P y P . S u c h an o p e n p o s i t i o n 
w o u l d offer a m i n i m a l b a r r i e r for 0 2 to in te rac t w i t h the m e t a l , a n d 
thus w o u l d favor fast k i n e t i c s . 
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Modern Approaches to the Study of 
Cytochrome Oxidase 

Resonance Raman and Magnetic Circular 
Dichroism Characterization of the Enzyme and Its 
Derivatives 

WILLIAM H. WOODRUFF1, ROBERT J. KESSLER, NANCY S. FERRIS, 
and RICHARD F. DALLINGER 

University of Texas, Department of Chemistry, Austin, TX 78712 

KEVIN R. CARTER, TONI M. ANTALIS, and GRAHAM PALMER1 

Rice University, Department of Biochemistry, Houston, TX 77005 

Resonance Raman (RR) and magnetic circular dichroism 
(MCD) spectroscopies are applied to problems involving 
the structures of stable and transient forms of cyto
chrome oxidase and its derivatives. Results suggest that 
resting cytochrome oxidase contains its cytochrome a3 

heme component as hexacoordinated high spin iron(III). 
The metastable oxygenated cytochrome oxidase deriva
tives Compound C, pulsed oxidase, and the hydrogen 
peroxide adduct of the resting enzyme were studied 
using low temperature solution techniques. Combined 
RR and MCD results indicate that cytochrome a3 in these 
intermediates contains iron(III) in its intermediate spin 
state (S =3/2). The low-frequency RR spectrum of resting 
cytochrome oxidase excited within the cytochrome a3 

Soret transition reveals features that apparently are not 
due to the heme, and that bear a striking resemblance to 
the RR spectra of azurin, laccase, and plastocyanin, sug
gesting that electron paramagnetic resonance undetect
able copper in cytochrome oxidase may have a structure 
related to type 1 copper. Fundamental features of the 

1 To whom correspondence should be addressed. 
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626 BIOLOGICAL REDOX COMPONENTS 

molecular and electronic structure of heme a are dis
cussed in light of their effect on π —> π* electronic, RR, 
and MCD spectroscopies of heme a compared to hemes 
having effective fourfold symmetry. The effect of these 
considerations on spectroscopic studies of cytochrome 
oxidase is predicted. 

/Cytochrome ox idase (cytochrome c : 0 2 o x i d o r e d u c t a s e , E C 1.9.3.1) is 
^^the t e r m i n a l ox idase o f c e l l u l a r r e sp i r a t i on i n a l l a n i m a l s , p l an t s , 
yeasts, f u n g i , a n d s o m e b a c t e r i a ( I ) . T h e m e t a l sites o f the e n z y m e 
c o m p r i s e t w o h e m e i rons (heme a) a n d t w o c o p p e r ions p e r m i n i m u m 
f u n c t i o n a l u n i t h a v i n g a m o l e c u l a r w e i g h t o f a p p r o x i m a t e l y 140 ,000 
D a l tons. C o m m o n l y e m p l o y e d t e r m i n o l o g y c o n c e r n i n g c y t o c h r o m e 
o x i d a s e def ines " c y t o c h r o m e a " as the h e m e p r o t e i n s u b u n i t or d o m a i n 
i n w h i c h the h e m e is a p p a r e n t l y l o w s p i n u n d e r a l l c o n d i t i o n s a n d 
i n a c c e s s i b l e to l i g a t i o n b y exogenous (nonpro te in ) l i g a n d s , a n d 
" c y t o c h r o m e a 3 " as the h e m e p r o t e i n c o m p o n e n t that is r e a c t i v e w i t h 
e n d o g e n o u s l i g a n d s i n c l u d i n g the p h y s i o l o g i c a l o x i d a n t 0 2 ; th i s h e m e 
site c a n a s sume m u l t i p l e s p i n states. O n e o f the c o p p e r ions , t e r m e d 
C u A , 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 ) d e t e c t a b l e i n the c u p -
r i c state a n d g e n e r a l l y o x i d i z e s a n d r e d u c e s i n conce r t with c y t o 
c h r o m e a. ( O n e o f the m a n y con t rove r s i e s assoc ia ted w i t h th is e n z y m e 
is the na tu re o f C u A : the t w o m o s t p r o m i n e n t p o i n t s o f v i e w i d e n t i f y 
C u A as e i the r a h i g h l y d i s t o r t e d copper ( I I ) s i te , or as a C u + - S R s t ruc
tu re w i t h a g r o w i n g s u s p i c i o n that some c o m p r o m i s e s t ruc tu re is the 
r e a l i t y . A s o u r resul t s d o not address the s t ruc ture o f th is center , i d e n 
t i f i ca t ion o f C u A as a n o m i n a l c o p p e r c en t e r is p u r e l y for c o n v e n i e n c e . ) 
T h e o ther c o p p e r i o n , C u u , is E P R u n d e t e c t a b l e i n r e s t i n g ( o x i d i z e d ) 
c y t o c h r o m e o x i d a s e , d u e 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 to c y t o c h r o m e 
a 3 (2) . 

T h e C u A site shares some s p e c t r o s c o p i c cha rac te r i s t i c s w i t h t y p e 1 
or b l u e c o p p e r p ro t e ins , i n c l u d i n g e l e c t r o n i c a b s o r p t i o n n e a r 8 3 0 n m 
a n d a v e r y s m a l l c o p p e r h y p e r f i n e c o u p l i n g cons tant . M u c h less is 
k n o w n s p e c t r o s c o p i c a l l y a b o u t C u u , a l t h o u g h the absence o f e v i d e n t 
t ransi t ions i n the e l e c t r o n i c s p e c t r u m of ten is t aken to i n d i c a t e the C u u 
r e s e m b l e s t y p e 2 c o p p e r o f m u l t i - c o p p e r ox idases ; h o w e v e r , some v e r y 
r e c e n t E P R da ta sugges t that s o m e s t ruc tu r a l d i s t o r t i on is p re sen t i n 
the C u u si te . 

T h e m a n y p o s s i b l e c o m b i n a t i o n s of: (1) a cces s ib l e o x i d a t i o n states 
o f the four m e t a l centers o f c y t o c h r o m e ox idase a n d , a d d i t i o n a l l y , o f 
o x y g e n , (2) m u l t i p l e s p i n states, (3) c o o r d i n a t i o n n u m b e r s a n d l i g a n d 
i d e n t i t i e s a v a i l a b l e to c y t o c h r o m e a 3 , a n d (4) the p o s s i b l e p resence a n d 
i d e n t i t y o f the b r i d g i n g l igand(s ) b e t w e e n c y t o c h r o m e a 3 a n d C u u p r e 
sent a r i c h a n d c o m p l e x range o f m e c h a n i s t i c opt ions i n the func t i on o f 
th is e n z y m e . W e h a v e f o u n d that the c o m b i n e d t e c h n i q u e s o f reso-
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26. WOODRUFF ET AL. Cytochrome Oxidase 627 

n a n c e R a m a n s p e c t r o s c o p y ( R R S ) 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 ) represen t a n e x c e p t i o n a l l y i n f o r m a t i v e source o f s t ruc tu ra l i n 
fo rma t ion on these m e t a l centers , a l l o w i n g us to choose a m o n g the j u s t 
m e n t i o n e d p o s s i b i l i t i e s i n s eve ra l s tab le a n d t rans ien t c y t o c h r o m e 
ox idase d e r i v a t i v e s . I n p a r t i c u l a r , R R S c a n d i s t i n g u i s h b e t w e e n v i b r a 
t i o n a l m o d e s o f c y t o c h r o m e a a n d c y t o c h r o m e a3 b y s e l e c t i v e reso
n a n c e R a m a n ( R R ) e n h a n c e m e n t i n ox idase d e r i v a t i v e s w h e r e the 
e l e c t r o n i c spec t r a o f the t w o c y t o c h r o m e s differ . S y s t e m s e x a m i n e d 
i n c l u d e r e s t i n g ( o x i d i z e d ) a n d f u l l y r e d u c e d c y t o c h r o m e ox idase , the 
c y a n i d e a n d formate i n h i b i t o r c o m p l e x e s o f the r e s t i n g e n z y m e , the 
c a r b o n m o n o x i d e c o m p l e x o f the r e d u c e d e n z y m e , p a r t i a l l y r e d u c e d 
c y a n i d e a n d c a r b o n m o n o x i d e d e r i v a t i v e s , a n d the m e t a s t a b l e o x y g e 
n a t e d i n t e r m e d i a t e s C o m p o u n d C , p u l s e d ox idase , a n d the h y d r o g e n 
p e r o x i d e a d d u c t o f r e s t i n g e n z y m e . A p p r o p r i a t e h e m e a m o d e l c o m 
p l e x e s a l so w e r e e x a m i n e d . 

Experimental 
So lub i l i zed beef heart cytochrome oxidase was prepared as described 

elsewhere (3). The final precipitate was dissolved i n 0.05 M Hepes, p H 7.4, 
containing either of the three detergents: 0.5% Tween-20, 0.5% Brij-35, or 1% 
dodecyl maltoside; the latter two detergents are non fluorescent, w h i c h faci l i 
tates R R measurement. Buffer identity (Brij-35 or dodecyl maltoside) affected 
certain spectral features. The preparations were frozen and stored at l i q u i d 
nitrogen temperature unt i l just prior to di lu t ion for R R S study. Total heme 
concentration i n R R samples was approximately 100 μΜ. Reduced cyto
chrome oxidase was prepared from the oxid ized preparation by the addition of a 
slight excess of sol id sodium dithionite under a nitrogen atmosphere. The 
oxidation state of the hemes in the R R samples was confirmed by periodical ly 
scanning the R R oxidation state marker peak i n the 1350-1380-cm" 1 region. 
Cyan ide and formate derivatives were prepared by previously reported meth
ods (4). 

H e m e a was isolated from outdated cytochrome oxidase preparations by 
the method of Takemori and K i n g (5, 6). H e m i n a chloride (high spin, pen
tacoordinated) was converted to the desired spin state by metathesis w i t h 
A g C 1 0 4 or A g B F 4 in dichloromethane to produce pentacoordinated, interme
diate spin ferriheme a. When desired, d imethyl sulfoxide ( D M S O ) was added 
to this solution to produce high-spin, hexacoordinated ferriheme a · 2 - D M S O . 
Alternat ively, this complex cou ld be produced by direct metathesis in D M S O 
solution. R R intensities appeared inordinately low in D M S O solution. In some 
cases, benzene or propylene carbonate was used as solvent i n the just men
tioned procedures to min imize interference by solvent Raman peaks. L o w 
spin, hexacoordinated ferriheme a derivatives were prepared by addit ion of 
appropriate axial ligands (e.g., substituted imidazoles) to the metathesized 
solutions or by dissolution of the appropriate heme a derivative in pyr id ine . 
Reduced heme a derivatives were prepared using a crown ether derivative of 
di thionite in methanol (5, 6). 

For the low temperature ( - 2 0 ° C ) experiments, the stock enzyme was 
d i lu ted w i t h 35% ethylene g lycol , 15 m M potassium phosphate, p H 7.2 (at 
- 2 0 ° C ) . T h e M C D and the optical absorption spectra of resting cytochrome 
oxidase and the mixed-valence carbon monoxide compound were unaffected 
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628 BIOLOGICAL REDOX COMPONENTS 

by the presence of 35% ethylene glycol . The mixed-valence carbon monoxide 
compound (7) was prepared by incubating the enzyme anaerobically (^1 ppm 
0 2 ) under carbon monoxide, overnight, i n the dark, at 19°C. The preparation 
was cooled to - 2 0 ° C and the appropriate spectrum recorded. C o m p o u n d C 
was then prepared by admit t ing oxygen and subjecting the enzyme solution to 
several b r i e f flashes of intense vis ible l ight. The material immediate ly was 
converted to C o m p o u n d C as judged by the changes in the optical spectrum in 
the Soret and vis ible regions. N o changes occurred i n the spectrum prior to 
exposure to the light. 

Pulsed enzyme (8) was prepared by reduction of the enzyme wi th 1 m M 
ascorbate in the presence of catalytic amounts of cytochrome c under a nitro
gen atmosphere that subsequently was replaced by carbon monoxide. The 
sample was cooled to - 2 0 ° and treated as described previously. 

The hydrogen peroxide adduct (9) was prepared by the addit ion of a 
twentyfold excess of hydrogen peroxide to the enzyme at 10°C. This addit ion 
l ed to a shift o f the Soret max imum to 428 nm; the α - band moved to 603 n m 
but was not as intense as the α - b a n d of C o m p o u n d C . The M C D spectrum 
was recorded i n the absence of ethylene g lycol ; resonance Raman spectra 
recorded i n the absence and presence of ethylene glycol were identical . 

N o significant changes in the absorption of any of the intermediates oc
curred for at least 30 min ; typical ly , the t ime required to record the M C D and 
R R spectra was 15 and 30 m i n , respectively. R R spectra recorded at longer 
times showed gradual conversion of each intermediate to resting enzyme. 

M C D spectra were recorded on a J A S C O J500C spectropolarimeter us ing 
a magnetic field of 1.2 Tesla. The sample was maintained at - 2 0 ° C by passing 
co ld nitrogen gas through a jacketed ce l l holder. Data were recorded using a 
2-nm bandwidth , a scan speed of 50 nm/min , and a t ime constant of 1 s. E a c h 
sample was scanned twice w i t h the magnetic field first parallel ( H + ) , then 
antiparallel (H~) to the optical axis and the spectrum calculated as 0.5 
( H + - H~). Data were transmitted to the laboratory data system for analysis 
and plot t ing. 

R R spectra were obtained using a S P E X Ramalog E U spectrometer w i t h a 
cooled R C A C31034A photomult ipl ier and an O R T E C 9300 photon counting 
system; excitation at 413.1 n m was provided by a Spectra Physics 171-01 
Krypton laser. Samples for R R study were contained i n a 2-mm pathlength 
spectrophotometer cuvette thermostatted as previously stated. The identical 
sample and cuvette were used to monitor the U V - v i s i b l e absorption spectra 
before and after R R spectra were obtained. Raman scattering was observed in 
135° backscattering geometry in a plane perpendicular to the polarization of 
the laser beam. Opt ica l spectra were recorded using either a Cary 210 or Cary 
17 spectrophotometer. 

Results and Discussion 

H e m e a M o d e l C o m p l e x e s . S y m m e t r i c m e t a l l o p o r p h y r i n s h a v e 
the o r d e r i n g o f p o r p h y r i n π - o r b i t a l ene rg ies s h o w n i n F i g u r e l a , 
w h e r e the l o w e s 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 ) is a d e g e n e r 
ate Ε0 set, the h ighes t o c c u p i e d m o l e c u l a r o r b i t a l ( H O M O ) has A2u 

s y m m e t r y , a n d the n e x t l o w e r o r b i t a l is A m ( l abe l s a s sume D 4 & s y m 
m e t r y ) . T h e t w o m e m b e r s o f the E ^ set are i d e n t i c a l o rb i t a l s c o m p r i s 
i n g a n 18-a tom 7 r - s y s t e m , w h i c h i n c l u d e s the β - c a r b o n a toms o f o p p o -
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26. WOODRUFF ET AL. Cytochrome Oxidase 629 

a) P r o t o h e m e b) H e m e a 

_} B 2gB 3 g 

E n e r g y Soret 

Aiu" Ay 

Figure 1. Molecular and electronic structure ( π-orbital energy levels) 
of symmetric hemes (a, protoheme illustrated) and unsymmetric hemes 
(b, heme a illustrated) (See text). Symmetry labels assume (a) D4h 

and (b) D2h effective symmetry. Side chain labels: P, propionic acid; 
and R, a large a-hydroxyl alkul group the nature of which is discussed 

elsewhere ( I). 

site p y r r o l e r i n g s . T h u s , d e g e n e r a c y o f the L U M O does not r e q u i r e 
f u l l f o u r f o l d s y m m e t r y o f m e t a l l o p o r p h y r i n subs t i tuen t s , b u t m e r e l y 
that p e r t u r b i n g g r o u p s b e d i s t r i b u t e d s y m m e t r i c a l l y w i t h r e spec t to 
the t w o i n - p l a n e C a r t e s i a n axes that pass t h r o u g h the p o r p h y r i n cen t e r 
a n d the p y r r o l e n i t rogens (see F i g u r e 1). S u c h is the case w i t h m a n y 
n a t u r a l l y o c c u r r i n g p o r p h y r i n s that are s u b s t i t u t e d o n adjacent p y r 
ro les , for e x a m p l e , p r o t o p o r p h y r i n I X ( F i g u r e 1), m e s o p o r p h y r i n I X , 
d e u t e r o p o r p h y r i n I X , a n d others . T o a g o o d a p p r o x i m a t i o n , a l l p y r r o l e 
subs t i tuen t s w h e r e the c a r b o n a t o m adjacent to the p y r r o l e is sa tu ra ted 
h a v e a n i d e n t i c a l effect o n the p o r p h y r i n π - s y s t e m , regard less o f the 
na ture o f m o r e d i s t an t g r o u p s . H o w e v e r , unsa tu r a t ed subs t i tuen t s that 
p l a c e t h e i r o w n π - s y s t e m s nex t to the p y r r o l e , s u c h as v i n y l or f o r m y l 
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630 BIOLOGICAL REDOX COMPONENTS 

groups , m a y in te rac t w i t h a n d p e r t u r b the e n e r g y o f the p o r p h y r i n 
7T-sys tem. A s n o t e d a l r e a d y , i f s u c h a s u b s t i t u t i o n occu r s o n adjacent 
p y r r o l e s , the energ ies o f the t w o m e m b e r s o f the Eg set w i l l b e per
t u r b e d e q u a l l y a n d d e g e n e r a c y o f the L U M O w i l l b e m a i n t a i n e d (as i n 
p r o t o h e m e , F i g u r e l a ) . If, on the o the r h a n d , π - a c t i v e subs t i t uen t s are 
p l a c e d o n a s i n g l e p y r r o l e or on o p p o s i t e p y r r o l e s , the ene rgy o f the 
p o r p h y r i n π - s y s t e m a l o n g one axis w i l l d iffer f rom that a l o n g the other , 
a n d the d e g e n e r a c y o f the ( p r e v i o u s l y ) Eg L U M O w i l l b e l i f t e d . S u c h 
is the case w i t h h e m e a ( F i g u r e l b ) , w h e r e a l l c a r b o n a toms adjacent to 
the p o r p h y r i n are sa tura ted e x c e p t for the v i n y l a n d f o r m y l g r o u p s 
l o c a t e d on p y r r o l e s I I a n d I V , r e s p e c t i v e l y . 

T h e s p e c t r o s c o p i c c o n s e q u e n c e s o f d e g e n e r a c y or n o n d e g e n e r a c y 
o f the h e m e L U M O are p r o f o u n d . I n m o s t h e m e s ( w i t h a n L U M O ) 
t w o p u r e l y e l e c t r o n i c (0 —> 0) π —» π * t rans i t ions are o b s e r v e d , the 
α - b a n d a n d the Sore t b a n d . G e n e r a l l y a v i b r o n i c 0—» 1 s i d e b a n d o n the 
α - b a n d , d e n o t e d the j8-band, a lso is o b s e r v e d . T h e t w o 0 —> 0 t rans i 
t ions h a v e E M s y m m e t r y a n d are s t rong ly v i b r o n i c a l l y c o u p l e d , the 
a c t i v e c o u p l i n g v i b r a t i o n s b e i n g c o n t a i n e d i n the p r o d u c t E „ x E M = 
Aig + A2g + Blg + B2g i n ef fec t ive ϋ 4 Λ s y m m e t r y ( JO) . I n the R R spec t r a 
o f s y m m e t r i c or ad jacen t ly s u b s t i t u t e d m e t a l l o p o r p h y r i n s , v i b r a t i o n a l 
m o d e s h a v i n g a l l o f these s y m m e t r i e s are resonance e n h a n c e d w h e n 
laser e x c i t a t i o n i n the r e g i o n o f the a- or β - b a n d is c h o s e n , d u e to a 
v i b r o n i c c o u p l i n g , H e r z b e r g - T e l l e r , or " B - t e r m " resonance m e c h a 
n i s m (10,11). O n the o ther h a n d , w h e n laser e x c i t a t i o n nea r the Sore t 
b a n d is c h o s e n , the d o m i n a n t resonance m e c h a n i s m is F r a n c k - C o n d o n 
or " Α - t e r m " a n d o n l y Alg m o d e s are e n h a n c e d . 

A r e m a r k a b l e c o n s e q u e n c e o f the v i b r o n i c c o u p l i n g R R m e c h a 
n i s m i n m e t a l l o p o r p h y r i n s is the o b s e r v a t i o n o f R R m o d e s w i t h a s y m 
m e t r i c or a n t i s y m m e t r i c sca t t e r ing tensors. T h i s effect, first o b s e r v e d 
b y S t rekas a n d S p i r o (12), is s t r i c t l y f o r b i d d e n i n n o r m a l , nonreso-
n a n c e R a m a n o f so lu t ions b e c a u s e i n th is nonresonance case the 
R a m a n tensor is the c l a s s i c a l p o l a r i z a b i l i t y tensor, w h i c h m u s t b e 
s y m m e t r i c . I n m e t a l l o p o r p h y r i n s , a n t i s y m m e t r i c sca t t e r ing , w h i c h 
is c h a r a c t e r i z e d b y R a m a n d e p o l a r i z a t i o n ratios r a n g i n g f rom th ree 
four ths to i n f i n i t y , is cha rac te r i s t i c o f A2g v i b r a t i o n a l m o d e s . T h u s , 
these m o d e s are i d e n t i f i e d e a s i l y b y the p o l a r i z a t i o n ra t io o f t h e i r 
sca t t e r ing . O n e s u c h m o d e , d e n o t e d " B a n d I V " ( 1 3 ) , n o w is w e l l -
e s t a b l i s h e d i n h a v i n g its R a m a n f r e q u e n c y l i n e a r l y r e l a t e d to m e t a l -
l o p o r p h y r i n cen te r - to -n i t rogen ( C t - N ) d i s t ance (core s ize) ( i .e . , the d i s 
tance f rom the p y r r o l e n i t r o g e n to the p ro j ec t i on o f the c e n t r a l m e t a l 
i o n on to the m e a n p l a n e d e f i n e d b y the fou r p y r r o l e n i t r o g e n a toms) for 
e v e r y s y s t e m so far e x a m i n e d (see F i g u r e 2) . T h i s c o r r e l a t i o n is i n s e n 
s i t i ve to o ther s t ruc tu ra l features o f the m o l e c u l e (e.g. , i d e n t i t y o f 
m e t a l i o n , n u m b e r a n d i d e n t i t y o f a x i a l l i g a n d s , etc.) (13,14). B e c a u s e 
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W a v e l e n g t h (nm) 

Figure 2. Comparison of the MCD spectra of reduced cytochrome c 
with that of reduced cytochrome oxidase, illustrating the intense, 
narrow Α-term MCD signal indicating effective fourfold symmetry of 
the heme of cytochrome c vs. the absence of such a signal, indicating 

symmetry less than threefold, in cytochrome oxidase. 

i n i r o n p o r p h y r i n s , co re s i z e is s y s t e m a t i c a l l y d e p e n d e n t o n s p i n state 
o f the m e t a l a n d n u m b e r o f a x i a l l i g a n d s , B a n d I V c a n b e u s e d as a 
r e l i a b l e i n d i c a t o r o f s p i n state a n d c o o r d i n a t i o n n u m b e r i n h e m e p r o 
te ins c o n t a i n i n g s y m m e t r i c a l l y or ad jacen t ly s u b s t i t u t e d h e m e s . 

T h e s p e c t r o s c o p i c s i tua t ion differs c o n s i d e r a b l y for h e m e s s u c h as 
h e m e a, w h i c h h a v e π - a c t i v e subs t i tuen t s o n oppos i t e p y r r o l e s , or for 
those h e m e s s u b s t i t u t e d o n a s i n g l e p y r r o l e . F i g u r e l b s h o w s h o w the 
L U M O m a y b e s p l i t b y s u c h s u b s t i t u t i o n i n t o t w o n o n d e g e n e r a t e , 
u n o c c u p i e d o rb i t a l s . T h e representa t ions o f these o rb i t a l s , a s s u m i n g 
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632 BIOLOGICAL REDOX COMPONENTS 

ef fec t ive D2h s y m m e t r y , are B3g a n d B2g, a n d t h e i r e n e r g y o r d e r i n g is 
i m m a t e r i a l for the p resen t pu rpose s . I n th is s i tua t ion , fou r 0 —» 0 ττ —» 
π * e l e c t r o n i c t rans i t ions are p o s s i b l e , t w o e a c h o f B 3 w a n d B i M s y m 
m e t r y . I n the R R spec t ra , o n l y A\0 v i b r a t i o n s are e n h a n c e d b y A - t e r m 
resonance . O n l y Aig v i b r a t i o n s are e n h a n c e d b y B - t e r m resonance i n 
v o l v i n g these n o n d e g e n e r a t e t ransi t ions , un less the v i b r o n i c a l l y 
c o u p l e d t rans i t ions h a v e d i s s i m i l a r s y m m e t r y . I n the la t ter case, the 
e n h a n c e d v i b r a t i o n s are c o n t a i n e d i n the p r o d u c t B 3 l i x Bi M = Bt0. 
T h e r e is no A2g r ep resen ta t ion i n D 2 & s y m m e t r y ; A& i n Ώ 4 Λ s y m m e t r y 
cor re la tes w i t h Big i n D2h s y m m e t r y ; therefore , the a n o m a l o u s l y 
p o l a r i z e d (A2g) m o d e s i n s y m m e t r i c a l l y or ad jacen t ly s u b s t i t u t e d 
m e t a l l o p o r p h y r i n s a p p e a r as Bi0 i n D 2 & . H o w e v e r , Big i n D 2 a a l so co r r e 
lates w i t h B u , a n d B2g i n ϋ 4 Λ , a n d m o d e s h a v i n g these s y m m e t r i e s 
( w h i c h e x h i b i t d e p o l a r i z e d sca t t e r ing i n the m o r e s y m m e t r i c p o i n t 
g roup) are free to m i x w i t h the f o r m e r l y A2g m o d e s i n D 2 & . B e c a u s e o f 
th is m i x i n g , t w o effects are e x p e c t e d . [ B o t h o f these effects w e r e n o t e d 
b y others (15, 16) , b u t w e first sugges t ed the i n t e rp re t a t i on o f these 
effects i n the con tex t o f s u b s t i t u e n t effects o n e l e c t r o n i c d e g e n e r a c y 
(17) , a n d the f o l l o w i n g e laborates that sugges t ion . ] F i r s t , a n o m a l o u s 
p o l a r i z a t i o n s h o u l d b e w e a k e r i n ϋ 2 Λ m e t a l l o p o r p h y r i n s s u c h as h e m e 
a t h a n i n those w i t h e f fec t ive ϋ 4 Λ s y m m e t r y ; s e c o n d , s t r uc tu r a l c o r r e l a 
t ions s u c h as that o f core s i z e w i t h B a n d I V f r e q u e n c y for D4h m e t a l 
l o p o r p h y r i n s m a y b e s i m i l a r s u p e r f i c i a l l y , b u t d i f ferent q u a n t i t a t i v e l y 
i n the D2h case . T h e fo rmer effect c l e a r l y is e v i d e n t i n m o d e l s tud ies o f 
h e m e a u s i n g α , β - e x c i t a t i o n , w h e r e f e w n o n s y m m e t r i c v i b r a t i o n s are 
o b s e r v e d a n d a n o m a l o u s p o l a r i z a t i o n , w h e n i t o c c u r s , is w e a k to b a r e l y 
d e t e c t a b l e (0.75 < d e p o l a r i z a t i o n ra t io < 1.0) (15 , 18 ) . I n p a r t i c u l a r , 
B a n d I V i n p r o t o h e m e d e r i v a t i v e s has a d e p o l a r i z a t i o n rat io a p p r o a c h 
i n g i n f i n i t y , w h e r e a s i n h e m e a the c o r r e s p o n d i n g R R p e a k has a m a x 
i m u m d e p o l a r i z a t i o n rat io o f 0 .92. A l t h o u g h the s e c o n d o f the j u s t 
m e n t i o n e d p r e d i c t i o n s has no t b e e n t es ted t h o r o u g h l y u s i n g α,β-
e x c i t a t i o n , e x i s t i n g resu l t s (15, 18) s u p p o r t the p r e d i c t i o n a n d resu l t s 
o b t a i n e d w i t h So re t e x c i t a t i o n (16, v i d e infra) c o n f i r m the effect for the 
s y m m e t r i c v i b r a t i o n c o r r e s p o n d i n g to B a n d I V . 

I n a d d i t i o n to r a t i o n a l i z i n g R R observa t ions , the e l e c t r o n i c e n e r g y 
l e v e l s c h e m e i n F i g u r e l b a ccoun t s for s eve ra l features o f the e l e c 
t r o n i c s p e c t r u m o f h e m e a. F i r s t , i f these e n e r g y l e v e l s are r e a l i s t i c 
there s h o u l d b e fou r 0 —» 0 π —> π * t rans i t ions ra ther t h a n the t w o 
o b s e r v e d i n the D4h h e m e s . A l t h o u g h this p r e d i c t i o n c a n n o t b e c o n 
firmed i n d e t a i l b e c a u s e o f the p resen t i n su f f i c i ency o f s p e c t r o s c o p i c 
i n f o r m a t i o n o n h e m e a, the da ta that ex is t (15,16,19) c l e a r l y s h o w that 
the e l e c t r o n i c spec t r a o f h e m e a d e r i v a t i v e s are m o r e c o m p l e x t h a n 
those o f c o r r e s p o n d i n g p r o t o h e m e a n d m e s o h e m e d e r i v a t i v e s . T h i s 
finding is the case e v e n for the ferrous h e m e s w h e r e c o m p l i c a t i o n s o f 
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the spec t r a d u e to cha rge transfer t rans i t ions s h o u l d b e m i n i m i z e d . 
F u r t h e r m o r e , the m o d e l ( F i g u r e l b ) suggests that the l o w e s t e n e r g y 
0—> 0 t r ans i t i on s h o u l d o c c u r at l o w e r e n e r g y i n D2h h e m e s ( i .e . , h e m e a) 
t h a n i n D 4 / i h e m e s , b e c a u s e the ene rg ies o f the o c c u p i e d m o l e c u l a r 
o rb i t a l s ( w h i c h i n v o l v e p r i m a r i l y the i n n e r 1 6 - m e m b e r e d p o r p h y r i n 
r i n g ) w i l l b e r e l a t i v e l y unaf fec ted b y p y r r o l e s u b s t i t u t i o n , w h i l e the 
m o r e s t ab le m e m b e r o f the s p l i t L U M O p a i r s h o u l d b e l o w e r e d c o n 
s i d e r a b l y i n e n e r g y c o m p a r e d to the Eg L U M O i n the D 4 / i case . T h i s 
b e h a v i o r is , o f c o u r s e , q u i t e cons i s ten t w i t h the o b s e r v a t i o n o f the 
h e m e a α - b a n d at ca . 6 0 0 n m , w h i c h is s h i f t e d 4 0 - 5 0 n m to the r e d 
c o m p a r e d to s y m m e t r i c h e m e s . F i n a l l y , the m o d e l p r e d i c t s that the 
π—» π * t rans i t ions w i l l h a v e s e l e c t i v e d i r e c t i v i t y a l o n g the i n - p l a n e χ or 
y axis ( F i g u r e 1) o f the p o r p h y r i n , b e c a u s e the t w o n o n d e g e n e r a t e 
u n o c c u p i e d o rb i t a l s i n v o l v e d i n π —» π * exc i t a t i on c o m p r i s e or tho
g o n a l 18-atom π - s y s t e m s , i n c l u d i n g o p p o s i t e p y r r o l e ca rbons a l o n g the 
C a r t e s i a n axes. O n e m a y t h e n e x p e c t that R R spec t r a o b t a i n e d b y 
e x c i t i n g a π —» π * t rans i t ion a l o n g one axis w i l l e n h a n c e s e l e c t i v e l y 
v ib r a t i ons o f the p y r r o l e r i n g s c o n t a i n i n g that axis , w h i l e e x c i t a t i o n o f 
the o r t hogona l t r ans i t ion w i l l cause e n h a n c e m e n t o f the v i b r a t i o n s o f the 
o the r p a i r o f p y r r o l e s . B e c a u s e the t w o o r t h o g o n a l p y r r o l e pa i r s are sub 
s t i t u t ed d i f f e ren t ly , the t w o sets o f R R f r e q u e n c i e s n e e d not b e the s a m e . 

E v i d e n c e that th is e n h a n c e m e n t i n d e e d o c c u r s c a n b e f o u n d i n 
the spec t r a o f b i s ( i m i d a z o l e ) i ron( I I ) ( heme a), c o m p a r i n g the resu l t s 
o f B a b c o c k et a l . (15) w h o u s e d 5 9 2 - n m e x c i t a t i o n w i t h those o f 
K i t a g a w a et a l . (18) w h o u s e d 5 1 4 . 5 - n m exc i t a t i on (the α-β r e g i o n o f 
the e l e c t r o n i c s p e c t r u m (16) o f this h e m e c o m p l e x e x h i b i t s p e a k s at 
594 n m , e = 22 m M ^ c m - 1 ; 540 n m , e = 7.1 m M ^ c m " 1 ; a n d 511 n m , 
€ = 7.6 m M ^ c m " 1 ) . T a b l e I c o m p a r e s the p o r p h y r i n f r equenc i e s i n the 
r ange 1 2 0 0 - 1 7 0 0 c m - 1 o b s e r v e d i n these t w o s tud ie s . A l t h o u g h c e r t a i n 
f r equenc i e s a p p e a r w i t h b o t h e x c i t a t i o n c o n d i t i o n s (no t ab ly the 
p o l a r i z e d peaks at 1546, 1360 , a n d 1228 c m - 1 ) , o ther m o d e s c h a n g e 
b e t w e e n 5 9 2 a n d 514 .5 n m ( v i z . , the p o l a r i z e d p e a k at 1 6 1 2 - 1 6 2 4 c m - 1 

a n d the a n o m a l o u s l y p o l a r i z e d p e a k at 1 5 8 1 - 1 5 9 2 c m " 1 ) . W e note the 
p r o b a b l e c o n s e q u e n c e s o f this effect i n the s t u d y o f c y t o c h r o m e 
o x i d a s e R R S u s i n g α , / 3 - e x c i t a t i o n : one m u s t b e c o n c e r n e d no t o n l y 
w i t h s e l e c t i v e R R e n h a n c e m e n t o f either c y t o c h r o m e a or c y t o c h r o m e 
a 3 v i b r a t i o n s as laser w a v e l e n g t h is v a r i e d , b u t a lso w i t h the p o s s i b i l i t y 
o f s e l e c t i v e e n h a n c e m e n t o f o r t h o g o n a l p y r r o l e m o d e s within the 
h e m e o f a g i v e n c y t o c h r o m e . T h i s c o m p l i c a t i o n a p p a r e n d y does not 
ar ise w h e n Sore t e x c i t a t i o n is u s e d , b e c a u s e s p l i t t i n g o f the π-> π * 
t rans i t ions is not e v i d e n t i n the Sore t r e g i o n . F o r the p r o p o s e d m o d e l to 
b e v a l i d , t h e n , the i n t ens i t y o f one o f the s p l i t 0 - » 0 c o m p o n e n t s o f the 
Sore t m u s t b e m u c h w e a k e r t h a n the o ther . T h i s c o n d i t i o n is r eason
a b l e i n v i e w o f the r e l a t i v e in t ens i t i e s o f the α - b a n d a n d the r e m a i n i n g 
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T a b l e I . R R F r e q u e n c i e s a n d D e p o l a r i z a t i o n 
R a t i o s ( ρ = ί ± / ί | | ) o f B i s ( i m i d a z o l e ) F e ( I I ) 

( H e m e a) i n H 2 0 U s i n g α , β - E x c i t a t i o n 
W a v e l e n g t h s ( λ 0 ) 

Reference 15" Reference 18* 
λ 0 = 592 nm λ 0 = 514 .5 n m 
Δν, cm'1 (p) Δ, cm 1 Δν, cm'1 (p) 

1612 (0.58) + 12 1624 (p) 
1581 (0.92) + 11 1592 ( - 0 . 9 ) 
1563, sh + 10 1573 , s h 
1546 (0.53) 0 1546 (p) 
1507 (0.28) + 2 1509 (p) 
1 4 6 8 , w — — 

— — 1396 ( - 2 ) 
1391 (0.43) — — 
1360 (0.42) 0 1360 ( - 0 . 4 ) 
1329 + 12 1341 
1307 (0.95) + 4 1311 (~0 .8) 

— 1245, w 
1228 (0.33) 0 1228 (p) 

" Frequencies are for detergent-dispersed (SDS) heme a 
( ^sore t = 438 nm). 

6 Frequencies are for aggregated heme a (XS o r e t

 = 453 
nm). Aggregation appears not to affect RR frequencies, al
though intensities are affected (20). 

s t ruc tu re i n the α-β r e g i o n o f f e r roheme a. I n d e e d , there is e v i d e n c e o f 
a w e a k feature o n the shor t w a v e l e n g t h s ide o f the Sore t p e a k b o t h 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 a o f h e m e a d e r i v a t i v e s (15) a n d i n the 
M C D s p e c t r a o f r e d u c e d c y t o c h r o m e o x i d a s e (21). 

A s e c o n d s t r i k i n g man i f e s t a t i on o f the l o w e r i n g o f the p o r p h y r i n 
s y m m e t r y i n h e m e a c a n b e f o u n d i n a c o m p a r i s o n o f the M C D spec t r a 
o f r e d u c e d c y t o c h r o m e c (D4h) a n d r e d u c e d c y t o c h r o m e a (D2h)> T h e 
M C D s p e c t r u m o f c 2 + e x h i b i t s a v e r y in t ense , c h a r a c t e r i s t i c a l l y nar
r o w , S - s h a p e d c u r v e ( F i g u r e 2), w h i c h is k n o w n to ar ise v i a a n M C D 
Α - t e r m (22a). T h e ex i s t ence o f th is Α - t e r m r e q u i r e s that the L U M O b e 
degene ra t e as is the case i n D4h s y m m e t r y ( s y m m e t r y t h r e e f o l d or 
h i g h e r is r e q u i r e d to m e e t th is c o n d i t i o n ) . I n c y t o c h r o m e ox idase , the 
v i s i b l e M C D is so w e a k as a l m o s t to b e u n d e t e c t a b l e w h e n p r e s e n t e d 
a l o n g s i d e c y t o c h r o m e c, a c o n v i n c i n g d e m o n s t r a t i o n o f the absence o f 
an Α - t e r m i n e i the r o f the t w o h e m e a centers . It f o l l o w s that the h e m e 
s y m m e t r y is less t h a n t h r e e f o l d , p r e s u m a b l y t w o f o l d , as w e h a v e ju s t 
s t ressed. I n a d d i t i o n , the c h a n g e i n s i g n o f the M C D d i s p e r s i o n c u r v e 
b e t w e e n c 2 + a n d r e d u c e d c y t o c h r o m e ox idase suggests that the s p l i t 
t i n g o f the L U M O i n h e m e a is greater t h a n the e n e r g y d i f fe rence 
b e t w e e n the A t t a n d B l t t H O M O ' s (22b). 
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26. WOODRUFF ET AL. Cytochrome Oxidase 635 

T h e R R resul ts o f c y t o c h r o m e ox idase d i s c u s s e d i n th is c h a p t e r are 
p r i m a r i l y those u s i n g d i r e c t Sore t e x c i t a t i o n . U n d e r th is c o n d i t i o n the 
F r a n c k - C o n d o n m e c h a n i s m d o m i n a t e s R R sca t t e r ing a n d a l l o b s e r v e d 
R R m o d e s are p o l a r i z e d (ρ ~ 0.33) . T h e v i b r a t i o n s i n the 1 0 0 0 - 1 7 0 0 -
c m " 1 r e g i o n r ep resen t p r i m a r i l y C - C a n d C - N s t r e t c h i n g mo t ions o f 
the h e m e s . E x t e n s i v e R R s tud ies o f h e m e p ro t e in s a n d m o d e l h e m e s 
e s t a b l i s h e d cor re la t ions b e t w e e n these f r equenc i e s a n d s t ruc tu ra l or 
e l e c t r o n i c pa rame te r s o f the h e m e s (12-14 a n d ref. the re in ) . T h e s e 
r e l a t i o n s h i p s are d r a w n for O4h h e m e s j u s t d e s c r i b e d , g e n e r a l l y for 
α - β - e n h a n c e d v i b r a t i o n s ; the p resen t case concerns Sore t e x c i t a t i o n o f 
a O2h h e m e . N e v e r t h e l e s s , p a r a l l e l s h a v e b e e n e s t a b l i s h e d b e t w e e n 
the R R S o f s y m m e t r i c h e m e s a n d h e m e a / c y t o c h r o m e ox idase (16, 
17, 23). 

T h e f o l l o w i n g d i s c u s s i o n concent ra tes on t w o p r i m a r y R R i n d i 
cator b a n d s o f c y t o c h r o m e o x i d a s e ( F i g u r e 3). T h e first is B a n d I , the 
s y m m e t r i c v i b r a t i o n i n the 1 3 5 0 - 1 3 9 0 - c m - 1 r e g i o n , the f r e q u e n c y o f 
w h i c h is sens i t ive to e l e c t r o n d e n s i t y i n p o r p h y r i n 7 i*-orbi ta ls . I n p rac 
t i c e , B a n d I is s ens i t i ve to t w o effects: the o x i d a t i o n state o f the m e t a l 

REPRESENTATION OF STRUCTURE - SENSIT IVE NORMAL MODES 

a b e 

SPIN - STATE MARKER OXIDATION STATE 
MARKER 

HC 
_ l l 

CH 
Ν 

• Ν — F e — Ν * 

HC -=f • N=CH 

HC J[VjL- CH^ 
i V Ν VIL 

α,/3 EXCITED ( A 2 g ) SORET-EXCITED (A, g ) 

- 4 I / 1 9 VZ 

Figure 3. Principal molecular motions contributing to the observed 
normal vibrational modes of the RR indicator bands: (a) Band I, 
the polarized oxidation state marker, predominantly symmetric C-N 
stretch; (b) Band IV, the anomalously polarized core size marker of 
symmetric metalloporphyrins, predominantly antisymmetric (A2g) 
stretch of the a-methine carbon bonds resulting in nseudorotation 
of the methine carbon atoms; and (c) the polarized analog of Band IV 
in heme a, the symmetric a-methine stretch mixed with the symmetric 

stretching motion of the pyrrole β-β carbon bonds. 
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636 BIOLOGICAL REDOX COMPONENTS 

i o n , a n d the p resence o f a x i a l l i g a n d s that h a v e 7 r - a c i d cha rac te r a n d 
thus m a y w i t h d r a w p o r p h y r i n 7r*-electron dens i t y v i a the m e t a l (13) . 
F i g u r e 4 i l l u s t r a t e s t y p i c a l f r equenc i e s o f B a n d I for v a r i o u s i r o n o x i d a 
t i o n states i n h e m e s . B a n d I is p o l a r i z e d , w a s a s s i g n e d as p r i m a r i l y the 
s y m m e t r i c C - N s t re tch (24, 25), a n d appea r s i n Sore t e x c i t a t i o n ( w i t h 
r e s i d u a l i n t e n s i t y i n the α , /3 - r eg ion ) i n a l l h e m e s i n c l u d i n g h e m e a. Its 

1 1 1 1 1 1 I 

1550 1560 1570 1580 1590 1600 1610 

B a n d I V F r e q u e n c y ( c m - 1 ) 

Figure 4. Correlation of the frequency of the anomalously polarized 
Band IV (see text) of symmetric metalloporphyrins with center-to-
nitrogen distance of the porphyrin illustrating the insensitivity of this 
frequency to structural parameters other than Ct-N. Metals include 
VO2 + , Mn, Fe, Co, Ni, Cu, Rh, Ag, and Sn; axial ligation states include 
none, one, and two ligands; identity of axial ligands includes F~, 
Cl~, 02~, saturated amines, imidazole, pyridine, phosphites, phos-
phines, cyanide, and carbon monoxide. Key: O, iron porphyrins; and 

· , non-iron metalloporphyrins. 
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r e l a t i o n s h i p to o x i d a t i o n state is the same for h e m e a as for s y m m e t r i c 
h e m e s i n a l l cases so far t e s t ed (16). 

T h e s e c o n d R R i n d i c a t o r b a n d o f p r i m a r y in te res t he re is B a n d I V , 
w h o s e r e l a t i o n s h i p to m e t a l l o p o r p h y r i n C t - N d i s t ance w a s j u s t d i s 
c u s s e d a n d is i l l u s t r a t e d i n F i g u r e 4 . I n s y m m e t r i c h e m e s , B a n d I V is 
a n o m a l o u s l y p o l a r i z e d , appea r s o n l y i n a , /3 -exc i ta t ion , a n d is as
s i g n e d as p r i m a r i l y the a n t i s y m m e t r i c s t r e t ch o f the b o n d s b e t w e e n 
the a - a n d m e t h i n e ca rbons ( F i g u r e 3). O f cou r se , there is a lso a s y m 
m e t r i c m o t i o n i n v o l v i n g the α - m e t h i n e s t r e t ch , a n d the f r e q u e n c y o f 
th is m o d e m a y b e e x p e c t e d to r e s p o n d s i m i l a r l y to the C t - N d i s t ance 
as does the t rue B a n d I V . S u c h a r e l a t i o n s h i p has b e e n n o t e d i n the 
Sore t e x c i t e d R R spec t r a o f p r o t o h e m e - c o n t a i n i n g p r o t e i n s (26). H o w 
eve r , th i s m o d e is free to m i x w i t h a n y o ther s y m m e t r i c m o t i o n o f the 
h e m e , n o t a b l y the s t r e tch o f the p y r r o l e b o n d b e t w e e n the /3-carbon 
a toms (23) , w h i c h c a n n o t c o n t r i b u t e to the A2g B a n d I V i n s y m m e t r i c 
h e m e s . T h u s , the s y m m e t r i c B a n d I V a n a l o g m a y b e e x p e c t e d to b e : 
(1) less sens i t ive to the C t - N d i s t ance b e c a u s e o f m i x i n g w i t h p e r i p h 
e r a l p y r r o l e mo t ions , a n d (2) h a v e the s l o p e o f i ts l i n e a r d e p e n d e n c e o n 
the C t - N d i s t ance (e.g., F i g u r e 3) d e p e n d o n the i d e n t i t y o f p y r r o l e 
subs t i t uen t s . F r o m R a m a n m e a s u r e m e n t s o n h e m e a c o m p o u n d s o f 
k n o w n s p i n state a n d c o o r d i n a t i o n n u m b e r , others e s t a b l i s h e d (16,26), 
a n d w e c o n f i r m e d , that the p o l a r i z e d B a n d I V a n a l o g q u a l i t a t i v e l y 
b e h a v e s as a r e l i a b l e core s i ze i n d i c a t o r ; h o w e v e r , the d e p e n d e n c e o f 
its f r e q u e n c y o n the C t - N d i s t ance m u s t b e e s t a b l i s h e d i n d e p e n d e n t l y 
for e a c h set o f h e m e p y r r o l e subs t i t uen t s f r o m p r e c i s e x- ray data . T h i s 
r e s u l t is i l l u s t r a t e d i n F i g u r e 5 as a c o m p a r i s o n o f the d e p e n d e n c e o f 
the a n t i s y m m e t r i c B a n d I V o n the C t - N d i s t ance v s . that o f the 
p o l a r i z e d B a n d I V a n a l o g o f h e m e a. 

H e m e a a l so has a n a n o m a l o u s l y p o l a r i z e d (Blg) B a n d I V a n a l o g 
o b s e r v e d i n α - β - r e s o n a n c e (see T a b l e I) w h i c h , b e c a u s e o f the n o n -
d e g e n e r a c y o f the e l e c t r o n i c t rans i t ions j u s t d i s c u s s e d a n d its a b i l i t y to 
m i x w i t h o the r Big mo t ions , is e x p e c t e d to h a v e its r e l a t i o n s h i p to C t - N 
d i s t ance affected b o t h b y p y r r o l e s u b s t i t u t i o n a n d b y R a m a n e x c i t a 
t i o n f r e q u e n c y . B e c a u s e o f insuf f i c ien t R R s tud ies o f h e m e a u s i n g 
α , β - e x c i t a t i o n , th i s B n , m o d e canno t b e r e g a r d e d as a u s e f u l core s i ze 
i n d i c a t o r at present . 

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 lso is a n e x t r a o r d i n a r i l y 
s e l e c t i v e t e c h n i q u e for d i s t i n g u i s h i n g s p i n states a n d o x i d a t i o n states 
o f i r o n i n h e m e s (19). W e s h a l l l i m i t the p resen t c o n s i d e r a t i o n to M C D 
o f fe r r ic h e m e s a i n the Sore t r e g i o n b e c a u s e th is a r ea is r e l a t e d d i 
r e c t l y to p r o b l e m s c o n c e r n i n g c y t o c h r o m e ox idase d i s c u s s e d la ter . 
F i g u r e 6 s h o w s the M C D s p e c t r u m o f b i s ( l - m e t h y l i m i d a z o l e ) i r o n ( I I I ) 
( heme a), w h e r e the fe r r ic i r o n is l o w s p i n (S = i). T h e l a rge a m p l i t u d e 
o f the M C D s i g n a l ( Δ β ~ 4 0 M ^ c m ^ T e s l a - 1 ) m a y b e n o t e d . T h e 
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638 BIOLOGICAL REDOX COMPONENTS 

B A N D I 

C H A R G E WITHDRAWAL 

B A N D IV 

2 . 0 4 4 - · - C A - N - * - l . 9 7 2 

Fe Fe* Fe' 3 r- *4 

1350 1400 

[ α , /3 exc.) 

H E M E A 

(Soret exc.) 

1500 

Fe hs(6) 
Ρ .3,2 
h e £ . s . 

H E M E Β F e h s ( 5 ) 

F e ; 3
s ( 5 , / + ; 

•λ ι ι ι Fe i ( 

1 
1550 

£.s. 
a ^ 3 
U 3 C N , 

1600 

F R E Q U E N C Y S H I F T , c m " 1 

Figure 5. Schematic representation of the frequencies of Band I and 
Band IV in the RR spectra of symmetric (heme b) and nonsymmetric 
(heme a) hemes. The Band I frequencies are the same for both classes 

of hemes. 

M C D s p e c t r u m o f r e s t i n g ( o x i d i z e d ) c y t o c h r o m e ox idase is i n c l u d e d 
for c o m p a r i s o n . T h e m a g n i t u d e o f the M C D s i g n a l i n r e s t i n g o x i d a s e , 
p e r m o l e o f e n z y m e , is s i m i l a r to that o f l o w s p i n f e r r i h e m e a d e s p i t e 
the fact that the e n z y m e con ta ins 2 h e m e s / m o l . H o w e v e r , o n l y the 
h e m e o f c y t o c h r o m e a is l o w s p i n , t hus the M C D s i g n a l o f c y t o c h r o m e 
a d o m i n a t e s that o f c y t o c h r o m e a 3 a n d is the p r i m a r y c o n t r i b u t o r to the 
r e s t i n g e n z y m e s p e c t r u m . T h e shif t i n the M C D s p e c t r u m o f l o w s p i n 
h e m e a c o m p a r e d to c y t o c h r o m e o x i d a s e is cons i s ten t w i t h the shif t i n 
e l e c t r o n i c abso rp t ion m a x i m u m b e t w e e n the h e m e a m o d e l c o m p l e x 
( 4 2 2 n m ) a n d c y t o c h r o m e a ( 4 2 7 n m ) (15 , 27 ) . 

T h e M C D s p e c t r a o f h i g h s p i n (S = f) a n d i n t e r m e d i a t e s p i n 
(S = f ) f e r r i c h e m e a m o d e l c o m p l e x e s are s h o w n i n F i g u r e 7. T h e 
p e n t a c o o r d i n a t e d i n t e r m e d i a t e s p i n c o m p l e x , ( f e r r iheme a) * B F i " , has 
e s sen t i a l l y no M C D s i g n a l i n the Sore t r e g i o n . T h e same is t rue o f the 
r e l a t e d p e r c h l o r a t e d e r i v a t i v e . T w o h i g h s p i n (S = f) f e r r i h e m e a c o m 
p l exes are s h o w n : h e m i n a c h l o r i d e , p e n t a c o o r d i n a t e d ; a n d b i s ( d i -
m e t h y l s u l f o x i d e ) i ron ( I I I ) ( h e m e a), h e x a c o o r d i n a t e d . T h e t w o s p e c t r a 
are e a s i l y d i s t i n g u i s h a b l e f r o m one another , b u t t w o p o i n t s m u s t b e 
n o t e d w i t h r e g a r d to c y t o c h r o m e ox idase s tud i e s . F i r s t , the m a g 
n i t u d e s o f the M C D s igna ls for the h i g h s p i n h e m e s are o n l y c a . 10 M " 1 
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26. WOODRUFF ET AL. Cytochrome Oxidase 639 

c m - 1 T e s l a - 1 , a n d therefore the e n z y m e s p e c t r u m is, as no t e d , d o m i 
n a t e d b y l o w s p i n c y t o c h r o m e a. S e c o n d , the h i g h s p i n M C D s igna l s 
o c c u r at shorter w a v e l e n g t h t h a n that o f the l o w s p i n h e m e a c o m p l e x , 
a n d e x h i b i t a d i s p e r s i o n l i n e s h a p e o p p o s i t e i n s i g n to that o f the l o w 
s p i n d e r i v a t i v e . 

W e m a y s u m m a r i z e the c o m p l e m e n t a r y na tu re o f the R R a n d 
M C D da ta o n h e m e a m o d e l c o m p l e x e s , as t h e y a p p l y to c y t o c h r o m e 
ox idase , i n the f o l l o w i n g m a n n e r . T h e R R t e c h n i q u e c a n d i s t i n g u i s h 
b e t w e e n the l i k e l y o x i d a t i o n states o f i r o n . F o r the f e r r i c o x i d a t i o n 
state, R R c a n d i s t i n g u i s h b e t w e e n h i g h s p i n a n d l o w or i n t e r m e d i a t e 
s p i n ( F i g u r e 5) a n d c a n d i s t i n g u i s h b e t w e e n p e n t a c o o r d i n a t i o n a n d 
h e x a c o o r d i n a t i o n i n the h i g h s p i n state. T h e M C D t e c h n i q u e a lso c a n 
d i s t i n g u i s h o x i d a t i o n states, a n d i n the fe r r ic state c a n d i s t i n g u i s h u n 
a m b i g u o u s l y b e t w e e n l o w s p i n a n d h i g h or i n t e r m e d i a t e s p i n . T h e 

§ 0 

- 2 0 

- 4 0 l _ 
3 9 0 4 0 0 4 1 0 4 2 0 4 3 0 4 4 0 4 5 0 4 6 0 4 7 0 

W a v e l e n g t h (nm) 

Figure 6. The MCD spectrum in the Soret region of a typical low 
spin Fe3+ heme a model complex, with the MCD spectrum of resting 
cytochrome oxidase included for comparison. Key: . . . , heme a (3+) 

bis-l-Melm; and —, resting cyt ox. 
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640 BIOLOGICAL REDOX COMPONENTS 

2 0 

- 2 0 1 , , , , • , , I 
3 6 0 3 8 0 4 0 0 4 2 0 4 4 0 4 6 0 4 8 0 

W a v e l e n g t h (nm) 

Figure 7. The MCD spectra in the Soret region of heme a model 
complexes in intermediate spin and high spin states. Both the penta

coordinated and hexacoordinated high spin cases are shown. 

i n t e n s i t y o f the u b i q u i t o u s l o w s p i n c y t o c h r o m e a M C D s i g n a l i n 
o x i d i z e d forms o f the e n z y m e p reven t s c o m p l e t e d i s c r i m i n a t i o n o f 
s p i n states b y M C D a l o n e . T h e c o m b i n a t i o n o f M C D a n d R R , h o w 
eve r , c a n m a k e th is d i s t i n c t i o n . 

I n r e d u c e d p r o t e i n , M C D g ives cha rac t e r i s t i c spec t r a for h i g h 
s p i n (S = 2) p e n t a c o o r d i n a t e d h e m e d e r i v a t i v e s (e.g. , d e o x y m y o g l o -
b i n ) , a n d for h e x a c o o r d i n a t e d l o w s p i n h e m o c h r o m e s (e.g. , c y t o 
c h r o m e s a, b , a n d c) . H o w e v e r , c o m p l e x e s w i t h π - a c i d l i g a n d s a n d 
c y a n i d e e x h i b i t v e r y w e a k M C D . T h e R a m a n s p e c t r a o f r e d u c e d 
h e m e s y i e l d i n f o r m a t i o n o n the o x i d a t i o n state; i n f o r m a t i o n o n the 
s e n s i t i v i t y o f s p i n state m a r k e r s to c o o r d i n a t i o n n u m b e r r e m a i n s to b e 
e s t a b l i s h e d for c y t o c h r o m e ox idase a n d h e m e a d e r i v a t i v e s . 

C y t o c h r o m e O x i d a s e R e s o n a n c e R a m a n . F i g u r e 8 s h o w s the 
s p e c t r a o f o x i d i z e d a n d r e d u c e d c y t o c h r o m e o x i d a s e o b t a i n e d w i t h 
l ase r e x c i t a t i o n at 413 .1 n m . T h i s w a v e l e n g t h is v i r t u a l l y the s ame as 
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26. WOODRUFF ET AL. Cytochrome Oxidase 641 

that a s s i g n e d to the c y t o c h r o m e &3 Sore t m a x i m u m o f o x i d i z e d o x i d a s e 
(414 n m ) a n d n e a r the Sore t m a x i m u m o f o x i d i z e d c y t o c h r o m e a (427 
n m ) (21, 23, 27). F o r r e d u c e d o x i d a s e , the p o s i t i o n o f the Sore t m a x i 
m u m is m o r e r e m o t e (443 n m ) , a l t h o u g h a w e a k M C D feature asso
c i a t e d w i t h r e d u c e d c y t o c h r o m e a appea r s at 413 .5 n m (21, 22a). 
D e s p i t e the pos i t i ons o f the o x i d i z e d a n d r e d u c e d Sore t t rans i t ions r e l a 
t i v e to the 4 1 3 . 1 - n m laser l i n e , the e x p e r i m e n t a l l y o b s e r v e d R R i n t e n 
si t ies o f c o r r e c t a b l e h i g h f r e q u e n c y ( > 1 0 0 0 c m - 1 ) h e m e m o d e s essen
t i a l l y are the s ame i n the o x i d i z e d a n d r e d u c e d e n z y m e (see F i g u r e 8) . 
T h i s o u t c o m e is s u r p r i s i n g at first g l a n c e , a n d i n d e e d c a n n o t b e ac
c o u n t e d for b y a s i m p l e s i n g l e state resonance e n h a n c e m e n t exp res 
s ion . T h i s p o i n t is d i s c u s s e d e l s e w h e r e (17). T h e re sonance exp re s s ion : 

i n t e n S i t y * [ ( ν β - , 0 ) ( , β - ί ) 2

+ Π Ρ + ( Γ Δ ^ ( 1 ) 

w h e r e ve is the e l e c t r o n i c t r ans i t ion e n e r g y , v0 is the laser f r e q u e n c y , vr 
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Figure 8. RR spectra of oxidized (unliganded) and reduced cyto
chrome oxidase obtained by using 413.1-nm excitation. The intensity 
scales are normalized correctly for laser power and photon-count 
interval, and the zero of each intensity scale is the true zero of the 
signal. The spectral region below 900 cm~' was recorded by using 
a 3-s photon-count interval as opposed to 2 s for the region above 
900 cm'1. The adventitious mercury emission line at 1263 cm'1 is the 
435.8-nm line of the fluorescent room lighting, providing a positive 

frequency reference. 
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642 BIOLOGICAL REDOX COMPONENTS 

is the R a m a n f r e q u e n c y , a n d Δν is the R a m a n shif t , c o r r e c t l y p r e d i c t s 
the p resen t o b s e r v a t i o n that the R a m a n sca t t e r ing in tens i t i e s o f 
o x i d i z e d a n d r e d u c e d c y t o c h r o m e ox idase are n e a r l y e q u a l w h e n 
4 1 3 . 1 - n m e x c i t a t i o n is e m p l o y e d . ( W h e n v0 a n d vr are s p a c e d e q u a l l y 
on e i t he r s i de o f the e l e c t r o n i c t r ans i t ion f r e q u e n c y b y a n a m o u n t e q u a l 
to Γ, the d a m p e d resonance t e r m i n the d e n o m i n a t o r van i shes a n d the 
q u o t i e n t is s a v e d f r o m b e c o m i n g i n f i n i t e b y the " f r a t e rn i ty t e r m " ΓΔι>.) 

T h e r e s t i n g e n z y m e s p e c t r u m ( F i g u r e 8) differs f rom that r e p o r t e d 
i n o u r p r e v i o u s s t u d y i n that the de t e rgen t e m p l o y e d i n the p resen t 
case is d o d e c y l - / 3 - m a l t o s i d e ra ther t h a n B r i j - 3 5 , w h i c h w a s u s e d i n the 
e a r l i e r w o r k . I n the p r e v i o u s l y r e p o r t e d spec t r a (17), features a p p e a r at 
— 1620 a n d 1518 c m - 1 w h i c h are absent i n the p resen t spec t ra . I t has 
b e e n sugges t ed (23) that these features are assoc ia ted w i t h p a r t i a l 
p h o t o r e d u c t i o n o f c y t o c h r o m e o x i d a s e p repa ra t ions . H o w e v e r , i n the 
spec t r a o b t a i n e d i n B r i j - 3 5 no e v i d e n c e o f p h o t o r e d u c t i o n w a s appar 
ent, as j u d g e d b y the absence o f a n y ves t i ge o f the ferrous o x i d a t i o n 
state i n d i c a t o r at 1358 c m - 1 . A p p a r e n t l y the 1620 a n d 1518 c m " 1 fea
tures are sens i t ive to de t e rgen t - r e l a t ed effects as w e l l as p h o t o r e d u c 
t i o n . A p o s s i b l e e x p l a n a t i o n is agg rega t ion o f the e n z y m e , w h i c h is 
k n o w n to b e m o r e e x t e n s i v e i n B r i j - 3 5 t h a n i n d o d e c y l - / 3 - m a l t o s i d e 
(28) . S t u d i e s are u n d e r w a y that w i l l c l a r i f y th is q u e s t i o n (29) . I n a n y 
even t , the s p e c t r u m o f r e s t i n g e n z y m e ( F i g u r e 8) agrees i n d e t a i l w i t h 
those o b t a i n e d u n d e r q u i t e d i f ferent c o n d i t i o n s o f c o n c e n t r a t i o n , de 
tergent , laser p o w e r , a n d s a m p l e h a n d l i n g (15, 2 3 ) . 

T h e l o w f r e q u e n c y r e g i o n o f the o x i d i z e d e n z y m e s h o w s s e v e r a l 
p r o m i n e n t peaks b e l o w 500 c m - 1 , y e t th is r e g i o n i n the r e d u c e d p r o 
t e i n s h o w s o n l y w e a k features. E q u a t i o n 1, w h i c h c o r r e c t l y p r e d i c t s 
the r e l a t i v e in t ens i t i e s o f h i g h f r e q u e n c y h e m e m o d e s i n o x i d i z e d a n d 
r e d u c e d c y t o c h r o m e o x i d a s e , fa i ls to a c c o u n t for the v i r t u a l d i s a p p e a r 
ance o f l o w f r e q u e n c y peaks i n the (413.1 n m e x c i t e d ) r e d u c e d spec 
t r u m . F o r e x a m p l e , E q u a t i o n 1 p r e d i c t s that a 3 0 0 - e m " 1 m o d e o f h e m e 
a or a3 s h o u l d b e a p p r o x i m a t e l y o n e - t h i r d as in t ense i n r e d u c e d 
ox idase as the a n a l o g o u s m o d e i n o x i d i z e d e n z y m e . T h e o b s e r v e d 
i n t e n s i t y d i f ference is at leas t a factor o f t en for the m o s t in tense l o w 
f r e q u e n c y m o d e s i n the o x i d i z e d a n d r e d u c e d spec t ra . T h i s u n u s u a l 
l o w f r e q u e n c y s p e c t r u m is d i s c u s s e d i n a s u b s e q u e n t s ec t ion . 

B e c a u s e o f the di f ferent Sore t abso rp t ion w a v e l e n g t h s for c y t o 
c h r o m e a a n d c y t o c h r o m e a3 i n r e s t i n g o x i d a s e as w e l l as c e r t a i n o ther 
d e r i v a t i v e s , the c o n t r i b u t i o n s o f the t w o c y t o c h r o m e s to the o x i d a s e R R 
s p e c t r a c a n b e d i s t i n g u i s h e d b y s e l e c t i v e R R e n h a n c e m e n t u s i n g v a r i 
ous laser e x c i t a t i o n w a v e l e n g t h s (17 , 23 ) . S p e c i f i c a l l y , i t w a s s h o w n 
(17 , 23 ) that the p e a k at 1588 c m - 1 i n the r e s t i n g e n z y m e s p e c t r u m is 
the l o w s p i n core s i ze . i n d i c a t o r o f c y t o c h r o m e a a n d the 1 5 7 2 - c m - 1 

p e a k is the h i g h s p i n core s i ze i n d i c a t o r o f c y t o c h r o m e ae. I n a d d i t i o n , 
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the p e a k at 1676 c m " 1 i n r e s t i n g ox idase appea r s to b e a c y t o c h r o m e a 3 
m o d e e x c l u s i v e l y , a n d was a s s i g n e d (20) as the f o r m y l C = 0 s t re tch . 
T h i s m o d e funct ions as a s e c o n d o x i d a t i o n state m a r k e r , i n a d d i t i o n to 
B a n d I , s h i f t i n g to 1666 c m " 1 i n r e d u c e d e n z y m e a n d s p e c i f y i n g the 
o x i d a t i o n state o f c y t o c h r o m e a3. T h e f r e q u e n c y o f th is peak , d e n o t e d 
B a n d V I , o n l y appea r s to b e sens i t ive to the o x i d a t i o n state o f the i r o n 
a t o m a n d not to 7 r - a c i d l i g a n d effects as is B a n d I (17). 

T h e h e m e a m o d e l c o m p l e x s tud ies (16) , w h i c h w e c o n f i r m e d 
r e c e n t l y , r e v e a l t y p i c a l f r equenc i e s o f the p o l a r i z e d B a n d I V a n a l o g 
s h o w n i n F i g u r e 5 a n d s u m m a r i z e d as f o l l o w s : l o w s p i n i r o n ( I I I ) , 
1 5 8 8 - 1 5 9 0 c m " 1 ; h i g h s p i n , p e n t a c o o r d i n a t e d i r o n ( I I I ) , 1 5 8 0 - 1 5 8 1 
c m " 1 ; a n d h i g h s p i n , h e x a c o o r d i n a t e d i r on ( I I I ) , 1572 c m " 1 . F r o m m e a 
s u r e m e n t s on the e n z y m e , i t is f o u n d that h i g h s p i n , p r e s u m a b l y p e n 
t a c o o r d i n a t e d i ron( I I ) has i ts core s i ze m a r k e r at 1568 c m " 1 . B y these 
c r i t e r i a , the h e m e o f c y t o c h r o m e a 3 i n r e s t i n g o x i d a s e m u s t b e re
g a r d e d as h i g h s p i n , h e x a c o o r d i n a t e d i ron ( I I I ) . I n the r e d u c e d e n 
z y m e , w h e r e c y t o c h r o m e a 3 is p e n t a c o o r d i n a t e d , E P R spec t r a o f the 
n i t r o s y l d e r i v a t i v e o f r e d u c e d e n z y m e (30) a n d o f d e r i v a t i v e s o f 1 4 N -
a n d 1 5 N - h i s t i d i n e - s u b s t i t u t e d yeas t s u b m i t o c h o n d r i a l pa r t i c l e s estab
l i s h c l e a r l y that h i s t i d i n e is the p r o x i m a l a x i a l l i g a n d i n r e d u c e d 
c y t o c h r o m e a3. 

W e r e p o r t e d the R R spec t r a o f the formate a n d c y a n i d e i n h i b i t o r 
c o m p l e x e s o f r e s t i n g c y t o c h r o m e ox idase (17). E x c e p t for m i n o r 
changes i n some R R in tens i t i e s , the s p e c t r u m o f the formate c o m p l e x 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 r e s t i n g e n z y m e . T h u s , c y t o c h r o m e a3 
i n the formate a d d u ç t s t i l l is h e x a c o o r d i n a t e d , h i g h s p i n , a n d formate , i f 
i t b i n d s to i r o n , m u s t r e p l a c e one o f the e n d o g e n o u s l i g a n d s . T h e 
l i g a n d r e p l a c e d c o u l d b e the h i s t i d i n e r e s i d u e p r e s u m e d to b e p resen t 
i n the r e s t i n g (as i n the r e d u c e d ) e n z y m e . A l t e r n a t i v e l y , the a m i n o 
a c i d or o ther m o i e t y r e s p o n s i b l e for p r o p a g a t i n g 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 b e t w e e n Felt a n d C u 2 + m i g h t b e r e p l a c e d w i t h formate , 
m a i n t a i n i n g 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 r e q u i r e d b y the E P R s i 
l e n c e o f C u 2 + . A t h i r d p o s s i b i l i t y is that formate does no t b i n d to the 
h e m e i r o n at a l l , b u t i n s t e a d b i n d s to C u 2 + . I t was e s t a b l i s h e d r e c e n t l y 
(31 ) that , i n the r e d u c e d e n z y m e , Cu{t has a c o o r d i n a t i o n si te a v a i l a b l e 
a n d b i n d s e x o g e n o u s c a r b o n m o n o x i d e . 

T h e c y a n i d e a d d u c t o f r e s t i n g c y t o c h r o m e o x i d a s e e x h i b i t s the 
changes e x p e c t e d i n the R R s p e c t r u m o n the t r ans i t ion o f c y t o c h r o m e 
a 3 to l o w s p i n fe r r i c h e m e a (17) . T h e 1 5 7 2 - c m " 1 p e a k van i shes , a n d the 
1 5 8 8 - c m " 1 p e a k b e c o m e s r e l a t i v e l y m o r e in tense . O t h e r s m a l l fre
q u e n c y shifts o c c u r i n the h i g h f r e q u e n c y r e g i o n ( > 1 0 0 0 c m " 1 ) . I n the 
l o w f r e q u e n c y r e g i o n , the p r o m i n e n t p e a k s b e l o w 5 0 0 c m " 1 i n r e s t i n g 
e n z y m e s t i l l are v i s i b l e i n the c y a n i d e a d d u c t , b u t are r e d u c e d i n 
i n t e n s i t y b y a p p r o x i m a t e l y a factor o f five. A c c o r d i n g l y , the 3 4 6 - c m " 1 
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644 BIOLOGICAL REDOX COMPONENTS 

h e m e a m o d e ( v i d e infra) b e c o m e s v i s i b l e a l o n g s i d e o f the 3 3 7 - c m " 1 

p e a k , w h i c h is the m o s t in t ense l o w f r e q u e n c y feature i n the r e s t i n g 
ox idase s p e c t r u m . 

F i n a l l y , the B a n d I p o s i t i o n i n r e s t i n g c y t o c h r o m e ox idase (1371 
c m " 1 ) , w h e n v i e w e d i n c o m p a r i s o n w i t h B a n d I f r equenc i e s o f h e m e 
p r o t e i n sys t ems t h o u g h t to c o n t a i n i r o n ( I V ) (—1380 c m " 1 , see F i g u r e 5) 
(32 ), appears i ncons i s t en t w i t h the f o r m u l a t i o n o f a 3 i n r e s t i n g c y t o 
c h r o m e o x i d a s e as i r o n ( I V ) , C u f (33 ). F u r t h e r d e t a i l s o f the r e l a t i o n 
s h i p s o f the c y t o c h r o m e ox idase R R features to those o f o ther h e m e 
p ro te ins are d i s c u s s e d e l s e w h e r e (16, 17, 23) . 

M e t a s t a b l e O x y g e n a t e d C y t o c h r o m e O x i d a s e D e r i v a t i v e s . O n e 
a p p r o a c h to the e l u c i d a t i o n o f the m e c h a n i s m o f o x y g e n r e d u c t i o n b y 
c y t o c h r o m e o x i d a s e , d e v e l o p e d b y C h a n c e et a l . (34, 35), e m p l o y e d 
l o w t e m p e r a t u r e t r a p p i n g t e c h n i q u e s to s t a b i l i z e p u t a t i v e i n t e r m e d i 
ates i n the o v e r a l l r e o x i d a t i o n process . U s i n g these m e t h o d s , a n u m b e r 
o f s p e c t r a l 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 d u r i n g the r e o x i d a t i o n o f 
f o u r - e l e c t r o n , f u l l y r e d u c e d a n d t w o - e l e c t r o n , p a r t i a l l y r e d u c e d 
( m i x e d - v a l e n c e ) c y t o c h r o m e ox idase , v i z : 

f u l l y r e d u c e d -> I -> I I I I I — » 
e n z y m e + 0 2 (Αι) (B) 

m i x e d - v a l e n c e — > IM Π Μ ~~* Π Ι Μ > 
e n z y m e + O2 ( A 2 ) ( C ) 

T h e i n t e r m e d i a t e s are d e s i g n a t e d as s u g g e s t e d b y C l o r e et a l . (36) 
w i t h the n o m e n c l a t u r e e m p l o y e d b y C h a n c e et a l . (34) s h o w n i n p a 
rentheses . T h e b r o k e n a r r o w s l e a d to the f u l l y o x i d i z e d e n z y m e , as 
j u d g e d b y the res tora t ion o f the E P R s igna l s o f c y t o c h r o m e a 3 + a n d CuD 

a n d the 6 5 5 - n m absorbance b a n d (37) . H o w e v e r , th is o x i d i z e d f o r m o f 
the e n z y m e , w h i c h c a n b e f o r m e d w i t h i n 6 ms at r o o m t e m p e r a t u r e , 
differs f r om the r e s t i n g e n z y m e i n that i t e x h i b i t s a n u n u s u a l E P R 
s p e c t r u m (37) a n d appears to b e r e l a t e d to , i f not i d e n t i c a l w i t h , the 
p u l s e d ox idase (38) . 

M o s t o f these l o w t e m p e r a t u r e s tud ie s e x p l o i t ab so rp t i on spec 
t r o p h o t o m e t r y as the p r i m a r y a n a l y t i c a l t o o l . U n f o r t u n a t e l y , th is 
t e c h n i q u e , i n g e n e r a l , has a r e l a t i v e l y l o w con ten t o f s t ruc tu ra l in fo r 
m a t i o n , a n d , as a c o n s e q u e n c e , c o n c l u s i o n s as to the c h e m i c a l na tu re o f 
the o b s e r v e d i n t e r m e d i a t e s h a v e b e e n s p e c u l a t i v e a n d t enuous . 

I n a n a t t empt to o v e r c o m e th is l i m i t a t i o n , w e c o m b i n e d the l o w 
t e m p e r a t u r e t r a p p i n g p r o c e d u r e w i t h M C D a n d R R m e a s u r e m e n t s , 
w h i c h p o t e n t i a l l y c a n y i e l d m u c h m o r e r e l i a b l e , s t r u c t u r a l l y r e l e v a n t 
data . T h e resu l t s l e a d to i m p o r t a n t cons t ra in t s o n the v a l e n c e a n d s p i n 
states o f s eve ra l o x i d i z e d d e r i v a t i v e s : (1) C o m p o u n d C , the o x i d a t i o n 
p r o d u c t o f t w o - e l e c t r o n r e d u c e d e n z y m e ; (2) the p u l s e d o x i d a s e , the 
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26. WOODRUFF ET AL. Cytochrome Oxidase 645 

p r o d u c t o f o x i d a t i o n o f fou r - e l ec t ron r e d u c e d e n z y m e ; a n d (3) the re
c e n t l y r e p o r t e d h y d r o g e n p e r o x i d e a d d u c t o f c y t o c h r o m e ox idase (9). 

T h e M C D s p e c t r u m o f r e s t i n g c y t o c h r o m e o x i d a s e i n the Sore t 
r e g i o n ( F i g u r e 6) is t y p i c a l o f a l o w s p i n f e r r i h e m o p r o t e i n , a n d w a s 
a s s i g n e d to c y t o c h r o m e a 3 + o n the basis o f i n h i b i t o r s tud ies a n d f r o m 
cor re la t ions w i t h the o p t i c a l spec t r a o f the t w o h e m e s (27,39). C o n v e r 
s ion to the m i x e d - v a l e n c e c a r b o n m o n o x i d e c o m p o u n d ( F i g u r e 9) 
l e a d s to s m a l l inc reases i n M C D at a l l w a v e l e n g t h s , a l t h o u g h there 
w a s no gross c h a n g e i n s p e c t r a l shape . T h e same s p e c t r u m was o b 
t a i n e d w i t h s p e c t r a l b a n d w i d t h s r a n g i n g f r o m 0.5 to 2.0 n m , s u g g e s t i n g 
l i t t l e or no p h o t o d e c o m p o s i t i o n o f the s a m p l 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 . T h e d i f fe rence s p e c t r u m b e t w e e n these t w o sp ec i e s r e p r e 
sents the d i f fe rence a § + · C O - a i + a n d makes o n l y a s m a l l c o n t r i b u t i o n 
to the to ta l M C D s p e c t r u m , as r e p o r t e d p r e v i o u s l y (39). P h o t o l y s i s i n 
the p re sence o f o x y g e n l e ads i m m e d i a t e l y to the q u a n t i t a t i v e p r o d u c 
t i on o f C o m p o u n d C , as j u d g e d b y the o p t i c a l s p e c t r u m i n the Sore t 
a n d 6 0 0 - n m reg ions . T h e M C D o f this spec i e s ( F i g u r e 9) is not differ
ent s i g n i f i c a n t l y f rom that o f the r e s t i n g e n z y m e a n d is c l e a r l y s m a l l e r 

ι ι 1 1 1 1 

3 8 0 4 0 0 4 2 0 4 4 0 4 6 0 

λ , nm 

Figure 9. The MCD spectrum of Compound C (see text). The MCD 
spectra of resting cytochrome oxidase and the starting material for 
Compound C, the partially reduced mixed-valence carbon monoxide 

derivative of cytochrome oxidase, are included for comparison. 
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646 BIOLOGICAL REDOX COMPONENTS 

t h a n that o f the p a r t i a l l y r e d u c e d c a r b o n m o n o x i d e d e r i v a t i v e u s e d i n 
i ts f o rma t ion , a l t h o u g h C o m p o u n d C does a p p e a r to h a v e a d d i t i o n a l 
s m a l l M C D i n t e n s i t y b e t w e e n 4 0 0 a n d 4 2 0 n m . 

S i m i l a r s m a l l changes i n the M C D s p e c t r u m w e r e o b s e r v e d i n the 
v i s i b l e r e g i o n . F u r t h e r m o r e , no s ign i f i can t di f ferences w e r e o b s e r v e d 
b e t w e e n 7 0 0 a n d 1000 n m , b u t as the q u a l i t y o f the da ta was r e l a t i v e l y 
poo r , w e o n l y c a n state that no major changes o c c u r r e d i n th is s p e c t r a l 
r e g i o n . T h e M C D spec t r a o f p u l s e d ox idase a n d the o x i d a s e h y d r o 
g e n p e r o x i d e a d d u c t a lso a l m o s t w e r e i n d i s t i n g u i s h a b l e f rom r e s t i n g 
e n z y m e . A s b o t h l o w s p i n fe r r ic h e m e a a n d h i g h s p i n fer rous h e m e a 
e x h i b i t s u b s t a n t i a l M C D ( A c / T e s l a = 2 0 - 8 0 ) (39) , w e c o n c l u d e that i n 
a l l th ree d e r i v a t i v e s the s p i n state o f c y t o c h r o m e a 3 m u s t b e d i f ferent 
f r o m e i the r o f these t w o p o s s i b i l i t i e s . 

T h e R R spec t r a o f c y t o c h r o m e o x i d a s e a n d s o m e o f these d e r i v a 
t ives are s h o w n i n F i g u r e 10; some R a m a n f r equenc i e s are s u m 
m a r i z e d i n T a b l e I I . A t t e n t i o n n o w is f o c u s e d o n t w o reg ions o f the 
s p e c t r u m . W i t h 4 1 3 . 1 - n m e x c i t a t i o n , the c o n t r i b u t i o n o f c y t o c h r o m e a 3 

to the R R s p e c t r u m is a c c e n t u a t e d b e c a u s e o f the r e l a t i v e pos i t ions o f 
the Sore t m a x i m a o f a 3 (414 n m ) a n d a (427 n m ) (23 , 27 ) . T h e core 
e x p a n s i o n r e g i o n i n the R R s p e c t r u m o f the r e s t i n g o x i d a s e s h o w s t w o 
b a n d s at 1572 c m " 1 ( h i g h s p i n a i + ) a n d 1588 c m " 1 ( l o w s p i n a 3 + ) (40 ). T h e 
o x i d a t i o n state m a r k e r is at 1372 c m - 1 , e s t a b l i s h i n g that the h e m e s are 
fe r r i c . 

I n the d e r i v a t i v e s c h a r a c t e r i z e d i n th is s tudy , b o t h h e m e s e x h i b i t 
t h e i r Sore t m a x i m u m at 4 2 8 n m . W e therefore a n t i c i p a t e that t h e y w i l l 
c o n t r i b u t e c o m p a r a b l e in t ens i t i e s to the R R s p e c t r u m regard less o f 
s p i n state, as is o b s e r v e d i n the f u l l y r e d u c e d e n z y m e (23) , w h e r e b o t h 

Table II. Selected Raman Frequencies ( Δι>, cm *) for Cytochrome 
Oxidase and Some of Its Derivatives 

Rest Compound H202 

ing Pulsed C Adduct 

1372 1372 1374 1374 
1470" 1470 1470 1470 

1504 — 
1572 sh s h 
1588 1591 1593 1592 

1642 1644 1644 (sh) 
1651 1651 1651 1652 
1676 1676 1676 1676 

"The ρ leak at ~1470 cm"1 is a combination of an oxidase peak and an ethylene 
glycol peak in the low temperature spectra (pulsed and Compound C). 
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CYTOCHROME OXIDASE 

λ 0 = 4 Ι 3 . Ι nm 

647 

RESTING 

COMPOUND C 

RESTING + H A 

PULSED 

1700 1600 

Δ1/ 
1500 

cm*' 

1400 1320 

Figure 10. RR spectra in the 1300-1700-cm'1 region of resting cyto
chrome oxidase, Compound C, the H202 adduct of resting oxidase, and 

pulsed oxidase. 

h e m e s h a v e t h e i r Sore t m a x i m u m at 4 4 3 n m . C o n s e q u e n t l y , o u r i n 
t e rp re ta t ion o n l y d e p e n d s o n w e l l - e s t a b l i s h e d co r re l a t ions . 

O n c o n v e r s i o n to C o m p o u n d C , the o x i d a t i o n state m a r k e r c l e a r l y 
l i e s at 1374 c m - 1 , t hus a 3 is o x i d i z e d . T h i s c o n c l u s i o n is c o n f i r m e d w i t h 
the h i g h f r e q u e n c y o x i d a t i o n m a r k e r , w h i c h appea r s at 1676 c m - 1 . T h e 
s p i n state m a r k e r l i e s at 1 5 9 0 - 1 5 9 2 c m " 1 . T h e g r a d u a l s l o p e o n the l o w 
f r e q u e n c y s i d e o f the 1 5 9 2 - c m " 1 p e a k i n the s p e c t r u m o f C o m p o u n d C 
a n d the h y d r o g e n p e r o x i d e a d d u c t is a n i n c i p i e n t s h o u l d e r d u e to the 
s l o w r e a p p e a r a n c e o f the 1 5 7 2 - c m - 1 l i n e ( a § + , h i g h s p i n ) o f r e s t i n g 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

26



648 BIOLOGICAL REDOX COMPONENTS 

o x i d a s e (see " E x p e r i m e n t a l " sec t ion) . T h u s , i n th i s d e r i v a t i v e a 3 c a n 
no t b e h i g h s p i n i r on ( I I I ) or h i g h s p i n i ron ( I I ) , w h i c h h a v e R R fre
q u e n c i e s at 1572 a n d 1568 c m - 1 , r e s p e c t i v e l y . Ra the r , the core e x p a n 
s ion m a r k e r i m p l i e s that the C t - N d i s t ance is s m a l l , cons is ten t w i t h the 
f o l l o w i n g a l t e rna t ives for a 3 : i r o n ( I I ) (l .s .) , i r on ( I I I ) ( l .s . , i .s .) , i r o n ( I V ) 
(l .s. , h.s.) , w h e r e l .s . , i .s . , a n d h.s . refer to l o w , i n t e r m e d i a t e , a n d h i g h 
s p i n , r e s p e c t i v e l y . 

N o o b v i o u s di f ferences c o u l d b e o b s e r v e d b e t w e e n the R R spec t r a 
o f C o m p o u n d C , p u l s e d ox idase , a n d the h y d r o g e n p e r o x i d e a d d u c t 
( F i g u r e 10, T a b l e I I ) , d e s p i t e the c l e a r d i f fe rence i n c h e m i c a l he r i t age 
o f the th ree d e r i v a t i v e s . 

T o g e t h e r , the M C D a n d R a m a n da ta i n d i c a t e that c y t o c h r o m e a § + 

c a n n o t b e h i g h s p i n i r on ( I I I ) ( R a m a n ) , i s o l a t e d l o w s p i n i r o n ( I I I ) 
( M C D ) or h i g h s p i n i ron ( I I ) ( M C D , R a m a n ) . T h e h i g h v a l u e for the 
core e x p a n s i o n m a r k e r i m p l i e s that e l e c t r o n o c c u p a t i o n o f the i n - p l a n e , 
d - e l e c t r o n , o - - an t ibond ing o rb i t a l s is m i n i m a l , a n d thus w e c o n c l u d e 
that c y t o c h r o m e a 3 is i ron ( I I ) (l .s.), i r on ( I I I ) (i .s.), i r o n ( I V ) (l .s. or h.s.), 
or i r on ( I I I ) (l.s.) i n a s p e c i a l e n v i r o n m e n t . 

C o m b i n i n g these c o n c l u s i o n s , w e are l e d to the f o l l o w i n g fou r 
a l t e rna t ives for the states o f c y t o c h r o m e a 3 a n d C u u : 

C y t o c h r o m e a 3 C u u T o t a l S 

1. F e 2 + 0 2 C u 1 + 0 
2. F e 4 + ( S = 1,2) C u 1 + 1 or 2 
3. F e 3 + (S = i ) <- -> C u 2 + 0 or 1 
4. F e 3 + (S = f) <- -> C u 2 + 1 or 2 

A l l o the r c o m b i n a t i o n s w o u l d s eem to b e e x c l u d e d b y the spec t ro 
s c o p i c resu l t s . N o u n e q u i v o c a l d i s c r i m i n a t i o n b e t w e e n these four 
a l t e rna t ives c a n b e m a d e w i t h the a v a i l a b l e data . H o w e v e r , as the 
d e r i v a t i v e s s t u d i e d a p p e a r to b e t e r m i n a l spec i e s i n the o v e r a l l re
o x i d a t i o n process , the first a l t e r n a t i v e , w h i c h is f o r m a l l y the i n i t i a l 
M i c h a e l i s c o m p l e x o f e n z y m e a n d o x y g e n , w o u l d s e e m i m p l a u s i b l e . 

T h i s c o n c l u s i o n is c o n f i r m e d i n the b e h a v i o r o f the R a m a n p e a k s 
i n the 1 6 6 6 - 1 6 7 6 - c m " 1 r e g i o n , w h i c h r e c e n t l y w e r e e s t a b l i s h e d as a 
r e l i a b l e o x i d a t i o n state m a r k e r for c y t o c h r o m e a 3 , i n d e p e n d e n t o f 
π - l i g a n d w i t h d r a w a l effects (23) . T h e d e r i v a t i v e s o f in te res t e x h i b i t 
t h e i r peaks at 1676 c m " 1 , cons is ten t w i t h a 3 b e i n g i n the i r on ( I I I ) state. 
M o r e o v e r , s ign i f i can t d i f ferences w e r e o b s e r v e d (34) i n the abso rp t i on 
spec t r a o f the p u t a t i v e o x i d a s e - o x y g e n M i c h a e l i s c o m p l e x ( C o m 
p o u n d A 2 ) a n d C o m p o u n d C . 

T h e s e c o n d a l t e rna t i ve that i n v o l v e s the i r o n ( I V ) r e d o x state 
seems u n l i k e l y i n v i e w o f the l o c a t i o n o f the o x i d a t i o n state m a r k e r at 
1372 c m " 1 , a v a l u e t y p i c a l o f i r on ( I I I ) , ra ther t h a n 1 3 8 0 - 1 3 8 2 c m " 1 as 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

26



26. WOODRUFF ET AL. Cytochrome Oxidase 649 

was s u g g e s t e d for i r o n ( I V ) (32) . H o w e v e r , a final d e c i s i o n o n th i s c o n 
c l u s i o n m u s t a w a i t R a m a n m e a s u r e m e n t s o n a u t h e n t i c h i g h s p i n 
i r o n ( I V ) m o d e l h e m e c o m p o u n d s . 

T h e t w o r e m a i n i n g p o s s i b i l i t i e s i n v o k e 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 centers , a n d h e n c e i m p l y a c l o s e g e o m e t r i c r e l a t i o n s h i p . 
I n S t r u c t u r e 3 , C o m p o u n d C is r e p r e s e n t e d as a b i n u c l e a r c o m p l e x o f 
l o w s p i n i r o n ( I I I ) w i t h C u u 2 + . T h i s a l t e rna t i ve is no t e l i m i n a t e d i m 
m e d i a t e l y b y M C D , w h i c h o n l y r e l i a b l y de tec t s p a r a m a g n e t i c l o w s p i n 
fe r r ic h e m e s , a n d i n S t r u c t u r e 3 the h e m e is d i a m a g n e t i c i n the g r o u n d 
state. H o w e v e r , the absence o f a n y m e a s u r a b l e M C D i m p l i e s that the 
a n t i f e r r o m a g n e t i c e x c h a n g e i n t e r a c t i o n m u s t b e e x t r e m e l y l a rge as the 
e x c i t e d state a l so s h o u l d y i e l d s t rong M C D , as e v i d e n c e d b y the s u b 
s t an t i a l i n t e n s i t y a s soc ia t ed w i t h the c y t o c h r o m e o x i d a s e · c y a n i d e d e 
r i v a t i v e (21 , 22a). 

T h e s e cons ide ra t ions p r o v i d e a r a t iona le for r e m o v i n g S t ruc tu re 3 
f r o m fur ther c o n s i d e r a t i o n , a n d thus w e are left w i t h S t r u c t u r e 4 as the 
mos t p l a u s i b l e a l t e rna t i ve . I n th is s t ruc tu re , c y t o c h r o m e a 3 is i n the 
i n t e r m e d i a t e (S = f) f e r r i c s p i n state a n d m u s t b e c o u p l e d m a g n e t i 
c a l l y w i t h C u u , e i t he r f e r r o m a g n e t i c a l l y to y i e l d a to ta l s p i n o f 2 , or 
a n t i f e r r o m a g n e t i c a l l y to y i e l d a s p i n o f 1. W e p r e v i o u s l y p o i n t e d to the 
n u m e r o u s e x a m p l e s o f a n t i f e r r o m a g n e t i c sys t ems i n m e t a l l o p r o t e i n s 
a n d the absence o f a n y b o n a f i d e e x a m p l e s o f f e r r o m a g n e t i s m (2). 

T h e s t ruc tu re is s u p p o r t e d b y the v a l u e o f the o x i d a t i o n state 
m a r k e r , w h i c h r e q u i r e s that the i r o n b e i r o n ( I I I ) ; i t w i l l l e a d to a s m a l l 
C t - N d i s t ance for the a 3 h e m e , a n d hence a h i g h v a l u e for the R a m a n 
s p i n state m a r k e r , a n d i t is cons i s ten t w i t h the M C D resu l t s . C o n s e 
q u e n t l y , i t w o u l d s e e m that S t r u c t u r e 4 p r o v i d e s the bes t i n t e rp re t a 
t i o n o f the a v a i l a b l e s p e c t r o s c o p i c data . 

T h i s c o n c l u s i o n n a t u r a l l y l e a d s to the na tu re o f the t r ans i t i on i n 
v o l v e d i n the c o n v e r s i o n o f the a c t i v e p u l s e d e n z y m e to the r e s t i n g 
spec i e s v i z : 

a i + (S = f) · C u g + a § + (S = f) · C u g + 

(pulsed) (resting) 

T h u s , r e l a x a t i o n to the r e s t i n g e n z y m e m i g h t w e l l b e a c o n s e q u e n c e o f 
a s t r u c t u r a l p e r t u r b a t i o n at the h e m e , w h i c h l e a d s to a c h a n g e i n s p i n 
state o f the i r o n f r o m i n t e r m e d i a t e to h i g h s p i n w i t h a n a s soc ia t ed loss 
i n r e a c t i v i t y a n d the w e l l - k n o w n s p e c t r o s c o p i c changes . 

T h e s t ruc tu ra l na tu re o f the p r o p o s e d i n t e r m e d i a t e s p i n , o x y g e 
n a t e d spec i e s is , at present , a n o p e n q u e s t i o n . H o w e v e r , r e cen t s tud ies 
r epor t (41, 42) the fo rmat ion o f o x y g e n a t e d m o d e l h e m e c o m p l e x e s o n 
f o r m a l a d d i t i o n o f o x y g e n to a n i ron( I ) p o r p h y r i n , b y o n e - e l e c t r o n re
d u c t i o n o f a i ron ( I I ) p o r p h y r i n - 0 2 a d d u c t , or b y a d d i t i o n o f O2 to a 
i ron ( I I ) p o r p h y r i n . A n e q u i v a l e n t process i n te rms o f to ta l r e d o x 
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650 BIOLOGICAL REDOX COMPONENTS 

e q u i v a l e n t s w o u l d b e the a d d i t i o n o f p e r o x i d e to a i r o n ( I I I ) p o r p h y r i n , 
w h i c h was not a c c o m p l i s h e d i n the m o d e l sys t ems . E a c h o f the th ree 
spec i e s r e p o r t e d was c h a r a c t e r i z e d as a h i g h s p i n , p e n t a c o o r d i n a t e d 
i r o n ( I I I ) p o r p h y r i n p e r o x i d e a d d u c t w h e r e the O f " is b o u n d to the i r o n 
i n a s y m m e t r i c b i h a p t o m a n n e r w i t h the O - O axis p a r a l l e l to the h e m e 
p l a n e (41, 42). C o m p o u n d C a n d the h y d r o g e n p e r o x i d e a d d u c t o f 
r e s t i n g o x i d a s e are e q u i v a l e n t to these m o d e l p e r o x i d e a d d u c t s i n 
te rms o f to ta l r e d o x s t o i c h i o m e t r y , i f C o m p o u n d C is v i e w e d as the 
o n e - e l e c t r o n r e d u c t i o n (by C u u ) p r o d u c t o f the i n i t i a l (ferrous 
c y t o c h r o m e a 3 ) · 0 2 M i c h a e l i s c o m p l e x . T h e m o d e l c o m p l e x e s are h i g h 
s p i n , b u t t h e y l a c k a l i g a n d trans to the p e r o x i d e . T h e p re sence o f 
s u c h a trans l i g a n d , w h i c h m u s t b e at l eas t p o t e n t i a l l y p resen t i n c y t o 
c h r o m e a 3 , m i g h t r e s u l t i n the p r o p o s e d i n t e r m e d i a t e s p i n o x y g e n a t e d 
c y t o c h r o m e o x i d a s e spec i e s . H o w e v e r , the s i m i l a r i t y o f the M C D a n d 
R R spec t r a o f p u l s e d o x i d a s e to those o f C o m p o u n d C a n d the h y d r o 
g e n p e r o x i d e a d d u c t m u s t b e r e g a r d e d as a ser ious d r a w b a c k to a n y 
p r e s u m e d s i m i l a r i t y o f the o x y g e n a t e d e n z y m e s p e c i e s to the m o d e l 
c o m p l e x e s j u s t d e s c r i b e d , b e c a u s e p u l s e d ox idase is a to ta l o f t w o 
e l ec t rons m o r e r e d u c e d t h a n e i t he r C o m p o u n d C or the h y d r o g e n 
p e r o x i d e a d d u c t . 

The Low Frequency Resonance Raman Spectrum of Cytochrome 
Oxidase and the Nature of E P R Undetectable Copper. T h e 1 0 0 -
1 0 0 0 - c m - 1 r e g i o n o f the R R s p e c t r u m o f r e s t i n g o x i d a s e con ta ins a n 
i m p r e s s i v e n u m b e r o f s t rong features ( F i g u r e 8). T h e 758- a n d 687 -
c m " 1 peaks are o b s e r v e d at s i m i l a r f r e q u e n c i e s i n a l l m e t a l l o p o r p h y r i n 
spec t ra . T h e l o w e r f r e q u e n c y r e g i o n ( < 5 0 0 c m " 1 ) sits a top a b r o a d 
b a s e l i n e e x c u r s i o n that is d u e to the S u p r a s i l c e l l w i n d o w m a t e r i a l o f 
the obse rva t i on cuve t t e s . W i t h the e x c e p t i o n o f the p e a k at 2 6 5 c m " 1 , 
n o n e o f the features b e l o w 5 0 0 c m - 1 w a s o b s e r v e d i n p r e v i o u s l y 
p u b l i s h e d da ta u s i n g e i t he r 600 .0 - (43) or 4 4 1 . 6 - n m (44) e x c i t a t i o n . 
T h e e n h a n c e m e n t o f these m o d e s therefore is u n i q u e for the p resen t 
e x c i t a t i o n c o n d i t i o n . F r o m th i s resu l t , a n d the o b s e r v a t i o n that the l o w 
f r e q u e n c y R R s p e c t r u m es sen t i a l l y d i s a p p e a r s on s e l e c t i v e r e d u c t i o n 
o f c y t o c h r o m e a 3 , i t m a y b e c o n c l u d e d that the m o d e s b e l o w 5 0 0 c m " 1 

are v i b r a t i o n s of, or are c o u p l e d to, the c y t o c h r o m e a 3 c h r o m o p h o r e . 
I n cont ras t to t h e i r i n t ens i t y i n r e s t i n g o x i d a s e , the l o w f r e q u e n c y 

peaks e s sen t i a l l y d i s a p p e a r i n r e d u c e d o x i d a s e a n d h a v e s h a r p l y re
d u c e d i n t e n s i t y i n the c y a n i d e a d d u c t . I n p r i n c i p l e , th is effect m i g h t 
b e r a t i o n a l i z e d w i t h r e spec t to the r e s t i n g —> c y a n i d e t r ans i t i on b y 
p r e s u m i n g that the peaks i n q u e s t i o n r ep resen t ou t -o f -p lane n o r m a l 
m o d e s that h a v e a p p r e c i a b l e R a m a n i n t ens i t y i n n o n p l a n a r , h i g h s p i n 
h e m e a, b u t are w e a k or R a m a n i n a c t i v e i n the p l a n a r , l o w s p i n case. 
H o w e v e r , th i s does not e x p l a i n the b e h a v i o r o n r e d u c t i o n b e c a u s e the 
a 3 h e m e is h i g h s p i n a n d n o n p l a n a r i n r e d u c e d o x i d a s e (as e v i d e n c e d 
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b y B a n d I V pos i t ions ) . M o r e o v e r , c a l c u l a t i o n s b a s e d o n E q u a t i o n 1 
p r e d i c t r e d u c t i o n i n i n t e n s i t y o f l o w f r e q u e n c y c y t o c h r o m e a 3 m o d e s 
f r o m o x i d i z e d to r e d u c e d o x i d a s e , b u t o n l y b y a factor o f th ree ra ther 
t h a n the o b s e r v e d factor o f t en or m o r e . A s p r e d i c t e d b y E q u a t i o n 1, 
h i g h f r e q u e n c y h e m e m o d e s are e q u a l l y in tense i n b o t h o x i d i z e d a n d 
r e d u c e d ox ida se . I t is q u i t e u n e x p e c t e d that the i n t ens i t y o f h e m e 
m o d e s i n the h i g h f r e q u e n c y range f o l l o w E q u a t i o n 1, w h i l e h e m e 
m o d e s at a l o w e r f r e q u e n c y d o not . O n e p o s s i b l e e x p l a n a t i o n is that the 
l o w f r e q u e n c y m o d e s i n r e s t i n g o x i d a s e are not d u e to h e m e e x p l i c i t l y , 
b u t i n s t e a d are assoc ia ted w i t h a n a x i a l g roup(s ) l i g a t e d to the i r o n . I f 
th i s e x p l a n a t i o n is cor rec t , the o b s e r v e d m o d e s m a y b e d u e to the 
b r i d g e b e t w e e n the a 3 h e m e a n d C u f j + , or e v e n the C u u + s t ruc tu re i t s e l f 
(33 , 45). T h e l o w i n t e n s i t y o f the l o w f r e q u e n c y m o d e s o f the c y a n i d e 
a d d u c t a n d t h e i r d i s a p p e a r a n c e o n r e d u c t i o n m a y t h e n b e r e l a t e d to 
the w e a k e r a x i a l e l e c t r o n i c in te rac t ions ( w h i c h are r e f l ec t ed i n the 
s m a l l 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 cons tant for the a 3

+ - C u 2 + i n t e rac 
t ion) i n l o w s p i n c y t o c h r o m e a 3 (2) , a n d the absence o f s u c h in t e rac 
t ions i n the r e d u c e d e n z y m e . 

T o test w h e t h e r or not the l o w f r e q u e n c y c y t o c h r o m e a 3 R R spec 
t r u m m a y b e d u e to a x i a l n o n h e m e s t ruc tures , the l o w f r e q u e n c y R R 
spec t r a o f s eve ra l h e m e a m o d e l c o m p l e x e s that h a v e s p i n a n d l i g a t i o n 
states that m a y o c c u r i n r e s t i n g ox idase w e r e e x a m i n e d . A t y p i c a l 
s p e c t r u m , that o f b i s ( D M S O ) F e 2 + ( heme a) [ w h i c h con ta ins h i g h s p i n , 
h e x a c o o r d i n a t e d F e ( I I I ) ] is s h o w n i n F i g u r e 11 (bo t tom trace) . T h e 
s p e c t r a o f h i g h s p i n , p e n t a c o o r d i n a t e d a n d l o w s p i n , h e x a c o o r d i n a t e d 
fe r r i c h e m e a are s i m i l a r . O n l y t w o R R m o d e s o f s ign i f i can t i n t e n s i t y 
are o b s e r v e d , at 3 4 6 a n d 2 6 5 c m - 1 , w i t h a p p r o x i m a t e l y e q u a l i n t e n s i t y . 
T h e 2 6 5 - c m - 1 m o d e co r r e sponds to the w e a k feature o f s i m i l a r fre
q u e n c y o b s e r v e d i n c y t o c h r o m e o x i d a s e ( F i g u r e 11). T h e 3 4 6 - c m - 1 

m o d e does not c o r r e s p o n d to the p e a k at 337 c m - 1 o b s e r v e d i n cy to 
c h r o m e o x i d a s e w i t h 4 1 3 . 1 - n m e x c i t a t i o n . T h i s c a n b e seen b y c o m p a r 
i n g the r e l a t i v e i n t ens i t i e s o f the 2 6 5 - a n d 3 4 6 - c m - 1 p e a k s i n the spec 
t r u m o f the m o d e l h e m e w i t h the r e l a t i v e in tens i t i e s at 2 6 5 a n d 3 3 7 
c m - 1 i n c y t o c h r o m e o x i d a s e . 

T h e r e is a c y t o c h r o m e o x i d a s e m o d e that c o r r e s p o n d s to the 346-
c m " 1 h e m e a p e a k . I t is the 3 4 6 - c m - 1 m o d e that is o b s e r v e d i n b o t h 
o x i d i z e d a n d r e d u c e d o x i d a s e w h e n 600- or 4 4 1 . 6 - n m e x c i t a t i o n is 
e m p l o y e d . T h e 3 4 6 - c m " 1 p e a k o n l y c a n b e o b s e r v e d u s i n g 4 1 3 . 1 - n m 
e x c i t a t i o n i f the 3 3 7 - c m " 1 i n t e n s i t y is a t t enua t ed b y the a d d i t i o n o f 
c y a n i d e . T h e 3 3 7 - c m - 1 p e a k a n d the r e m a i n i n g features that are o b 
s e r v e d i n c y t o c h r o m e o x i d a s e b u t absent i n h e m e a (373, 4 0 4 , a n d 4 1 8 
c m - 1 ) m u s t (unless the p r o t e i n has a n u n p r e c e d e n t e d a n d h i g h l y s e l ec 
t i v e effect o n h e m e R R in tens i t i e s ) b e d u e to v i b r a t i o n s o f n o n h e m e 
s t ruc tures o ther t h a n the p o r p h y r i n m a c r o c y c l e . 
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S T E L L A C Y A N I N 

Xo = 6 4 7 l n m 

L A C C A S E 

\o=647.lnm 

R E S T I N G 

C Y T O C H R O M E 

OXIDASE 

Xo = 4 l 3 . l n m 

418 371 3 3 7 

407U /] 2 6 5 

F E R R I H E M E g 2 D M S O 
(high spin F e + 3 ) 
λ ο = 4 Ι 3 . Ι nm 

5 0 0 4 0 0 

Δ υ cm 

3 0 0 2 0 0 

Figure 11. The low frequency (200-500 cm'1) RR spectrum of rest
ing cytochrome oxidase using direct cytochrome a3 Soret resonance 
(413.1 nm) compared to the hexacoordinated, high spin heme a model 
complex, and the blue copper centers (S-*Cu LMCT resonance, 647.1 

nm) of laccase and stellacyanin. 
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O n e or t w o o f these l o w f r e q u e n c y m o d e s m i g h t b e assoc ia ted 
w i t h the s t r e t c h i n g v i b r a t i o n s o f i r o n - ( a x i a l l i g a n d ) b o n d s . O n e o f 
these l i g a n d s is p r o b a b l y h i s t i d i n e i m i d a z o l e (30, 46). H o w e v e r , i t is 
u n l i k e l y that a n y o f the m o d e s o b s e r v e d i n r e s t i n g ox idase are d u e to 
the F e 3 _ | 1 - N ( Im) s t r e t ch . I n d e o x y m y o g l o b i n , th is m o d e appears at 221 
c m - 1 ; i n f e r r i - H R P i t appea r s at 274 c m - 1 ; a n d i n b i s ( i m i d a z o l e ) F e 
( O E P ) i t appea r s at 2 9 0 c m - 1 (47-49). B y a n a l o g y to o the r f e r r i h e m e -
i m i d a z o l e sys tems , therefore , the 3 7 3 - c m " 1 a n d h i g h e r f r equenc i e s are 
u n l i k e l y to b e a n F e 3 + — N ( I m ) s t r e t ch i n r e s t i n g e n z y m e (47-49). T h e 
p e a k o b s e r v e d at 2 1 2 c m - 1 i n r e d u c e d o x i d a s e is a r ea sonab le c a n d i 
date for the v i b r a t i o n o f F e ( I I ) - N ( I m ) b o n d . 

T h e f r e q u e n c y range o f the o b s e r v e d p e a k s , 3 3 7 - 4 1 8 c m " 1 , m i g h t 
b e cons i s ten t w i t h a n a x i a l o x i d e i o n b r i d g i n g F e 3 + a n d C u u + , b u t o u r 
i so tope s tud ie s a rgue agains t s u c h a n a s s ignmen t (23) . D i s s o l u t i o n o f a 
p e l l e t e d r e s t i n g ox idase p r e p a r a t i o n i n 9 0 % H 2

1 8 0 , f o l l o w e d b y a 16-h 
i n c u b a t i o n at 0 ° C , p r o d u c e d n o d e t e c t a b l e changes i n R R s p e c t r u m . 
( T h e H 2

1 8 0 a n d H 2

1 6 0 spec t r a w e r e c o m p a r e d b y d i g i t a l sub t r ac t i on o f 
the spec t r a u s i n g a m i c r o p r o c e s s o r - c o n t r o l l e d recorder . ) T h i s r e su l t is 
cons i s ten t w i t h (but does not p r o v e ) the absence o f a a § + - 0 2 ~ - C u u + 

b r i d g e ; i t does , h o w e v e r , m a k e i t u n l i k e l y that a n o x i d e b r i d g e is 
r e s p o n s i b l e for a n y o f the o b s e r v e d l o w f r e q u e n c y m o d e s . O t h e r pos s i 
b l e c a n d i d a t e s for the b r i d g i n g g r o u p i n c l u d e i m i d a z o l a t e (his) , p h e n o -
la te (tyr), a n d t h i o l a t e (cys). B r i d g i n g i m i d a z o l a t e is not e x p e c t e d to 
h a v e F e - N f r e q u e n c i e s v e r y d i f ferent f r o m i m i d a z o l e . T y r o s i n a t e 
m i g h t h a v e F e - O f r equenc i e s n e a r 4 0 0 c m - 1 , b u t the F e - O s t re tch i n 
t r ans fe r r in is no t o b s e r v e d (50) a n d thus , s u c h a n a x i a l m o d e a lso m i g h t 
b e w e a k i n the p resen t case . H o w e v e r , there is g o o d p r e c e d e n t for 
a s s i g n i n g one o f the o b s e r v e d c y t o c h r o m e o x i d a s e p e a k s as a n F e 3 + -
" S R s t re tch . T h e R R s p e c t r u m o f c y t o c h r o n i e P - 4 5 0 (cam) s h o w s a n 
in tense p e a k at 351 c m " 1 that w a s a s s i g n e d (51) as a n F e - N ( I m ) 
s t re tch . H o w e v e r , i n l i g h t o f the h e m e - i m i d a z o l e da ta (47-49) n o t e d 
a l r e a d y , a n d m o r e r e c e n t e x t e n d e d x-ray abso rp t i on fine s t ruc ture 
( E X A F S ) s tud ies o f P - 4 5 0 (cam) (58) , th is m o d e is a l m o s t c e r t a i n l y a n 
F e - S (cys) s t re tch . I n a d d i t i o n , the F e 3 + - S (cys) f r equenc i e s i n a d -
r e n o d o x i n a n d H I P I P (52) are 3 5 0 c m " 1 a n d 358 c m " 1 , r e s p e c t i v e l y ; 
a x i a l f e r r i h e m e l i g a n d s s i m i l a r to R S " , v i z . , C I " a n d B r " , h a v e F e - X 
f r e q u e n c i e s o f 364 c m - 1 a n d 2 7 9 c m " 1 , r e s p e c t i v e l y (47-49). T h u s , the 
R R da ta are cons i s t en t w i t h the i d e n t i t y o f the b r i d g i n g l i g a n d i n rest
i n g o x i d a s e as b e i n g th io la t e (cys) , a n d the 3 3 7 - c m " 1 m o d e is a reason
a b l e c a n d i d a t e for a x i a l F e - S s t re tch . 

F i g u r e 11 i n c l u d e s a c o m p a r i s o n o f the r e s t i n g c y t o c h r o m e 
o x i d a s e R R s p e c t r u m w i t h the R R spec t r a o f the t y p e 1 c o p p e r centers 
i n l accase a n d s t e l l a c y a n i n . T h e r e is a s t r i k i n g s i m i l a r i t y b e t w e e n the 
s p e c t r u m o f the r e s t i n g o x i d a s e , m i n u s the 3 3 7 - c m " 1 p eak , a n d the 
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l accase t y p e 1 s p e c t r u m . I f the i r o n - ( b r i d g i n g l i g a n d ) v i b r a t i o n i n 
ox idase is a s s i g n e d to one o f the h i g h e r f r e q u e n c y ( > 4 0 0 c m - 1 ) m o d e s , 
the r e m a i n i n g s p e c t r u m r e s e m b l e s s t e l l a c y a n i n i n the 3 0 0 - 4 0 0 - c m " 1 

r e g i o n . T h i s r e s e m b l a n c e was n o t e d p r e v i o u s l y (17,45). T h u s , the R R 
da ta sugges t that C u L r e s e m b l e s a t y p e 1 or b l u e c o p p e r center . T h i s 
obse rva t i on is r e m a r k a b l e b e c a u s e the e x c i t a t i o n w a v e l e n g t h , 413 .1 
n m , is i n resonance w i t h the h e m e Sore t abso rp t ion , a n d not w i t h the 
cha rac t e r i s t i c b l u e c o p p e r t r ans i t i on , w h i c h is c e n t e r e d at 6 0 0 n m (note 
the e x c i t a t i o n w a v e l e n g t h , 647.1 n m , for the l accase a n d s t e l l a c y a n i n 
spect ra) . O n e o f t w o m e c h a n i s m s m i g h t p r o v i d e e n h a n c e m e n t o f 
coppe r - a s soc i a t ed m o d e s u n d e r th is resonance c o n d i t i o n . F i r s t , s t rong 
e l e c t r o n i c in te rac t ions b e t w e e n the h e m e a n d c o p p e r , p r o m o t e d b y 
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 , m i g h t a l l o w the coppe r -a s soc i a t ed v i b r a 
t ions to b e c o u p l e d to the h e m e Sore t t r ans i t ion . S e c o n d , the c o p p e r 
cen t e r i t s e l f m i g h t h a v e a n e l e c t r o n i c t r ans i t ion nea r 4 0 0 n m that is 
b u r i e d b e n e a t h the h e m e Sore t b u t that is s t rong e n o u g h to p r o v i d e 
s ign i f i can t e n h a n c e m e n t o f c o p p e r - l i g a n d m o d e s . C o n c e r n i n g the lat
ter p o s s i b i l i t y , i t s h o u l d b e n o t e d (1) that b l u e c o p p e r p ro te ins c u s 
t o m a r i l y h a v e a r e l a t i v e l y w e a k (e ~ 1000 M _ 1 c m _ 1 ) e l e c t r o n i c t r ans i 
t i o n n e a r 4 0 0 n m , a n d (2) a l l s i m p l e c o p p e r - t h i o e t h e r c o m p l e x e s h a v e 
an in tense (e ~ 8 0 0 0 M ^ c m - 1 ) S(a) -> C u 2 + L M C T t r ans i t ion n e a r 4 0 0 
n m that resu l t s i n s t rong e n h a n c e m e n t o f c o p p e r - l i g a n d m o d e s (53 , 
54). T h e r e is e v i d e n c e (55) that b r i d g i n g t h i o l l i g a n d s a p p e a r s o m e 
w h a t " t h i o e t h e r - l i k e " to coppe r ( I I ) , e x h i b i t i n g b r o a d e l e c t r o n i c t rans i 
t ions i n the 4 5 0 - 5 0 0 - n m r e g i o n . W e cannot , at th is t i m e , re ject the 
p o s s i b i l i t y that there is a c o p p e r t r ans i t ion c e n t e r e d i n the n e a r U V ; a 
R a m a n e x c i t a t i o n p ro f i l e s h o u l d e s t a b l i s h w h e t h e r or not resonance 
e n h a n c e m e n t is p r o m o t e d b y the a 3 h e m e u n i q u e l y . 

X - r a y e d g e abso rp t i on data o n c y t o c h r o m e o x i d a s e h a v e b e e n c i t e d 
as e v i d e n c e that C u y r e s e m b l e s s t e l l a c y a n i n (56) . P r i o r to o u r R R s tud 
ies (17, 45) th i s e v i d e n c e w a s the o n l y d a t u m that sugges t ed a n y b l u e 
c o p p e r - l i k e p rope r t i e s for C u L . Q u i t e r e c e n t l y (57) , a p r e l i m i n a r y re
por t f r om the same l abora to ry o f the E X A F S d e t e r m i n a t i o n o f the m e t a l 
c o o r d i n a t i o n s h e l l s i n c y t o c h r o m e o x i d a s e has a p p e a r e d . T h e i n t e r p r e 
ta t ion p r e s e n t e d is that the c y t o c h r o m e a 3 h e m e is c o o r d i n a t e d a x i a l l y 
b y a n i t r o g e n l i g a n d at 2 .14 À a n d a c y s t e i n e su l fu r at 2 .60 Â . T h e 
su l fu r is s a i d to b r i d g e the F e 3 + a n d C u ? + i n r e s t i n g ox idase w i t h a 
C u - S d i s t ance o f 2 .17 Â a n d a F e - C u d i s t ance o f 3 .75 Â , w h e n c e 
the F e - S — C u a n g l e is 103° . T h e Cu2

v

+ e n v i r o n m e n t is re i t e ra ted to b e 
s t e l l a c y a n i n - l i k e . It m a y b e a s k e d r e a s o n a b l y w h e t h e r s u c h a c o o r d i n a 
t i o n e n v i r o n m e n t c a n r e s u l t i n c y t o c h r o m e a 3 b e i n g h i g h s p i n as is 
o b s e r v e d i n the r e s t i n g e n z y m e . B y c o m p a r i s o n , c y t o c h r o m e P - 4 5 0 
( L M 2 ) con ta ins a h e x a c o o r d i n a t e d h e m e w i t h a x i a l l i g a n d s that cu r 
r e n t l y are b e l i e v e d to b e c y s t e i n e t h io l a t e a n d w a t e r (58). A l t h o u g h 
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o n e o f these l i g a n d s is c l a s s i c a l l y w e a k , the i ron ( I I I ) i n P - 4 5 0 ( L M 2 ) is 
l o w s p i n . T h u s , the c o m b i n a t i o n o f i m i d a z o l e a n d c y s t e i n e p r o b a b l y 
w o u l d r e n d e r c y t o c h r o m e a 3 l o w s p i n , i n contras t to the o b s e r v e d h i g h 
s p i n c o n f i g u r a t i o n d e d u c e d f r o m s u s c e p t i b i l i t y M C D a n d R a m a n m e a 
s u r e m e n t s . H o w e v e r , the a x i a l F e - S d i s t ance i n P - 4 5 0 ( L M 2 ) is 2 .19 Â 
(58) c o m p a r e d to 2 .60 À r e p o r t e d for c y t o c h r o m e a 3 . S u c h a b o n d 
l e n g t h c h a n g e c o n c e i v a b l y c o u l d r e d u c e the a x i a l l i g a n d field suffi
c i e n t l y to a l l o w for the o b s e r v e d h i g h s p i n state o f c y t o c h r o m e a 3 . 
H o w e v e r , b y B a d g e r ' s R u l e , the b o n d l e n g t h c h a n g e a l so s h o u l d re
d u c e the 3 5 1 - c m " 1 F e - S s t re tch o b s e r v e d i n P - 4 5 0 (cam) to 211 c m - 1 i n 
c y t o c h r o m e o x i d a s e . N o v i b r a t i o n n e a r 211 c m - 1 is o b s e r v e d i n r e s t i n g 
ox ida se . 

A n i n t e r e s t i n g c o n s e q u e n c e o f the p r o p o s e d c y t o c h r o m e a 3 s t ruc
tu re ( 5 7 ) is that s u l f u r u n i q u e l y , a m o n g a l l p r o p o s e d b r i d g i n g l i g a n d s , 
m a y b e c a p a b l e o f b r i d g i n g F e ( a 3 ) a n d C u u i n the r e d u c e d as w e l l as 
the o x i d i z e d states. S u l f u r is a p e r f e c t l y r ea sonab le l i g a n d for F e ( I I ) 
a n d C u ( I ) as w e l l as F e ( I I I ) a n d C u ( I I ) . I n f u l l y r e d u c e d o x i d a s e s u c h 
a b r i d g e c l e a r l y does not ex is t ; never the less , a F e 2 + - S - C u + b r i d g e 
r e m a i n s a m e c h a n i s t i c p o s s i b i l i t y i n the t u r n o v e r d y n a m i c s o f c y t o 
c h r o m e a 3 . 

T h e o n l y major i n c o n s i s t e n c y b e t w e e n the p resen t R R resu l t s a n d 
the c y t o c h r o m e a 3 s t ruc tu re p r o p o s e d o n the basis o f the E X A F S re
sul ts (57) is n o t e d a l r e a d y , v i z . , the l o n g F e - S b o n d d i s t ance c o m p a r e d 
to the o b s e r v e d v i b r a t i o n a l f r equenc i e s . A m i n o r d i f fe rence l i e s i n the 
a p p a r e n t na tu re o f the C u L s t ruc tu re . B o t h t e c h n i q u e s suggest a b l u e 
c o p p e r - l i k e e n v i r o n m e n t for C u u - H o w e v e r , the x-ray e d g e da ta are 
i n t e r p r e t e d i n t e rms o f C u L v i r t u a l l y b e i n g i d e n t i c a l w i t h s t e l l a c y a n i n ; 
the R R da ta sugges t c l o se r s i m i l a r i t y to a z u r i n - l a c c a s e - p l a s t o c 5 y a n i n . 
R e c e n t E P R da ta o n a p a r t i a l l y o x i d i z e d c y t o c h r o m e ox idase (59 , 60) 
a n d o n p a r t i a l l y r e d u c e d e n z y m e at h i g h p H (60), w h e r e C u u b e c o m e s 
E P R d e t e c t a b l e , s h o w A^ for CULT to b e i n t e r m e d i a t e b e t w e e n t y p i c a l 
v a l u e s for b l u e c o p p e r p ro te ins a n d n o r m a l t e t r agona l c o p p e r (59 , 60). 
T h e E P R resu l t s m a y sugges t a d i s p o s i t i o n o f l i g a n d s i n C u u that is less 
t e t r ahed ra l , m o r e f la t tened, t h a n is t y p i c a l for b l u e c o p p e r . T h i s ar
r a n g e m e n t is a p o s s i b l e c o n s e q u e n c e o f the h y p o t h e t i c a l e l i m i n a t i o n o f 
the b r i d g i n g l i g a n d f rom the h e m e , b r e a k i n g the a n t i f e r r o m a g n e t i s m 
a n d r e n d e r i n g C u L d e t e c t a b l e b y E P R . T h e a p p a r e n t absence o f a S —» 
C u ( I I ) L M C T t r ans i t ion n e a r 6 0 0 n m d u e to C u u a l so suggests d - o r b i t a l 
e n e r g y l e v e l s o f C u u di f ferent f rom those o f b l u e c o p p e r , i f a C u - S 
b o n d is p re sen t i n C u t . 

Conclusions 

T h e π —> π * e l e c t r o n i c s p e c t r o s c o p y , the M C D , a n d the R R S o f 
h e m e a c a n b e u n d e r s t o o d i n te rms o f a m o d e l i n w h i c h the s u b s t i t u -
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t i on o f o p p o s i t e p y r r o l e s b y v i n y l a n d f o r m y l subs t i tuen t s causes l i f t i n g 
o f the d e g e n e r a c y o f the Eg L U M O that exis ts i n o ther h e m e s . N e v e r 
theless , the R R o x i d a t i o n state or π * e l e c t r o n d e n s i t y i n d i c a t o r peak , 
B a n d I , scales for h e m e a p r e c i s e l y as i t does for o ther h e m e s . H o w e v e r 
the R R core s ize i n d i c a t o r s d o not , a n d n e w c a l i b r a t i o n s o f B a n d I V 
f r e q u e n c y v s . h e m e C t - N d i s t ance m u s t b e d r a w n for h e m e a. M u l t i p l e 
" B a n d s I V " a p p a r e n t l y ex i s t w h e n α , β - e x c i t a t i o n is e m p l o y e d , d u e to 
d i s s i m i l a r i t y o f the p y r r o l e s a l o n g the χ a n d y i n - p l a n e axes . H o w e v e r , 
Sore t e x c i t a t i o n resu l t s i n a p o l a r i z e d B a n d I V a n a l o g , w h i c h a l l o w s 
core s i z e i n f o r m a t i o n to b e d e t e r m i n e d a n d therefore the s p i n state a n d 
c o o r d i n a t i o n n u m b e r o f h e m e a to b e i n f e r r e d . 

A p p l i c a t i o n o f the h e m e a m o d e l c o m p l e x da ta to c y t o c h r o m e 
o x i d a s e s h o w s that c y t o c h r o m e a 3 con ta ins h i g h s p i n , h e x a c o o r d i n a t e d 
i r o n ( I I I ) i n the r e s t i n g e n z y m e . T h e R R da ta d o not s u p p o r t a n i r o n ( I V ) 
f o r m u l a t i o n o f r e s t i n g o x i d a s e . C y t o c h r o m e a 3 is h i g h s p i n i ron( I I ) i n 
the f u l l y r e d u c e d e n z y m e . C o m b i n e d s tud ies o f m e t a s t a b l e o x y g e n a t e d 
d e r i v a t i v e s o f c y t o c h r o m e o x i d a s e b y R R a n d M C D sugges t that C o m 
p o u n d C , p u l s e d o x i d a s e , a n d the h y d r o g e n p e r o x i d e a d d u c t o f the 
r e s t i n g e n z y m e a l l c o n t a i n the c y t o c h r o m e a 3 h e m e as i n t e r m e d i a t e 
s p i n i r on ( I I I ) . T h e r e d o x con f igu ra t i on o f c y t o c h r o m e a 3 i n C o m p o u n d 
C a n d the h y d r o g e n p e r o x i d e a d d u c t is s i m i l a r to r e c e n t l y cha rac 
t e r i z e d m o d e l h e m e s w h e r e p e r o x i d e appea r s to b e b o u n d to i r on ( I I I ) 
i n a s y m m e t r i c b i h a p t o m a n n e r p a r a l l e l to the h e m e p l a n e . 

T h e l o w f r e q u e n c y R R S o f c y t o c h r o m e a 3 i n r e s t i n g c y t o c h r o m e 
ox idase e x h i b i t s p e a k s d u e to a x i a l n o n h e m e s t ruc tu res . T h e o b s e r v e d 
peaks are at h i g h e r f r e q u e n c i e s t h a n e x p e c t e d for F e 3 + - N ( i m i d a z o l e ) 
s t re tch , a l t h o u g h s u c h a m o d e m a y b e o b s e r v e d i n r e d u c e d e n z y m e . 
N o F e 3 + - 0 m o d e d u e to b r i d g i n g o x i d e is r e v e a l e d b y l s O iso tope 
e x p e r i m e n t s . O n e o f the o b s e r v e d peaks is a s s ignab l e to F e 3 + - 0 
( ty ros ine pheno la t e ) or F e 3 + - S (cys te ine th io la t e ) , w i t h the la t ter as
s i g n m e n t f a v o r e d o n the basis o f i n t ens i t y a r g u m e n t s a n d b y c o m p a r i 
son to c y t o c h r o m e P - 4 5 0 (cam) R R resu l t s . T h e r e m a i n i n g l o w fre
q u e n c y p e a k s m a r k e d l y are 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 R R 
spec t ra , p a r t i c u l a r l y those o f a z u r i n , l accase , a n d p l a s t o c y a n i n . T a k e n 
together , the R R e v i d e n c e is cons is ten t w i t h a c y t o c h r o m e a 3 s t ruc ture 
i n w h i c h the h e m e is h e x a c o o r d i n a t e d , h i g h s p i n i r on ( I I I ) , the a x i a l 
l i g a n d s are h i s t i d i n e i m i d a z o l e a n d c y s t e i n e t h i o l a t e , the su l fu r forms 
the b r i d g e to C u f / , a n d the e n v i r o n m e n t o f C u 2 + is s i m i l a r to c o p p e r i n 
a z u r i n a n d p l a s t o c y a n i n . O t h e r s p e c t r o s c o p i c da ta sugges t a m o r e flat
t e n e d g e o m e t r y for C u ? + t h a n for the m e t a l sites o f p l a s t o c y a n i n a n d 
a z u r i n . 

Ef fec t s o f de t e rgen t on the R R spec t r a o f c y t o c h r o m e ox idase are 
no t ed , d i s t i n c t f r o m , a n d i n a d d i t i o n to, the p r e v i o u s l y o b s e r v e d p h o t o -
r e d u c t i o n o f the r e s t i n g e n z y m e . I n v e s t i g a t i o n o f the na ture o f these 
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effects, further RR study of electron transfer intermediates, study of 
copper depleted oxidase preparations, and application of novel spec
troscopic probes such as time-resolved resonance Raman are now in 
progress. 
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27 
Utility of Proton Hyperfine Shifts in 
Elucidating the Electronic Structure 
of Horseradish Peroxidase Compounds 
I and II and Their Model Compounds 

L. LATOS-GRAZYNSKI, ALAN L. BALCH, and GERD N. LA MAR 

University of California, Department of Chemistry, Davis, CA 95616 

This chapter reviews proton ΝMR spectroscopic studies 
of the electronic and molecular structure of horseradish 
peroxidase (HRP) in its reactive forms. The resting state 
is characterized by a rigid heme pocket with the iron 
bound to an axial imidazole with intact N1-H and a 
quantum mechanical admixture S = 3/3, 5/2 spin state for 
the metal. HRP Compound II is characterized by very 
small hyperfine shifts in its proton NMR spectrum, and a 
complete assignment of the spectrum awaits further de
velopments. The proton NMR spectrum of HRP Com
pound I is unlike that of any previously characterized 
iron porphyrin, and supports the (FeO)2+/porphyrin π 
cation radical model. The heme environment of HRP 
Compound I is rigid, with evidence that the heme vinyl 
groups are locked in two in-plane positions. The spectra 
of various states of HRP are compared with those of 
relevant model compounds. Data obtained with carbene 
complexes of iron porphyrins suggest that the oxidizing 
equivalents in an iron-oxo complex may be stored by 
inserting an (formal) oxygen atom into an iron-nitrogen 
bond. Models for (FeO)2+ porphyrin complexes are 
available through the reaction of N-methylimidazole 
with peroxo-bridged iron porphyrin dimers. 

| " n e 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 cons t i tu tes the t e r m i n a l s tep i n 
the r e sp i r a to ry e l e c t r o n t ranspor t c h a i n . H o w e v e r , d i o x y g e n m e 

t a b o l i s m at o ther stages c a n a lso r e su l t i n the f o r m a t i o n o f the p a r t i a l l y 

0065-2393/82/0201-0661$06.00/0 
© 1982 Amer ican C h e m i c a l Society 
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r e d u c e d spec ie s , 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 . T h e s e spec i e s 
h a v e p o t e n t i a l t o x i c effects. T h e catalases a n d s u p e r o x i d e d i smutases 
are e x i s t i n g e n z y m e s that are c a p a b l e o f d e s t r o y i n g these spec i e s . A n 
o ther g r o u p o f e n z y m e s , the pe rox idases , c o u p l e the d e s t r u 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 the o x i d a t i o n o f o r g a n i c substrates . 

H o r s e r a d i s h p e r o x i d a s e ( H R P ) , a h e m e e n z y m e , is a r e a d i l y a v a i l 
a b l e r ep re sen t a t i ve o f th is g r o u p o f pe rox idases a n d has r e c e i v e d c o n 
s i d e r a b l e s t u d y ( I , 2 ) . A n u m b e r o f d i f ferent o x i d a t i o n states o f the 
p r o s t h e t i c g r o u p h a v e b e e n d e t e c t e d . T h e s e o x i d a t i o n states are s h o w n 
i n S c h e m e I , a l o n g w i t h the r eac t ion p a t h w a y s that i n t e r c o n n e c t t h e m 
( J , 2 ) . T h e p r o d u c t i v e c a t a l y t i c c y c l e i n v o l v e s : the r e s t i n g e n z y m e , 
w h i c h con ta ins i r on ( I I I ) ; the g reen C o m p o u n d I ( H R P I) ; a n d the r e d 
C o m p o u n d I I ( H R P II) . T h e p h y s i o l o g i c a l s i gn i f i cance o f the o ther 
o x i d a t i o n states s h o w n i n S c h e m e I is less c l ea r . M a n y de t a i l s o f the 
m o l e c u l a r a n d e l e c t r o n i c s t ruc tu re o f the H R P states r e m a i n u n r e 
s o l v e d , d e s p i t e ex t ens ive s tud ies u s i n g a w i d e v a r i e t y o f p h y s i c o -
c h e m i c a l t e c h n i q u e s . S o m e o f these p o i n t s i n c l u d e the l o c a t i o n o f the 
o x i d i z i n g e q u i v a l e n t s i n H R P I a n d I I , a n d the r o l e o f a x i a l i m i d a z o l e 
d e p r o t o n a t i o n i n s t a b i l i z i n g these forms. 

NMR Spectroscopy of Heme and Hemoproteins 

P r o t o n N M R h y p e r f i n e shifts c a n p r o v i d e , i n p r i n c i p l e , a w e a l t h o f 
e l e c t r o n i c a n d s t ruc tu ra l i n f o r m a t i o n a b o u t the p a r a m a g n e t i c cen te r i n 
h e m o p r o t e i n s i n v a r i o u s o x i d a t i o n a n d s p i n states (3 , 4). T h e u n p a i r e d 
s p i n o f the h e m i n pe r tu rbs the p r o t o n resonances o f the p r o s t h e t i c 
g r o u p , c o o r d i n a t e d l i g a n d s , a n d some o f the a m i n o a c i d s i n the n e i g h 
b o r h o o d o f the h e m e i r o n . T h i s p e r t u r b a t i o n p e r m i t s the r e s o l u t i o n o f 
m a n y peaks that are s h i f t e d a w a y f rom the g e n e r a l l y p o o r l y r e s o l v e d 
d i a m a g n e t i c e n v e l o p e [ the r e g i o n 0 - 1 0 p p m f rom s o d i u m 
3 - ( t r i m e t h y l s i l y l ) - l - p r o p a n e s u l f o n a t e ( D S S ) ] (3 , 5 ) . T h e s e h y p e r f i n e 
s h i f t e d resonances are e x t r e m e l y sens i t ive to the o x i d a t i o n , l i g a t i o n , 
a n d s p i n states o f the s y s t e m , a n d are i n f l u e n c e d b y the h e m e -
a p o p r o t e i n i n t e r ac t i on that c a n affect the o r i en ta t ion o f p o r p h y r i n -
b o u n d subs t i tuen t s ( p a r t i c u l a r l y v i n y l g roups ) a n d the p l a n e o f the 
a x i a l i m i d a z o l e l i g a n d s ( 3 - 2 3 ) . 

E a c h p r e v i o u s l y c h a r a c t e r i z e d s p i n , l i g a t i o n , a n d o x i d a t i o n state 
("state") o f i r o n p o r p h y r i n s has a cha rac t e r i s t i c spec t r a l pa t te rn . I n 
m o s t cases, the h y p e r f i n e shif t pat terns c a n b e r a t i o n a l i z e d o n the 
bas is o f i n t e r ac t i on o f a v a i l a b l e , s p i n - c o n t a i n i n g rf-orbitals o f i r o n a n d 
the a p p r o p r i a t e p o r p h y r i n a n d a x i a l l i g a n d o rb i t a l s . A n ex t ens ive re
v i e w d e s c r i b e s the va r ious d e r e a l i z a t i o n p a t h w a y s (4). W e u s e d 
cha rac t e r i s t i c average shif t v a l u e s ( T a b l e I) for w e l l - c h a r a c t e r i z e d 
states o f i r o n p o r p h y r i n s to assess the l i k e l i h o o d that h y p e r f i n e shif t 
pat terns a c c o u n t for the p rope r t i e s o f the r e a c t i v e forms o f H R P . 
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A H 2 A H + H + 

Scheme I. The productive catalytic cycle involves Native HRP, HRP I, 
and HRP II. The overall reaction catalyzed is H2 02 + H2A —> 2H2 Ο + A. 

T w o i m p o r t a n t factors r e l e v a n t to o u r in te rp re ta t ions h a v e 
e m e r g e d f rom o u r p r e v i o u s s tud ies o n b o t h m o d e l s a n d m o r e r e a d i l y 
c h a r a c t e r i z e d h e m o p r o t e i n s ( i .e . , m y o g l o b i n , a n d i n sec t h e m o g l o b i n ) . 
F i r s t , the r e l a t i v e h y p e r f i n e shi f t o f b o t h p y r r o l e - b o u n d pro tons a n d 
m e t h y l g r o u p s o f the h e m e core m u s t b e o b s e r v e d to c h a r a c t e r i z e the 
h e m e state. T h i s r e s t r i c t i on r e q u i r e s observa t ions to b e m a d e o n i so-
s t ruc tu ra l sys t ems c o n t a i n i n g p r o t o p o r p h y r i n ( A , R = v i n y l ) a n d d e u -
t e r o p o r p h y r i n ( A , R = h y d r o g e n ) . U n a m b i g u o u s a s s i g n m e n t o f res
onances to p a r t i c u l a r pro tons necessi ta tes the use o f s t e r e o s p e c i f i c a l l y 
d e u t e r a t e d p o r p h y r i n s . S e c o n d , for a g i v e n state, m o d e l s a n d p ro t e in s 
h a v e e s sen t i a l l y the s ame average h y p e r f i n e shif t for a p a r t i c u l a r func
t i o n a l g r o u p (4) . H o w e v e r , p r o t e i n - b o u n d h e m e i n v a r i a b l y e x h i b i t s a 
l a rge , i n - p l a n e an i so t ropy that is m a n i f e s t e d b y a l a rge s p r e a d o f 
h y p e r f i n e shifts i n a p a r t i c u l a r f u n c t i o n a l g r o u p . M o s t i m p o r t a n t l y , i n 
the l o w s p i n i r o n ( I I I ) state the pa t te rn o f the m e t h y l h y p e r f i n e shifts 
c a n b e u s e d to u n i q u e l y d e t e r m i n e the o r i e n t a t i o n o f the a x i a l h i s t i d y l 
i m i d a z o l e . 

A n o t h e r s p e c t r a l p r o p e r t y o f in te res t for these p a r a m a g n e t i c 
h e m o p r o t e i n s is the l i n e w i d t h , w h o s e r e l a t i v e v a l u e s ref lect a n i n 
verse , s i x th d e p e n d e n c e on the d i s t ance o f the p r o t o n i n v o l v e d f r o m 
the p a r a m a g n e t i c cen te r (7) . A n a l y s i s o f l i n e w i d t h s b e c o m e s p a r t i c u 
l a r l y i m p o r t a n t i n cases w h e r e t w o p a r a m a g n e t i c centers h a v e b e e n 
p r o p o s e d to exis t . 

T h e s p e c t r o s c o p i c p r o b e f o u n d m o s t u s e f u l i n c h a r a c t e r i z i n g the 
a x i a l h i s t i d i n e a n d the i r o n - i m i d a z o l e b o n d i n g is the resonance o f the 
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664 BIOLOGICAL REDOX COMPONENTS 

e x c h a n g e a b l e i m i d a z o l e N r - H (B) . A g a i n , the resonance p o s i t i o n o f 
th is N i - H s i g n a l fa l ls i n the same s p e c t r a l w i n d o w for i d e n t i c a l states 
o f m o d e l s a n d p ro t e in s . H e n c e , the d e t e c t i o n o f th is p r o t o n resonance 
e l i m i n a t e s the p re sence o f a d e p r o t o n a t e d i m i d a z o l e . H o w e v e r , shif t 
d i f ferences b e t w e e n m o d e l s a n d p ro t e in s m a y a l l o w for a n in t e rp re t a 
t i o n o f the ex ten t o f i m i d a z o l a t e cha rac t e r i m p o s e d o n the a x i a l l i g a n d 
b y h y d r o g e n b o n d i n g to a p r o t e i n - a c c e p t o r r e s i d u e . 

Proton NMR Studies of HRP 

R e s t i n g State . T h e r e s t i n g state con ta ins i r on ( I I I ) w i t h one a x i a l 
i m i d a z o l e l i g a n d ( 2 3 - 3 4 ) . A l t h o u g h p r o t o n N M R s p e c t r o s c o p y has not 
r e s o l v e d the q u e s t i o n (31-34) o f w h a t l i g a n d , i f any , o c c u p i e s the re
m a i n i n g a x i a l s i te , i t has c o n t r i b u t e d v a l u a b l e i n f o r m a t i o n a b o u t o ther 
s ign i f i can t p rope r t i e s . T h e s e p rope r t i e s i n c l u d e the s p i n state o f the 
i r o n , the r i g i d i t y o f the h e m e c r e v i c e , a n d the state o f i m i d a z o l e d e p r o -
tona t ion . A s s h o w n la ter , the q u e s t i o n o f i m i d a z o l e N i - H p ro tona t ion / 
d e p r o t o n a t i o n is s ign i f i can t for a l l forms o f H R R T h e s p e c t r u m o f rest
i n g H R P , a l o n g w i t h r esonance ass ignments , is s h o w n i n F i g u r e 1. T h e 
r e d u c e d m a g n e t i c s u s c e p t i b i l i t y o f r e s t i n g state H R P , a l o n g w i t h i ts 
e l e c t r o n s p i n resonance ( E S R ) s p e c t r u m , l e d to the sugges t i on that the 
i r o n was p resen t i n a n u n u s u a l q u a n t u m m e c h a n i c a l a d m i x e d s p i n 
state w i t h f a n d f cha rac te r (36-40). C o m p a r i s o n o f the p r o t o n N M R 
s p e c t r a o f n a t i v e a n d d e u t e r o h e m e r e c o n s t i t u t e d H R P conf i rms the 
m i x e d s p i n state b e c a u s e the o b s e r v e d shif t pa t t e rn is m o s t s i m i l a r to 
the shif t pat terns o f m o d e l c o m p o u n d s that a l so h a v e the a d m i x e d f-I 
state (11). 

T h e t e m p e r a t u r e d e p e n d e n c e o f the resonances o f the s i d e c h a i n s 
reflects a r i g i d h e m e p o c k e t . T h i s finding contras ts w i t h obse rva t ions 
m a d e o n m y o g l o b i n (JO, 41). T h e h i g h l y b u r i e d na tu re o f the h e m e 
e n v i r o n m e n t is d e m o n s t r a t e d fur ther b y the e x t r e m e l y s l o w rate o f 
e x c h a n g e o f the Ν χ - H o f the p r o x i m a l h i s t i d i n e . D e t e c t i o n o f a b r o a d , 
b u t e x c h a n g e a b l e , p r o t o n at + 1 0 0 p p m , w h i c h is e s sen t i a l l y the s ame 
l o c a t i o n as f o u n d i n m y o g l o b i n , ensures that the a x i a l i m i d a z o l e l i g a n d 
is p resen t w i t h the N ^ H in tac t . M o r e o v e r , the i n s e n s i t i v i t y o f the 
N i - H resonance p o s i t i o n to subs t ra te b o n d i n g d i s p r o v e s the p r e v i o u s 
c o n t e n t i o n (42) that s t a b i l i z a t i o n o f the subs t r a t e /p ro t e in b i n d i n g i n 
v o l v e s h y d r o g e n b o n d i n g to the p r o x i m a l h i s t i d i n e N i - H . 

A d d i t i o n o f s o d i u m c y a n i d e to r e s t i n g H R P g ives a h e x a c o o r d i 
n a t e d f o r m , w h i c h , a l t h o u g h p h y s i o l o g i c a l l y i r r e l e v a n t , is p a r t i c u l a r l y 
u s e f u l for s p e c t r o s c o p i c s t ruc tu re d e t e r m i n a t i o n . T h e C u r i e b e h a v i o r 
o f the resonances o f the h e m e p e r i p h e r a l subs t i t uen t s a n d the obse rva 
t i o n o f a N i - H s i g n a l are s i m i l a r to those features i n m e t c y a n o m y o g l o -
b i n . T h i s r e s u l t offers fur ther c o n f i r m a t i o n o f the r i g i d na tu re o f the 
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27. LATOS-GRAZYNSKi ET AL. Horseradish Peroxidase Compounds 665 

cd 

100 80 60 4 0 20 0 - 2 0 

Shift, In ppm from DSS —*> 

Figure 1. Proton NMR spectra (360 MHz) of: A, native HRP; and B, 
deutero HRP in 2H20, pH 7, 25°C. Assignments [11] A: a, NjH; b, 
8-CH3; c, 5-CH3; d, 3-CH3; e, 1-CH3; f, vinyl; g-l, vinyl, propionic acid 
Ha>8(?), proximal histidyl Ηβ>^?); and m,n, vinyl Ηβ. Β: a, NjH; b, 
5-CH3; c, 1-CH3; d, 8-CH3; e, 3-CH3; and h-m, propionic acid Ηα>8(?), 

proximal histidyl Ηβ8. Spectra from Ref 35. 

h e m e p o c k e t a n d the p re sence o f a n e s s e n t i a l l y n e u t r a l a x i a l i m 
i d a z o l e . D e u t e r i u m l a b e l i n g s tud ies e s t a b l i s h that the a x i a l i m 
i d a z o l e ' s p l a n e is o r i e n t e d a l o n g the N - F e - N axis o f P y r r o l e s 1 a n d 3. 
S i g n i f i c a n t l y , d e u t e r o h e m e r e c o n s t i t u t i o n o f H R P r e v e a l s a 180° rota
t i on o f the p o r p h y r i n (heme d i so rder ) , w h i c h m a y a c c o u n t for the d i f 
f e ren t i a l s t ab i l i t i e s o f C o m p o u n d I f o r m e d f rom d i f f e ren t ly s u b s t i t u t e d 
p o r p h y r i n s ( v i d a infra) . 

H R P C o m p o u n d I I . H R P I I con ta in s a n ( F e O ) 2 + u n i t w i t h a t r i p 
l e t g r o u n d state a n d a n a x i a l h i s t i d y l i m i d a z o l e (37 , 38, 43-47). T h e 
p r o t o n N M R s p e c t r u m o f th is f o rm o b t a i n e d f r o m d 6 - d i a c e t y l -
d e u t e r o h e m e ( A , R = H , C O C D 3 g roups i n the 6- a n d 7-posi t ions i n 
p l a c e o f the p r o p i o n i c a c i d s i d e cha ins ) r e c o n s t i t u t e d H R P is s h o w n 
i n F i g u r e 2 . S i m i l a r spec t r a w e r e r e c o r d e d for n a t i v e H R P a n d for 
f e r r y l m y o g l o b i n , the g reen spec i e s o b t a i n e d b y t r e a t i n g m e t m y o g l o -
b i n w i t h excess h y d r o g e n p e r o x i d e (49-51). I n a l l cases, the 
p a r a m a g n e t i c shifts are a m o n g the l o w e s t r e c o r d e d for a n y h e m e p r o 
t e i n . T h e p e a k s i n the 1 7 - 1 4 - p p m r e g i o n t e n t a t i v e l y h a v e b e e n as-
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666 BIOLOGICAL REDOX COMPONENTS 

Figure 2. Proton NMR spectrum (360 MHz) of à^diacetyl deutero HRP 
Compound II (15°C). Spectrum taken from Reference 48. 

s i g n e d to h e m e m e t h y l g r o u p s ( 4 9 - 5 5 ) . H o w e v e r , the a c t u a l a s s ign
m e n t o n l y c a n b e m a d e w h e n s u i t a b l e d e u t e r i u m l a b e l i n g s tud ies , n o w 
i n progress , are c o m p l e t e d . T h e l o w s t a b i l i t y o f the H R P I I fo rm has 
h a m p e r e d th is w o r k . 

M o d e l c o m p o u n d s , N - M e l m P F e O ( N - M e l m is N - m e t h y 1 i m i d a z 
o l e , Ρ is a s y n t h e t i c p o r p h y r i n d i a n i o n ) r e c e n t l y w e r e o b t a i n e d . T h e i r 
p rope r t i e s are d i s c u s s e d i n a la te r sec t ion . 

H R P C o m p o u n d I . T h e e l e c t r o n i c a n d m o l e c u l a r s t ruc tures o f 
H R P I h a v e b e e n the subjec ts o f ex t ens ive i n v e s t i g a t i o n . N u m e r o u s 
d i f ferent e l e c t r o n i c s t ruc tures h a v e b e e n p r o p o s e d for th is h i g h l y 
o x i d i z e d spec i e s . T h e s e s t ruc tures i n c l u d e : s i m p l e i r o n ( V ) , meso-
p o r p h y r i n a t t a c k e d i r o n ( I V ) , a n d i r o n ( I V ) w i t h a free r a d i c a l that m a y 
b e b a s e d o n an a m i n o a c i d s i d e c h a i n or o n the p o r p h y r i n ( p o r p h y r i n 
7r-cation r a d i c a l ) . M a g n e t i c s u s c e p t i b i l i t y s tud ies (38) i n d i c a t e that 
H R P I has three u n p a i r e d e l ec t rons , a l t h o u g h da ta f r o m M ô s s b a u e r 
s p e c t r o s c o p y (43,44, 52) i n d i c a t e that the i r o n e n v i r o n m e n t s i n H R P I 
a n d H R P I I are v e r y s i m i l a r . T h e E S R , E N D O R (52-54), a n d e l e c 
t r o n i c spec t r a (55, 56) o f H R P I a l l are cons i s t en t w i t h the p r e s e n c e o f a 
p o r p h y r i n ca t ion r a d i c a l . H o w e v e r , i n the r e l a t e d spec i e s , C o m p o u n d 
I o f c y t o c h r o m e c p e r o x i d a s e , the p resence o f an a m i n o a c i d - b a s e d 
r a d i c a l w a s d e t e c t e d b y E S R s p e c t r o s c o p y (57 , 5 8 ) . 

I n i t i a l p r o t o n N M R s tud ies (49-51) i n d i c a t e d that h i g h s p i n 
F e ( I V ) w a s p resen t i n H R P I . T h i s i n t e rp re t a t i on w a s b a s e d o n the 
a p p a r e n t s i m i l a r i t i e s o f the h e m e m e t h y l shifts i n r e s t i n g H R P a n d 
H R P I , a n d h e n c e the p re sence o f an a m i n o a c i d - b a s e d free r a d i c a l w a s 
r e q u i r e d . T h e use o f i so tope l a b e l i n g a n d d e u t e r o h e m e s u b s t i t u t i o n 
la ter r e v e a l e d (19,35) that the h y p e r f i n e shif t pa t t e rn for H R P I (whose 
p r o t o n N M R s p e c t r u m is s h o w n i n F i g u r e 3) is i ncons i s t en t w i t h the 
p re sence o f h i g h s p i n i r o n ( I V ) , b u t l i k e w i s e d i d no t c o r r e s p o n d to a n y 
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668 BIOLOGICAL REDOX COMPONENTS 

o f the p r e v i o u s l y c h a r a c t e r i z e d i r o n p o r p h y r i n states g i v e n i n T a b l e I . 
M o r e o v e r , q u a n t i t a t i v e ana lys i s o f the l i n e w i d t h s o f the i n d i v i d u a l l y 
a s s i g n e d p e r i p h e r a l g r o u p s e l i m i n a t e d a n e a r b y a m i n o a c i d - b a s e d free 
r a d i c a l , a n d s u p p o r t e d the c a t i o n r a d i c a l f o r m u l a t i o n for the s e c o n d 
o x i d i z i n g e q u i v a l e n t . I n con t ras t to o p t i c a l s p e c t r o s c o p y at l o w t e m 
pera tu re , the h e m e m e t h y l l i n e w i d t h s i n the p r o t o n N M R s p e c t r a sup 
por t i d e n t i c a l o r b i t a l g r o u n d states for H R P I a n d d e u t e r o H R P I . T h e 
N M R shifts h a v e no t e n a b l e d i d e n t i f i c a t i o n o f the o r b i t a l g r o u n d state. 
T h e o r e t i c a l c a l c u l a t i o n s for the p r o p o s e d alu state i n d i c a t e that the 
s p i n d e n s i t y is l o c a l i z e d at the p y r r o l e n i t r o g e n a n d raeso-carbons (59) . 
T h e i n a b i l i t y to de t ec t raeso-proton resonances is i n d i r e c t s u p p o r t for 
the alu state. P l a n n e d e x p e r i m e n t s to s ea r ch for the raeso-resonance b y 
2 H - N M R s p e c t r o s c o p y w i t h raeso-deuterated H R P m a y p r o v i d e d i r e c t 
suppor t . 

T h e p r o t o n N M R s p e c t r u m o f H R P I p r o v i d e s c o n f o r m a t i o n o f the 
s t e r i c cons t ra in t s i m p o s e d o n the m o t i o n o f the h e m e p e r i p h e r a l sub 
s t i tuents b y the p r o t e i n . T h u s , the resonances i d e n t i f i e d as the v i n y l 
α - p r o t o n s , i n fact, r ep resen t t w o e n v i r o n m e n t s that i n t e r c o n v e r t s l o w l y 
on the N M R t i m e sca le a n d h a v e b e e n i n t e r p r e t e d as r e p r e s e n t i n g 
i n - p l a n e v i n y l g r o u p s that dif fer b y 180° i n ro t a t iona l p o s i t i o n . A ra
t i o n a l i z a t i o n o f the u n u s u a l c o n f o r m a t i o n i n v o l v e s a p o t e n t i a l r o l e for 
the v i n y l g r o u p s i n e x t e n d i n g the c o n j u g a t e d π - s y s t e m o f the p o r p h y 
r i n , t h e r e b y s t a b i l i z i n g the h i g h l y o x i d i z e d spec i e s . N a t i v e H R P I is 
m o r e s tab le t h a n d e u t e r o p o r p h y r i n r e c o n s t i t u t e d H R P I . T h i s d i f fe ren
t i a l s t a b i l i t y m a y b e a t t r i b u t e d to the r o l e o f the v i n y l g r o u p s a n d t h e i r 
o r i e n t a t i o n i n s t a b i l i z i n g th i s o x i d i z e d state. 

Table I. Typical Porphyrin Hyperfine Shifts of Iron Complexes and 
Hemoproteins (25°C, ppm) 

Porphyrin Functional Group 

Oxidation State Spin CH3

a Ha Ila Reference 

F e ( I I ) 1 4 5 - 3 32 0 - 3 15 
2 8 4 2 5 2 - 3 9, 16 

F e ( I I I ) 1/2 13 - 2 0 4 - 8 6, 8, 14 
3/2 6 0 0 11, 12 
5/2 c 4 5 6 5 3 5 - 4 10, 13 

F e ( I V ) 5/2" 6 5 5 5 38 - 9 
1 - 5 18 
2 70 60 17 

a — C H 3 , Η attached to peripheral pyrrole carbons. 
6 H«, Ηβ vinyl protons. 
c Pentacoordinated. 

d Hexacoordinated. 
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27. LATOS-GRAZYNSKi ET AL. Horseradish Peroxidase Compounds 669 

F e r r o u s [Fe ( I I ) ] H R P . T h e p r o t o n N M R s p e c t r u m o f the F e ( I I ) 
f o r m o f H R P r e s e m b l e s that o f d e o x y m y o g l o b i n (59) . I n p a r t i c u l a r , the 
N i - H p r o t o n is r e s o l v e d , a n d fa l l s i n a r e g i o n s i m i l a r to that o f 
d e o x y m y o g l o b i n . A p r o t e i n c o n f o r m a t i o n a l c h a n g e m o d u l a t e d b y an 
o ther t i t r a t ab le r e s i d u e i n d u c e s a s ign i f i can t c h a n g e i n the N i - H 
p a r a m a g n e t i c shift . I n c o n j u n c t i o n w i t h r e sonance R a m a n s tud ies , 
these resul t s s h o w that the state o f h y d r o g e n b o n d i n g o f the N i - H 
p r o t o n is i n v o l v e d i n this p rocess (59, 60). 

Models of Oxidizing Enzymes 

C a r b e n e C o m p l e x e s o f I r o n P o r p h y r i n s . T h e v i n y l i d e n e c a r b e n e 
[ V C = : C = C ( p - C 6 H 4 C l ) 2 ] c o m p l e x e s o f i r o n p o r p h y r i n s , P F e ( V C ) , a n d 
t h e i r o x i d a t i o n p r o d u c t s , P ( V C ) F e C l , p o s s i b l y m a y serve as m o d e l s for 
H R P I I a n d H R P I (61 , 62 ) . T h i s c l a i m w a s b a s e d o n s i m i l a r i t i e s i n the 
o p t i c a l spec t r a o f the m o d e l c o m p o u n d s a n d the e n z y m e i n t e r m e d i 
ates, as w e l l as the m a g n e t i c s u s c e p t i b i l i t y o f P ( V C ) F e C l , w h i c h i n d i 
cates an S = f s p i n state. 

P r o t o n N M R spec t r a o f P F e ( V C ) a l o n e a n d i n the p re sence o f 
p y r i d i n e or N - m e t h y l i m i d a z o l e i n d i c a t e that th is m o l e c u l e is 
d i a m a g n e t i c (S = 0), a n d h e n c e is i n a d e q u a t e as a m o d e l for H R P I I . 
T h e s e p r o t o n N M R spec t r a are , h o w e v e r , f u l l y cons i s ten t w i t h the 
ex i s t ence o f a c o m p l e x c o n t a i n i n g a n o r m a l i r o n p o r p h y r i n u n i t a n d a 
c a r b e n e l i g a n d a x i a l l y b o u n d to i r o n . 

T h e p r o t o n N M R spec t r a o f P ( V C ) F e C l e x h i b i t e d r e m a r k a b l e fea
tures (63). C h a r a c t e r i s t i c s p e c t r a l pat terns are p r e s e n t e d i n F i g u r e 4 . 
T h e p e a k as s ignment s w e r e v e r i f i e d b y s e l e c t i v e deu t e r a t i on . T h e o b 
se rva t ion o f four p y r r o l e p r o t o n resonances , th ree w i t h h y p e r f i n e shifts 
o f - 3 0 to - 5 0 p p m a n d a f ou r th w i t h a shif t o f 12 p p m , is p a r t i c u l a r l y 
s t r i k i n g . T h i s o b s e r v a t i o n , c o u p l e d w i t h the ana lys i s o f the s p e c t r a o f 
the a n a l o g o u s c o m p l e x o b t a i n e d f rom d e u t e r o h e m i n ( w h i c h c l e a r l y 
s h o w s 16 p o r p h y r i n m e t h y l resonances) i n d i c a t e s that the p o r p h y r i n 
no l o n g e r re ta ins i ts f o u r f o l d s y m m e t r y . I n d e e d , the c a r b e n e has 
i n s e r t e d i n t o a n i r o n - n i t r o g e n b o n d o n o x i d a t i o n , a n d the r e v e r s i b l e 
process i n t e r c o n v e r t i n g P F e ( V C ) a n d P ( V C ) F e C l is s h o w n i n E q u a t i o n 
1. T h u s , four u n i q u e p r o d u c t s are a n a l o g o u s to S t ruc tu re 2 for 
d e u t e r o h e m i n a n d hence , the 16 m e t h y l resonances . T h e s t ruc tu re o f 
T P P ( V C ) F e C l w a s d e t e r m i n e d b y x- ray c r y s t a l l o g r a p h y (64). 

T h e s e obse rva t ions ra ise n e w p o s s i b i l i t i e s for the s t ruc ture o f the 
r e a c t i v e forms o f o x i d i z i n g h e m e e n z y m e s . B e c a u s e the e n d - c a r b o n o f 
the c a r b e n e is i s o e l e c t r o n i c w i t h a n o x y g e n a t o m , c o m p l e x e s c o n t a i n 
i n g the F e 0 2 + a n d F e O s + u n i t s m a y choose to store t h e i r o x i d i z i n g 
e q u i v a l e n t s b y i n s e r t i n g a n o x y g e n a t o m i n t o a n i r o n - n i t r o g e n b o n d . 
C o n s e q u e n t l y , S t r u c t u r e 3 p o s s i b l y m a y b e i n v o l v e d i n the c h e m i c a l 
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670 BIOLOGICAL REDOX COMPONENTS 

t ransformat ions o f o x o - i r o n c o m p l e x e s . S u c h a s t ruc tu re for the a c t i v e 
h y d r o x y l a t i n g fo rm o f c y t o c h r o m e P - 4 5 0 w o u l d a p p e a r to b e a n i n 
t r i g u i n g p o s s i b i l i t y . 

F e r r y l ( F e O ) 2 + C o m p l e x e s o f I r o n P o r p h y r i n s . T w o g r o u p s o f 
i r o n ( I V ) p o r p h y r i n c o m p l e x e s w e r e e x a m i n e d . E l e c t r o c h e m i c a l o x i d a 
t i on o f i ron ( I I I ) c o m p l e x e s P F e X a n d P F e O F e P p r o d u c e the i r o n ( I V ) 
spec i e s P F e X + a n d P F e O F e P 2 + , a n d the m i x e d v a l e n c e spec i e s 
P F e O F e P + (17, 5 5 , 56 ) . O n l y P F e X + is r e l e v a n t as a m o d e l for a 
m o n o m e r i c h e m e e n z y m e . 

A n o t h e r g r o u p o f i r o n ( I V ) p o r p h y r i n s is a v a i l a b l e v i a E q u a t i o n 2 
(18) , w h e r e Β m a y b e p y r i d i n e or N - m e t h y l i m i d a z o l e . T h e s e c o m 
p l e x e s are 

2 P F e ( I I ) + 0 2 -> P F e ( I I I ) O O F e ( I I I ) P -4 2 B P F e ( I V ) 0 (2) 

s t ab le i n s o l u t i o n at l o w t e m p e r a t u r e ( - 8 0 ° to ~ - 2 0 ° C ) a n d w e r e 
c h a r a c t e r i z e d b y t he i r p r o t o n N M R a n d e l e c t r o n i c spec t ra . T h e i r 
m a g n e t i c s u s c e p t i b i l i t i e s a n d the C u r i e b e h a v i o r o f the h y p e r f i n e 
shifts i n d i c a t e that the c o m p l e x e s h a v e a t r i p l e t g r o u n d state. T h e 
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27. LATOS-GRAZYNSKI ET AL. Horseradish Peroxidase Compounds 671 

a b i l i t y o f B P F e O to transfer i ts o x y g e n a t o m q u a n t i t a t i v e l y to 
t r i p h e n y l p h o s p h i n e a n d fo rm t r i p h e n y l p h o s p h i n e o x i d e ver i f ies the 
ex i s t ence o f the FeO 2 " 1 " u n i t i n th is r e a c t i v e i n t e r m e d i a t e (65) . F u r t h e r 
w o r k c o m p a r i n g the c h e m i c a l shifts o f i d e n t i c a l f u n c t i o n a l g roups i n 
these m o d e l c o m p o u n d s w i t h those o b s e r v e d for H R P I I are necessary . 
P r e l i m i n a r y s tud ies o n ( B ) O E P F e O ( O E P is the d i a n i o n o f o c t a e t h y l 
p o r p h y r i n ) i n d i c a t e that the meso-proton r esonance appea r s at 14 p p m 
d o w n f i e l d ( ex t r apo la t ed to 2 5 ° C ) f rom t e t r a m e t h y l s i l a n e ( T M S ) . T h i s 
a s s i g n m e n t suggests that the d o w n f i e l d h y p e r f i n e s h i f t e d resonances o f 
H R P I I a c t u a l l y m a y b e raeso-protons ra ther t h a n the h e m e m e t h y l s , as 
o r i g i n a l l y a s s i g n e d (49-51). F u r t h e r s t ud i e s o f th is p r o b l e m are i n 
progress . 

J J I I I I I I I I I L 
50 0 ppm - 5 0 

Figure 4. Proton NMR spectra (360 MHz) of: I , TPP(VC)FeCl and 2, 
DPDME(VC)FeCl in CDCl?/25°C (VC, vinylidene; Ph, phenyl; p, pyr
role; and m, methyl, propionic acid Ha >s). Spectra taken from Refer

ence 63. 
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28 
Redox Chemistry of the 
3,5-Di-tert-butylcatecholato and 
o-Semiquinonato Complexes of 
Transition Metal Ions in 
Aprotic Media 

DER-HANG CHIN, STEPHEN E. JONES, LUIS E. LEON, PAULA 
BOSSERMAN, MARTIN D. STALLINGS, and DONALD T. SAWYER 

University of California, Department of Chemistry, Riverside, CA 92521 

The redox chemistry of several substituted catechols, 
o-semiquinones, and o-quinones in four aprotic solvents 
(dimethyl sulfoxide, dimethylformamide, acetonitrile, 
and dichloromethane) has been characterized by elec
trochemical and spectroscopic methods. This characteri
zation has served as a reference base for a detailed study 
of the redox reactions for the catecholato and 
o-semiquinonato complexes of manganese(IV), man
ganese(III), manganese(II), iron(III), iron(II), molyb
denum(VI), molybdenum(V), molybdenum(IV), and 
vanadium(V), vanadium(IV), vanadium(III) ions. The 
results confirm that these systems prefer a hard acid
-hard base interaction, for example MN(IV)(cat)2

3

- rather 
than Mn(II)(cat)(SQ)2

2- (where cat represents catechol 
and SQ represents semiquinone), and that the highest 
oxidation state of the metal is stabilized by catechol 
ligands for coordinately saturated conditions. 

he ca t echo l s are ef fec t ive b i d e n t a t e l i g a n d s that f o r m a v a r i e t y o f 
s t ab le c o m p l e x e s w i t h m e t a l ions . T h i s s p e c i a l q u a l i t y is u t i l i z e d 

i n n u m e r o u s b i o l o g i c a l sys t ems for m e t a l - i o n t ranspor t a n d storage, 
a n d has p r o m p t e d r e n e w e d in te res t i n the t r ans i t i on -me ta l i o n c o o r d i 
na t i on c h e m i s t r y w i t h c a t e c h o l l i g a n d s . C a t e c h o l c o m p l e x e s o f 
c h r o m i u m (III) , c o p p e r (II) , z i n c (II) , c o b a l t (II) , a n d n i c k e l (II) w e r e 

0065-2393/82/0201-0675$09.25 
© 1982 Amer ican C h e m i c a l Society 
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o b s e r v e d i n the 1920s ( J , 2 ) . L a t e r s tud ies w e r e d i r e c t e d to the rare 
e a r t h - (3) , a l k a l i n e e a r t h - (4, 5 ) , r h e n i u m - (6) , a n d i r o n - (7) c a t e c h o l 
c o m p l e x e s . M o r e r e c e n t l y , s t a b i l i t y constants a n d assoc ia t ed ther
m o d y n a m i c q u a n t i t i e s w e r e d e t e r m i n e d for c o p p e r ( I I ) - c a t e c h o l c o m 
p l e x e s b y p o l a r o g r a p h i c a n d p o t e n t i o m e t r i c m e t h o d s (8 , 9 ) , a n d for 
c o p p e r ( I I ) - , z i n c ( I I ) - , n i c k e l ( I I ) - , c o b a l t ( I I ) - , m a n g a n e s e ( I I ) - , 
c a d m i u m ( I I ) - , a n d m a g n e s i u m ( I I ) - c a t e c h o l c o m p l e x e s b y the 
C a l v i n - B j e r r u m p H - t i t r a t i o n a n d r e l a t e d m e t h o d s (10-12). M e t a l -
c a t a l y z e d ox ida t ions o f ca t echo l s w e r e s t u d i e d for the manganese ( I I ) 
a n d coba l t ( I I ) ions i n b i c a r b o n a t e buffer (13); a m e c h a n i s m i n v o l v i n g 
a b o u n d d i o x y g e n i n t e r m e d i a t e w a s p r o p o s e d (14). 

D u r i n g the pas t d e c a d e the i m p o r t a n c e o f m e t a l - c a t e c h o l c o m 
p l e x e s i n b i o l o g y has b e c o m e e v i d e n t . F o r e x a m p l e , e n t e r o b a c t i n w a s 
s h o w n to b e an essen t i a l s e q u e s t e r i n g agen t for i r o n ( I I I ) t ranspor t i n 
Salmonella typhimurium a n d Escherichia coli (15); i t r epresen ts the 
m o s t s t ab le i r on ( I I I ) c o m p l e x ye t o b s e r v e d (Κ > 10 5 2 ) (16). T h i s 
s i d e r o p h o r e m o l e c u l e con ta ins th ree c a t e c h o l c h e l a t i n g g roups that 
b i n d i r on ( I I I ) t h r o u g h the v i c i n a l d i o x o func t ion (17,18). K i n e t i c s t ud 
ies s h o w e d that e n t e r o b a c t i n is c a p a b l e o f r e m o v i n g i r o n f r o m trans
f e r r i n i n the b l o o d s e r u m (19). I t a lso has b e e n c o n s i d e r e d as a d r u g for 
t r ea tmen t o f c e r t a i n g e n e t i c diseases r e l a t e d to a b n o r m a l l y h i g h c o n 
cent ra t ions o f i r o n i n the b l o o d (20). 

Q u i n o n e s are i n t e r m e d i a t e s i n the b i o s y n t h e s i s o f t e t r a c y c l i n e s 
(21), af la toxins (22) , a n d o ther s e c o n d a r y m e t a b o l i t e s (23) . H o w e v e r , 
t h e i r m o s t i m p o r t a n t r e a c t i o n i n b i o l o g y is r e v e r s i b l e e l e c t r o n t ransfer 
r e d u c t i o n to the c o r r e s p o n d i n g s e m i q u i n o n e a n d h y d r o q u i n o n e or 
c a t e c h o l . Q u i n o n e s are essen t i a l c o m p o n e n t s i n the e l e c t r o n t ranspor t 
c h a i n a s soc ia t ed w i t h the formate d e h y d r o g e n a s e s (24), w h i c h are 
w i d e l y d i s t r i b u t e d i n p l a n t s a n d m i c r o o r g a n i s m s . A l t h o u g h m e t a l s 
m a y no t b e v i t a l cofactors , m o l y b d e n u m , t ungs t en , s e l e n i u m , a n d i r o n 
h a v e b e e n d e t e c t e d i n these e n z y m e s (25-27). 

Q u i n o n e s a l so are i n v o l v e d i n the p r i m a r y e l e c t r o n t ransfer p r o 
cesses o f pho to syn the s i s (28) , a n d t he i r r e d u c e d forms m a y in t e r ac t 
w i t h t he m a n g a n e s e cofac tor that ca t a lyzes the o x y g e n - e v o l u t i o n p r o 
cess o f p h o t o s y s t e m I I (29) ; a t rans ien t r a d i c a l s p e c i e s has b e e n d e 
t e c t e d i n o x y g e n - e v o l v i n g s p i n a c h c h l o r o p l a s t s (30) . T h e m a g n e t i c 
b e h a v i o r a n d 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 ) l i n e - s h a p e o f 
th is t r ans ien t r a d i c a l i n d i c a t e that i t p r o b a b l y is a q u i n o i d a l spec i e s i n 
c lo se p r o x i m i t y to a p a r a m a g n e t i c i o n , p r o b a b l y m a n g a n e s e . A m o d e l 
for the m a n g a n e s e cofac tor o f p h o t o s y s t e m I I has b e e n d e s i g n e d (31 ) 
i n w h i c h the m a n g a n e s e - c a t e c h o l - s e m i q u i n o n e - O H che l a t e s y s t e m 
p r o v i d e s a t e m p l a t e to p r o m o t e f o r m a t i o n o f the O - O b o n d d u r i n g the 
w a t e r o x i d i z i n g p rocess . 

T h e a d d i t i o n o f c a t e c h o l or c a t e c h o l a m i n e reverses the i n h i b i t i o n 
o f N a - K - A T P a s e (whe re A T P a s e represents a d e n o s i n e t r i phospha ta se ) 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 677 

(32) , d y n e i n A T P a s e (33) , a n d L A D - 1 ( w h e r e L A D represen ts l a c t i c 
a c i d d e h y d r o g e n a s e ) (33) b y vanada te . A s t u d y o f the r e a c t i o n o f a 
c a t e c h o l a m i n e , n o r e p i n e p h r i n e , w i t h v a n a d i u m ( V ) i n d i c a t e s that the 
m e t a l is c o m p l e x e d be fore i t is r e d u c e d b y the l i g a n d (34). 

B e y o n d b i o l o g i c a l sys tems , the c a t e c h o l d i a n i o n has p r o v e d to b e 
a n e f fec t ive ha rd-base l i g a n d for the ions o f m a n g a n e s e (35 , 3 6 ) , 
m o l y b d e n u m (35-41), a n d v a n a d i u m (42, 43). I n a d d i t i o n , there h a v e 
b e e n seve ra l i nves t i ga t i ons o f o - s e m i q u i n o n e ( S Q ) c o m p l e x e s o f m e t a l 
ions (44, 45). T h e s e c o m p l e x e s w e r e f o r m e d b y the c o m b i n a t i o n o f 
o - s e m i q u i n o l a t e s o f a l k a l i n e m e t a l s w i t h the h a l i d e s o f the t r ans i t ion 
m e t a l s i n t e t r a h y d r o f u r a n ( T H F ) i n an i n e r t a t m o s p h e r e . T h e m e t a l 
( S Q ) 3 c o m p l e x e s o f c h r o m i u m , m o l y b d e n u m , t u n g s t e n , v a n a d i u m , 
t i t a n i u m , l a n t h a n u m , a n d i r o n a l so w e r e o b t a i n e d i n a q u e o u s m e d i a b y 
r e a c t i n g the ca t echo l s w i t h the t r ans i t i on -me ta l salts i n the p re sence o f 
base a n d a i r (46). S e v e r a l t r i s ( o - s e m i q u i n o n a t o ) c o m p l e x e s o f v a n a -
d i u m ( I I I ) , c h r o m i u m ( I I I ) , a n d i ron ( I I I ) w e r e s y n t h e s i z e d a n d s t ruc
t u r a l l y c h a r a c t e r i z e d (47, 48). F o r the i r o n ( I I I ) - ( 9 , 1 0 - p h e n a n t h r e n e -
s e m i q u i n o n e ) 3 c o m p l e x (48), the th ree o - s e m i q u i n o n e l i g a n d s are i n a 
t r i g o n a l l y d i s t o r t e d o c t a h e d r a l c o o r d i n a t i o n g e o m e t r y . I n a d d i t i o n , 
b i s ( o - s e m i q u i n o n a t o ) c o m p l e x e s o f coba l t ( I I ) a n d n i c k e l ( I I ) (49) a n d 
o f m o l y b d e n u m ( V I ) (50) h a v e b e e n d i s c u s s e d . T h e la t te r c o m p l e x , 
[ M o ( V I ) l 2 0 5 ( P S Q ) 2 ( P S Q = 9 , 1 0 - p h e n a n t h r e n e - o - s e m i q u i n o n e ) , is d i a -
m a g n e t i c , w h i c h i m p l i e s that the t w o s e m i q u i n o n e l i g a n d s are 
c o u p l e d . 

S t a b l e one- to-one o - s e m i q u i n o n e c o m p l e x e s are f o r m e d w i t h the 
ions o f the g r o u p I I B , Π Ι Α , I I I B , a n d I V B m e t a l s (51-55). T w o a d d i 
t i o n a l e x a m p l e s i n c l u d e c o b a l t ( I I I ) ( D T B C ) ( D T B S Q ) ( b i p y r i d y l ) 
( D T B C = 3 , 5 - d i - f e r f - b u t y l c a t e c h o l ; D T B S Q = 3 , 5 - d i - t e r t - b u t y l - o -
s e m i q u i n o n e ) (56) a n d P d ( P P h 3 ) 2 ( C l 4 S Q ) + ( C 1 4 S Q = 3,4,5,6-tetra-
c h l o r o - o - s e m i q u i n o n e ) (57) . T h e E S R s p e c t r u m o f the la t ter spec i e s i n 
d ica tes that the u n p a i r e d e l e c t r o n is l o c a l i z e d o n the s e m i q u i n o n e 
l i g a n d . 

C l e a r l y , t he c a t e c h o l d i a n i o n a n d the s e m i q u i n o n e a n i o n r a d i c a l 
fo rm s tab le c o m p l e x e s w i t h t r ans i t ion m e t a l ions . B e c a u s e s eve ra l es
sen t i a l b i o l o g i c a l sys t ems are d e p e n d e n t o n m e t a l - c a t e e h o l c o m 
p l exes , a f u l l e r u n d e r s t a n d i n g o f the c o o r d i n a t i o n c h e m i s t r y a n d r e d o x 
reac t ions for th is class o f m e t a l che la tes is d e s i r a b l e , e s p e c i a l l y for the 
a p r o t i c c o n d i t i o n s that p r e v a i l i n b i o m e m b r a n e s . T h i s k n o w l e d g e is 
p a r t i c u l a r l y i m p o r t a n t for those c i r c u m s t a n c e s w h e r e the m e t a l i o n has 
the p r o p e n s i t y to o x i d i z e c a t e c h o l to its s e m i q u i n o n e a n d q u i n o n e . 
U n t i l r e c e n t l y , e l e c t r o c h e m i c a l cha rac te r i za t ions o f the r e d o x p rope r 
t ies o f m e t a l - c a t e c h o l sys tems i n a p r o t i c m e d i a w e r e l i m i t e d to the 
c h r o m i u m ( I I I ) - c a t e c h o l (58, 59) a n d the c o b a l t ( I I I ) - c a t e c h o l (60) 
c o m p l e x e s . T h e r e d o x c h e m i s t r y o f the 3 , 5 - d i - i e r f - b u t y l c a t e c h o l a t o 
( D T B C ) a n d 3 , 5 - d i - t e r f - b u t y l - o - s e m i q u i n o n a t o ( D T B S Q ) c o m p l e x e s o f 
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678 BIOLOGICAL REDOX COMPONENTS 

s e v e r a l t r ans i t ion m e t a l ions h a v e b e e n a major in te res t o f o u r g r o u p . 
A n e a r l y s t u d y d e s c r i b e d a v a n a d i u m - D T B C c o m p l e x , w h i c h ap
p e a r e d to b i n d o x y g e n r e v e r s i b l y i n m e t h a n o l so lu t ions (61). U n f o r t u 
n a t e l y , w e h a v e b e e n u n a b l e to d u p l i c a t e the synthes is a n d i so l a t i on o f 
th i s p u r p o r t e d t e t r ahed ra l v a n a d i u m ( I V ) ( D T B C ) 2 c o m p l e x . H e n c e , 
the r e p o r t e d r e v e r s i b l e a d d u c t s o f 0 2 , C O , a n d N O w i t h the c o m p l e x 
r ep resen t s p u r i o u s resu l t s , a n d the s p e c t r a l a n d s t ruc tu r a l i n t e rp re t a 
t ions are b e l i e v e d to b e f a l l a c ious . 

I n r e c e n t repor ts , t w o m o l y b d e n u m - c a t e c h o l c o m p l e x e s , b i s 
[b is(3 ,5 - d i - tert - b u t y l c a t e c h o l a t o ) o x o m o l y b d e n u m ( V I ) ] , [ M o ( V I ) 0 -
( D T B C ) 2 ] 2 , a n d i ts m o n o m e r , M o ( V I ) 0 ( D T B C ) 2 , w e r e c h a r a c t e r i z e d 
(62-64). T h e m o n o m e r s p e c i e s c a n b e r e d u c e d e l e c t r o c h e m i c a l l y to 
M o ( V ) 0 ( D T B C ) 2 " , w h i c h e x h i b i t s a n E S R resonance at g = 1.94 a n d 
u n d e r g o e s r e o x i d a t i o n to the o r i g i n a l spec ie s b y e l e c t r o n transfer to 
o x y g e n m o l e c u l e s to y i e l d s u p e r o x i d e ions . T h e s y s t e m has b e e n p r o 
p o s e d as a r eac t i on m i m i c for the x a n t h i n e ox idase e n z y m e . 

W h e n base is a d d e d to a s o l u t i o n o f [ M o ( V I ) 0 ( D T B C ) 2 ] 2 , a r e d -
o range b i n u c l e a r m o l y b d e n u m ( V I ) s p e c i e s is o b t a i n e d , b is ( te t ra-
n - b u t y l a m m o n i u m ) - μ - oxob i s [ (3 ,5 - d i - tert - b u t y l c a t e c h o l a t o ) 
d i o x o m o l y b d e n u m ( V I ) ] . C r y s t a l l o g r a p h i c i n v e s t i g a t i o n (62) o f the 
c o m p l e x r e v e a l e d a M o ( V I ) 2 0 5 f r agment that sits on top o f t w o 
p a i r e d ca t echo la to l i g a n d s ( F i g u r e 1). T h i s c o m p l e x , p l u s the r e l a t e d 
ca t echo la t e d i a n i o n , [ M o ( V I ) ] 2 0 5 ( 0 2 C 6 H 4 ) 2

2 " (65) , a n d the n e u t r a l 
9 , 1 0 - p h e n a n t h r e n e - o - s e m i q u i n o n e c o m p l e x , [ M o ( V I ) ] 2 0 5 ( 0 2 C i 4 H 8 ) 2 

(55) , h a v e s i m i l a r s t ructures w i t h i n the i n n e r c o o r d i n a t i o n spheres . A l l 
h a v e b r i d g e s o f ca t echo la to a n d s e m i q u i n o n e l i g a n d s b e t w e e n t w o 
me ta l s t h r o u g h one o x y g e n . 

T h e a q u e o u s c h e m i s t r y o f tris (ca techola to) c o m p l e x e s o f m a n -
ganese(I I ) a n d manganese ( I I I ) , as w e l l as the r e v e r s i b l e o x i d a t i o n o f 
M n ( I I I ) ( D T B C ) 3

3 " to a u n i q u e t r i s ( s e m i q u i n o n a t o ) m a n g a n e s e ( I I I ) 
c o m p l e x , w a s i n v e s t i g a t e d (66). T h e 3 , 5 - d i - t e r t - b u t y l c a t e e h o l a n i o n 
c o m p l e x e s o f manganese ( I I ) , manganese ( I I I ) , a n d m a n g a n e s e ( I V ) 
w e r e s t u d i e d i n a p r o t i c so lven t s b y e l e c t r o c h e m i c 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 m e t h o d s (67 , 68). 

T h i s c h a p t e r s u m m a r i z e s the resul t s o f r e c e n t i nves t iga t ions o f 
the r e d o x c h e m i s t r y o f the 3 ,5 -d i - t e r t - bu ty l ca t echo l a to ( D T B C ) a n d 
o - s e m i q u i n o n a t o ( D T B S Q ) l i g a n d s a n d the i r c o m p l e x e s o f m a n g a n e s e , 
i r o n , m o l y b d e n u m , a n d v a n a d i u m ions i n a p r o t i c m e d i a . 

Results and Discussion 

R e d o x C h e m i s t r y o f D T B C , D T B Q , a n d D T B S Q . T h e c y c l i c v o l -
t a m m o g r a m o f D T B C H 2 i n d i m e t h y l f o r m a m i d e ( D M F ) e x h i b i t s t w o 
i r r e v e r s i b l e r e d u c t i o n p e a k s at - 1 . 4 7 a n d - 2 . 2 5 V v s . S C E . I t a lso has 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 679 

Figure 1. Schematic view of the orange, anionic binuclear molyb
denum^ I)-DTBC complex, [Mo(VI)]205[02C6H2(t-Bu)2]2

2-. tert-Butyl 
methyl carbon atoms have been omitted for clarity. 

one i r r e v e r s i b l e o x i d a t i o n p e a k at +0 .97 V to g i v e a p r o d u c t that is 
r e d u c e d at - 0 . 3 2 V ( F i g u r e 2). I n n e u t r a l or a c i d i c s o l u t i o n , c o n t r o l l e d 
p o t e n t i a l o x i d a t i o n o f D T B C H 2 at +1 .25 V r e m o v e s t w o e l ec t rons p e r 
m o l e c u l e . T h e o x i d i z e d s o l u t i o n e x h i b i t s the same abso rp t ion spec 
t r u m that is o b s e r v e d for D T B Q , a n d a c y c l i c v o l t a m m o g r a m w i t h 
th ree r e d u c t i o n p e a k s ( - 0 . 2 9 V vs . sa tu ra ted c a l o m e l e l e c t r o d e ( S C E ) , 
- 0 . 4 5 V , a n d - 0 . 5 4 V ) . T h e p e a k at - 0 . 2 9 V resu l t s f r o m the r e d u c t i o n 
o f the q u i n o n e i n the p resence o f pro tons , that at - 0 . 4 5 V resul t s f r o m 
the r e d u c t i o n o f free pro tons (69) , a n d that at - 0 . 5 4 V resu l t s f r om the 
r e d u c t i o n o f D T B Q . C o n t r o l l e d p o t e n t i a l r e d u c t i o n o f th i s o x i d i z e d 
D T B C s o l u t i o n at —0.55 V c o n s u m e s t w o e l ec t rons a n d y i e l d s a s o l u 
t i on w i t h the v o l t a m m e t r y a n d s p e c t r o s c o p y o f D T B C H 2 . T h e la t ter 
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680 BIOLOGICAL REDOX COMPONENTS 

+ 1.0 0.0 -1.0 -2.0 
Ε, V vs. SCE 

Figure 2. Cyclic voltammogram for 1.45 m M solutions of a, 3,5-di-tert-
butylcatechol (DTBCH2); b, solution a after exhaustive oxidation at 
+ 1.25 V vs. SCE; c, solution b plus 1.45 m M tetraethylammonium hy
droxide (TEAOH); and d, solution b plus 2.90 m M TEAOH. All in DMF 
that contains 0.1 M tetraethylammonium perchlorate (TEAP) at a Pt 

electrode (surface area 0.23 cm2). Scan rate, 0.2 Vis. 

s pe c i e s is r e d u c e d at - 1 . 6 0 V b y a o n e - e l e c t r o n process to y i e l d h y 
d r o g e n gas a n d a p r o d u c t w h o s e e l e c t r o c h e m i s t r y a n d s p e c t r o s c o p y 
are i d e n t i c a l to that for a one- to-one c o m b i n a t i o n o f t e t r a e t h y l a m 
m o n i u m h y d r o x i d e ( T E A O H ) a n d D T B C H 2 ( F i g u r e 3). 

T h e e l e c t r o c h e m i c a l b e h a v i o r o f D T B Q i n a p r o t i c m e d i a is i l l u s 
t r a t ed b y F i g u r e 2 d . T h e first c o u p l e represen ts r e d u c t i o n to the 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 681 

s e m i q u i n o n e a n i o n r a d i c a l , w h i c h w a s c o n f i r m e d b y c o n t r o l l e d p o t e n 
t i a l c o u l o m e t r y , E S R , a n d a b s o r p t i o n s p e c t r o s c o p y . T h e s e c o n d r e d u c 
t i on is a o n e - e l e c t r o n i r r e v e r s i b l e process to g i v e the d i a n i o n . T h e ra t io 
o f the a n o d i c - t o - c a t h o d i c p e a k cu r ren t s increases to u n i t y as the s c a n 
rate is i n c r e a s e d , w h i c h i n d i c a t e s that there is s o m e e n h a n c e m e n t o f 
the c a t h o d i c p e a k c u r r e n t at l o w scan rates. A d d i t i o n o f w a t e r to D T B Q 
causes an a d d i t i o n a l dec rea se i n this ra t io . A d o u b l e s tep c h r o n o a m -
p e r o m e t r i c e x p e r i m e n t i n d i c a t e d that a p r o t o n - i n d u c e d d i s p r o p o r 
t i o n a t i o n o f the s e m i q u i n o n e a n i o n is a c c e l e r a t e d b y t race q u a n t i t i e s o f 
w a t e r (70) . 

T h e s e m i q u i n o n e o f D T B Q ( D T B S Q ) e x h i b i t s a s i n g l e r e d u c t i o n 
p e a k at —1.35 V ; the reverse s c a n has a major o x i d a t i o n p e a k at —0.46 V 
d u e to D T B S Q p l u s a s m a l l p e a k d u e to D T B C H " . T h e D T B S Q 

6000 

Ε 
ο 

ω 

4000 

2000 

300 500 700 

WAVELENGTH (nm) 

Figure 3. Absorption spectra of 2.0 mM solutions of 3,5-di-tert-butyl-
catechol (DTBCH2), 3,5-di-tert-butylcatechol monoanion (DTBCH~), 
3,5-di-tert-butyl-o~benzoquinone (DTBQ) plus 2.0 m M HC104, and 
3,5-di-tert-butyl-o-benzosemiquinone (DTBSQ-) plus 2.0 m M TEAOH 
in DMF. Key: —, DTBQ- + OH~; DTBQ + H+; — · — ·, DTBC + 

OH~; and . . . ., DTBC. 
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682 BIOLOGICAL REDOX COMPONENTS 

spec i e s is s t a b i l i z e d b y the a d d i t i o n o f base [ t e t r a e t h y l a m m o n i u m 
h y d r o x i d e ( T E A O H ) ] to a D T B Q s o l u t i o n before i t is e l e c t r o l y t i c a l l y 
r e d u c e d . W h e n D T B S Q is r e d u c e d to D T B C 2 " i n the absence o f base , 
a r e d o x r e a c t i o n occu r s s u c h that D T B S Q is the major p r o d u c t o b 
s e r v e d for the reverse scan . W h e n D T B S Q is r e d u c e d i n the p resence 
o f base , the major p r o d u c t is the c a t e c h o l m o n o a n i o n . T h e ra t io o f 
a n o d i c p e a k cur ren t s for D T B S Q a n d D T B C H " i n d i c a t e s that 
D T B C H " is the p r e d o m i n a n t spec i e s p resen t at s l o w scan rates. 

T a b l e I s u m m a r i z e s the r e d o x react ions a n d t h e i r r e d o x p o t e n t i a l s 
for D T B C , D T B Q , a n d D T B S Q i n fou r a p r o t i c so lven t s . R e a c t i o n s 1 
a n d 2 are e q u i v a l e n t to the a d d i t i o n o f base . R e d u c t i o n o f D T B S Q " to 
D T B C 2 - ( E q u a t i o n 4) y i e l d s a s t rong base a n d a n ef fec t ive r e d u c t a n t o f 
s o l v e n t p ro tons . D u r i n g c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s o f D T B Q , the 
h y d r o x i d e i o n that is g e n e r a t e d b y the h y d r o l y s i s o f D T B C 2 " w i t h t race 
H 2 0 suppresses the a b i l i t y o f w a t e r to act as a n ox idan t . H e n c e , o n l y 
o x i d a t i o n peaks d u e to the c a t e c h o l m o n o a n i o n a n d the h y d r o x i d e i o n 
are o b s e r v e d for the final p r o d u c t s o l u t i o n . 

M a n g a n e s e C o m p l e x e s . F i g u r e 4 i l lus t ra tes the c y c l i c v o l t a m -
m o g r a m s for D M F so lu t ions that c o n t a i n 1 : 1 , 1 : 2 , a n d 1 : 3 m o l rat ios 
o f M n ( I I ) ( D M U ) 6 ( C 1 0 4 ) 2 ( D M U = 1 ,3 -d ime thy lu rea ) to D T B Q . C o n 
t r o l l e d p o t e n t i a l e l e c t r o l y s i s for the 1 :1 s o l u t i o n at - 0 . 6 5 V vs . S C E 
r e q u i r e s 1.5 e l ec t rons p e r D T B Q a n d y i e l d s a p a l e g reen s o l u t i o n . T h e 
m a g n e t i c m o m e n t decreases after e l e c t r o l y s i s f rom 6.1 B . M . , for a h i g h 
s p i n d'° manganese ( I I ) i o n , to 5.1 B . M . , for a h i g h s p i n d4 m a n -
ganese( I I I ) c o m p l e x . T h e 1 : 2 manganese ( I I ) - to- D T B Q s y s t e m e x h i b 
its one r e d u c t i o n p e a k ( - 0 . 4 6 V ) ; c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s at 
- 0 . 6 5 V r e q u i r e s 1.5 e l ec t rons p e r D T B Q a n d y i e l d s a p a l e g reen 
s o l u t i o n w i t h a m a g n e t i c m o m e n t o f 5.0 B . M . ( i n d i c a t i v e o f a h i g h s p i n 
d4 m a n g a n e s e ( I I I ) c o m p l e x ) . T h e p r o d u c t spec i e s has a s i n g l e o x i d a 
t i o n p e a k at + 0 . 1 7 V that is c o u p l e d to a p e a k at - 0 . 4 6 V for the reverse 
scan . C o n t r o l l e d p o t e n t i a l o x i d a t i o n o f th is p a l e g reen s o l u t i o n at 
+ 0.25 V y i e l d s manganese ( I I ) a n d D T B Q . A n i n i t i a l n e g a t i v e s can o f 
the 1 : 3 m a n g a n e s e ( I I ) - t o - D T B Q s o l u t i o n y i e l d s t w o r e d u c t i o n p e a k s 
( - 0 . 4 6 a n d - 0 . 5 0 V ) . C o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s at - 0 . 6 5 V re
q u i r e s 1.5 e l ec t rons p e r D T B Q a n d y i e l d s a d i s t i n c t i v e da rk b l u e s o l u 
t i o n , w h i c h has a m a g n e t i c m o m e n t o f 3.9 B . M . a n d is cha rac t e r i s t i c 
o f M n ( I V ) ( D T B C ) 3

2 - (68) . T h e s i n g l e - c r y s t a l x- ray s t ruc tu re for 
N a 2 M n ( I V ) ( D T B C ) 3 was d e t e r m i n e d to h a v e a s y m m e t r i c o c t a h e d r a l 
con f igu ra t i on . I n D M F , th i s c o m p l e x has a n i r r e v e r s i b l e r e d u c t i o n 
p e a k at - 1 . 2 5 V . C o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s at - 1 . 4 0 V r e q u i r e s 
one e l e c t r o n p e r m a n g a n e s e a n d y i e l d s a p a l e g r e e n s o l u t i o n that is 
E S R s i l en t at + 7 7 Κ a n d has a m a g n e t i c m o m e n t o f 5.1 B . M . at r o o m 
t e m p e r a t u r e . A p o s i t i v e s can o f the M n ( I V ) ( D T B C ) 3

2 " c o m p l e x e x h i b 
i ts a o n e - e l e c t r o n process at - 0 . 3 8 V vs . S C E that is f o l l o w e d b y a 
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+2.00 +1.00 0 -1.00 -2.00 
Ε, V vs. SCE 

Figure 4. Cyclic voltammograms in DMF (0.1 M TEAP) of a, 3.0 m M 
of 3,5-di-tert-butyl-o-quinone (DTBQ); b, 3 m M DTBQ plus 3 m M 
[Mn(IIXDMU)6](Cl04)2; c} 3 m M DTBQ plus 1.5 m M [Mn(II)(DMU)6] 
(C104)2; and c, 3 m M DTBQ plus 1 m M [Mn(II)(DMU)6](Cl04)2. Scan 

rate, 0.1 Vis; Pt electrode (area, 0.23 cm*). 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 685 

t h r e e - e l e c t r o n o x i d a t i o n at + 0 . 1 7 V . C o n t r o l l e d p o t e n t i a l c o u l o m e t r y at 
- 0 . 2 5 V y i e l d s manganese ( I I ) a n d th ree e q u i v a l e n t s o f free D T B Q 
( c o n f i r m e d b y E S R a n d e l e c t r o n i c s p e c t r o s c o p y , r e s p e c t i v e l y ) . 

T o d e t e r m i n e i f the o - s e m i q u i n o n e is i n v o l v e d as a n i n t e r m e d i a t e 
i n the m a n g a n e s e - D T B Q r e d o x sys tems , D T B S Q was s y n t h e s i z e d 
e l e c t r o c h e m i c a l l y a n d a d d e d to manganese ( I I ) . C o m b i n a t i o n o f t w o 
e q u i v a l e n t s o f D T B S Q w i t h one e q u i v a l e n t o f m a n g a n e s e (II) causes 
a n i m m e d i a t e c o l o r c h a n g e f rom b l u e to p a l e g reen . O n the bas is o f 
c y c l i c v o l t a m m e t r y a n d abso rp t i on s p e c t r o s c o p y , a p p r o x i m a t e l y one -
h a l f o f the D T B S Q is c o n v e r t e d to free q u i n o n e . T h e s ame is t rue for 
the 3 : 1 D T B S Q - t o - m a n g a n e s e ( I I ) c o m b i n a t i o n , w h i c h has a da rk 
g reen c o l o r . C o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s at - 0 . 6 5 V r e q u i r e s one 
e q u i v a l e n t o f e l ec t rons a n d y i e l d s a da rk b l u e s o l u t i o n w i t h the s ame 
c y c l i c v o l t a m m o g r a m as that for M n ( I V ) ( D T B C ) 3

2 " (68). 
T h e e l e c t r o c h e m i s t r y o f manganese ( I I ) w i t h D T B Q ( 1 : 3 m o l ra

t io) i n C H 3 C N is d i f ferent f r om that i n e i the r D M F or d i m e t h y l sulf
o x i d e ( D M S O ) ( F i g u r e 5). A n i n i t i a l n e g a t i v e scan y i e l d s r e d u c t i o n 
peaks at - 0 . 2 4 a n d - 0 . 6 0 V , b o t h t w o - e l e c t r o n processes , w i t h th ree 
o n e - e l e c t r o n ox ida t i ons at - 0 . 4 4 , - 0 . 1 5 , a n d +0 .14 V a n d a t w o -
e l e c t r o n o x i d a t i o n at +0 .56 V for the r eve r se scan . C o n t r o l l e d p o t e n t i a l 
e l e c t r o l y s i s at - 0 . 7 1 V r e q u i r e s 1.5 e l ec t rons pe r D T B Q (as i n D M F 
a n d D M S O ) , a n d y i e l d s a da rk b l u e s o l u t i o n . T h e e l e c t r o l y s i s p r o d u c t 
has a o n e - e l e c t r o n r e d u c t i o n p e a k at - 1 . 3 8 V . 

T a b l e I I s u m m a r i z e s the r e d o x a n d f o r m a t i o n R e a c t i o n s 8 - 1 6 for 
the m a n g a n e s e - D T B C - D T B S Q - D T B Q s y s t e m . R e d u c t i o n o f the var 
ious m a n g a n e s e ( I I ) - t o - D T B Q sys tems o c c u r s v i a E q u a t i o n s 1 1 - 1 3 . 
R e d u c t i o n o f the 1 :1 a n d 1 : 2 m a n g a n e s e ( I I ) - t o - D T B Q sys tems y i e l d s 
the s ame p r o d u c t w i t h a n a b s o r p t i o n m a x i m a at 2 8 5 n m , a m a g n e t i c 
s u s c e p t i b i l i t y o f 5.0 B . M . , a n d e q u i v a l e n t e l e c t r o c h e m i s t r y . A l l da ta 
are cons is ten t w i t h the fo rma t ion o f the M n ( I I I ) ( D T B C ) 2 ~ c o m p l e x . 

R e d u c t i o n o f the 1 : 3 m a n g a n e s e ( I I ) - t o - D T B Q s y s t e m r e q u i r e s 
fou r e l ec t rons i n t w o steps, 

M n ( I I ) + 2 D T B Q + 3e~ " ° 4 6 V > M n ( I I I ) ( D T B C ) 2 - (17) 

M n ( I I I ) ( D T B C ) 2 - + D T B Q + le~ " ° , 5 I V > M n ( I V ) ( D T B C ) 3

2 " (18) 

T h e M n ( I V ) ( D T B C ) 3

2 " c o m p l e x is r e d u c e d at - 1 . 2 5 V vs . S C E to fo rm 
M n ( I I I ) ( D T B C ) 3

3 ~ . T h e l a c k o f a r everse a n o d i c p e a k i m p l i e s a n e l e c 
t r o c h e m i c a l ( E C ) m e c h a n i s m , p r o b a b l y w i t h r e s i d u a l w a t e r i n the 
so lven t . 

M n ( I I I ) ( D T B C ) 3

3 - + H 2 0 - * 
M n ( I I I ) ( D T B C ) 2 - + D T B C H " + O H " (19) 
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+2.00 
Ε, V vs. SCE 

Figure 5. Cyclic voltammogram in CH3CN (0.1 M TEAP) of a, 3 mM 
DTBQ plus 1 mM lMniîlXDMU)6](Cl04)2; and b, cyclic voltammogram 
after electrolysis of a at -0.72 V vs. SCE. Scan rate, 0.1 V/s; Pt electrode 

(area, 0.23 cm2). 

T h i s m e c h a n i s m is c o n f i r m e d b y the p resence o f a n a n o d i c p e a k at 
- 0 . 1 7 V (due to D T B C H " ox ida t ion ) a n d a n abso rp t ion b a n d at 2 8 5 n m 
[due to M n ( I I I ) ( D T B C ) 2 " ] after c o n t r o l l e d p o t e n t i a l r e d u c t i o n at 
- 1 . 4 0 V . 

W h e n th ree e q u i v a l e n t s o f D T B S Q are a d d e d to one e q u i v a l e n t o f 
manganese ( I I ) , the l i g h t g reen M n ( I I I ) ( D T B C ) 2 ~ c o m p l e x is f o r m e d , 
p l u s one e q u i v a l e n t o f free D T B Q . A p o s s i b l e m e c h a n i s m i n v o l v e s 
i n i t i a l s e m i q u i n o n e c o o r d i n a t i o n to m a n g a n e s e f o l l o w e d b y e l e c t r o n 
transfer a n d d i s p r o p o r t i o n a t i o n to b o u n d c a t e c h o l a n d free q u i n o n e . 

I n C H 3 C N , the i n d i v i d u a l r e d o x processes c a n b e o b s e r v e d as a 
ca scade o f o n e - e l e c t r o n s teps for r e d u c t i o n a n d r e o x i d a t i o n o f the 
M n ( I V ) ( D T B C ) 3

2 " c o m p l e x b a c k to s ta r t ing ma te r i a l s ( F i g u r e 5). 
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688 BIOLOGICAL REDOX COMPONENTS 

M n ( I V ) ( D T B C ) 3

2 - M n ( I V ) ( D T B C ) 2 ( D T B S Q ) - + e~ (20) 
C H 3 C N I 

M n ( I I I ) ( D T B C ) 2 - + D T B Q 
i +0 .14 V 

M n ( I I I ) ( D T B C ) ( D T B S Q ) + e~ 

M n ( I I ) ( D T B C ) + D T B Q 
I +0 .56 V 

M n ( I I ) + D T B Q + 2e~ 

T h e b r o a d p e a k c e n t e r e d at + 0 . 5 6 V represents a t w o - e l e c t r o n process 
b e c a u s e i t is c o u p l e d to the t w o - e l e c t r o n r e d u c t i o n p e a k at + 0 . 0 3 V . 

Iron Complexes. F i g u r e 6 i l lus t ra tes the c y c l i c v o l t a m m e t r y for 
the 1 : 1 , 1 : 2 , a n d 1 : 3 F e ( I I ) ( C 1 0 4 ) 2 · 6 H 2 0 - D T B Q sys t e ms i n 
( C H 3 ) 2 S O . T h e c o u p l e at E\]2 = +0 .26 V vs . S C E is d u e to the reve r s 
i b l e F e ( I I ) / F e ( I I I ) o x i d a t i o n - r e d u c t i o n r eac t i on . T h e 1 :1 i ron(I I ) - to-
D T B Q s y s t e m i n ( C H 3 ) 2 S O e x h i b i t s a r e d u c t i o n p e a k at - 0 . 8 4 V that 
resu l t s f r o m the F e ( I I ) / F e ( 0 ) c o u p l e . T h i s p e a k increases a n d shifts i n 
p o t e n t i a l w h e n i ron( I I ) is a d d e d to the s o l u t i o n ( appea rance o f a s h a r p 
p e a k at - 0 . 5 6 V for the r eve r se scan is d u e to the F e ( 0 ) / F e ( I I ) reac
t ion) . T h e r e d u c t i o n p e a k at - 0 . 5 1 V is cha rac t e r i s t i c o f free D T B Q , 
w i t h s u b s e q u e n t assoc ia t ion o f the g e n e r a t e d s e m i q u i n o n e a n i o n w i t h 
the i r o n ions . T h e r e d u c t i o n p e a k for the 1 : 3 s y s t e m at - 1 . 4 6 V is d u e 
to the fo rmat ion o f D T B C 2 " f rom D T B S Q ^ . T h e o x i d a t i o n p e a k s at 
- 1 . 2 5 a n d - 0 . 3 8 V re su l t f r o m free D T B C 2 " a n d D T B S Q - , r e spec 
t i v e l y . R e o x i d a t i o n o f the e l e c t r o s y n t h e s i z e d c o m p l e x e s occu r s i n d i s 
t i n c t o n e - e l e c t r o n s teps that are f o l l o w e d b y a t w o - e l e c t r o n o x i d a t i o n 
b a c k to the s t a r t ing ma te r i a l s . P r o t o n N M R , U V - v i s i b l e , a n d c y c l i c 
v o l t a m m e t r y m e a s u r e m e n t s c o n f i r m that the l i g a n d is not d e g r a d e d 
d u r i n g the e l e c t r o c h e m i c a l c y c l e . T a b l e I I I s u m m a r i z e s the e l e c 
t r o c h e m i c a l reac t ions that are o b s e r v e d for the i r o n ( I I ) - D T B Q s y s t e m . 

Table III. Number of Electrons Transferred 
per Iron During Controlled Potential 

Electrolysis of 1 m M Fe(II) in the Presence 
of 0 , 1, 2 , and 3 m M D T B Q , Respectively 

Electrolysis potential, 
V, vs. SCE 

[DTBQ], m M +0 .45 0.00 -0.70 

0 +1 .0 0 — 
1 +0 .6 - 0 . 8 - 1 . 4 
2 +0 .6 - 1 . 0 - 3 . 0 
3 +0 .7 - 1 . 3 - 4 . 2 

Note: A positive sign indicates an oxidation process and a 
negative sign indicates a reduction process. All reactions in 
(CH3)2SO (0.1 M TEAP) at a Pt electrode. 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 689 

1 

50/xA 

! 1 1 1 
f\ 
Γ* / * / vv 

(a) 

ft 

I ι 

A 

(b) 

(c) 

I 1 ι ι 1 
+ 2 . 0 + 1 . 0 0 - 1 . 0 - 2 . 0 

Ε, V vs. SCE 

Figure 6. Cyclic voltammograms for solutions that result when 
iron(II) and DTBQ are combined in the ratio of a, 3 mM:3 mM; b, 
1.5:3; and c, 1:3 in (CH3)2SO that contains 0.1 M TEAP. Scan rate, 

0.1 V/s. All scans originate at the rest potential for the solutions. 

T h e F e ( I I I ) ( D T B S Q ) 3 c o m p l e x (71) is s t ab le i n C H 2 C 1 2 s o l u t i o n 
a n d e x h i b i t s a u n i q u e c y c l i c v o l t a m m o g r a m . W h e n F e ( I I I ) ( D T B S Q ) 3 

is a d d e d to ( C H 3 ) 2 S O , a r a p i d r e d o x r e a c t i o n o c c u r s w i t h v i v i d c o l o r 
c h a n g e s . A n i m p o r t a n t fea ture is that the a d d i t i o n o f F e ( I I I ) ( D T B S Q ) 3 

to ( C H 3 ) 2 S O y i e l d s a s o l u t i o n tha t is i n d i s t i n g u i s h a b l e f r o m 
the s o l u t i o n f rom the 1 : 3 c o m b i n a t i o n o f i ron ( I I I ) a n d D T B S Q " 
(based o n e l e c t r o c h e m i c a l , s p e c t r o s c o p i c , N M R , a n d m a g n e t i c sus
c e p t i b i l i t y m e a s u r e m e n t s ) . T h e da t a i n d i c a t e the fo rmat ion o f 
F e ( I I I ) ( D T B C ) ( D T B S Q ) p l u s one e q u i v a l e n t o f free q u i n o n e . 
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690 BIOLOGICAL REDOX COMPONENTS 

E l e c t r o c h e m i c a l a n d 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 for v a r i o u s 
mo le - r a t i o s o f D T B S Q " w i t h i ron( I I ) p r o v i d e i n s i g h t i n t o the r eac t i on 
pa ths a n d na tu re o f the p r o d u c t s . T h e c y c l i c v o l t a m m o g r a m for the 1 :1 
F e ( I I ) ( C 1 0 4 ) 2 ' 6 H 2 0 - D T B S Q " s y s t e m is s i m i l a r to that o b t a i n e d after 
c o n t r o l l e d p o t e n t i a l r e d u c t i o n at 0 V o f a 1 :1 i ron( I I ) : D T B Q s o l u 
t i o n . A 1 : 2 c o m b i n a t i o n o f F e ( I I ) ( C 1 0 4 ) 2 · 6 H z O a n d D T B S Q " y i e l d s a 
s o l u t i o n w i t h v o l t a m m e t r i c r e d u c t i o n p e a k s at —0.17 a n d —1.47 V . 
T h e fo rmer p e a k is c o u p l e d to a o n e - e l e c t r o n o x i d a t i o n p e a k at 
- 0 . 0 8 V . C o n t r o l l e d p o t e n t i a l r e d u c t i o n at - 0 . 3 0 V r e q u i r e s one 
e l e c t r o n p e r i r o n a n d y i e l d s a s o l u t i o n s i m i l a r to the r eac t i on p r o d u c t 
o f the 1 : 2 i r o n ( I I ) - D T B Q s y s t e m ( F i g u r e 6b) . C o n t r o l l e d p o t e n t i a l 
r e d u c t i o n o f the 1 : 3 F e ( I I ) ( C 1 0 4 ) 2 · 6 H 2 0 - D T B S Q " s y s t e m at - 0 . 6 5 V 
resul t s i n the transfer o f 1.5 e l ec t rons p e r i r o n to y i e l d a p r o d u c t 
w h o s e e l e c t r o c h e m i s t r y is i d e n t i c a l to that o f the r e d u c t i o n p r o d u c t 
(at - 0 . 6 5 V ) o f the 1 : 3 i r o n ( I I ) - D T B Q s y s t e m ( F i g u r e 6c) . 

W h e n D T B C 2 " is a d d e d to [ F e ( I I I ) ( H 2 0 ) 6 ] ( C 1 0 4 ) 3 , t he r e s u l t i n g 
c o m p l e x e s e x h i b i t s u b s t a n t i a l l y d i f ferent e l e c t r o c h e m i s t r y f rom those 
that are f o r m e d b y r e d u c t i o n o f D T B Q i n the p r e sence o f i ron( I I ) . 
A d d i t i o n a l p e a k s a p p e a r i n the c y c l i c v o l t a m m o g r a m a n d the o b s e r v e d 
m a g n e t i c m o m e n t s are s m a l l e r . A p o s i t i v e scan y i e l d s a d d i t i o n a l o x i 
da t i on peaks at - 0 . 2 5 a n d +0 .84 V ; the la t ter p e a k is d u e to O H _ 

o x i d a t i o n . 
A 1 :1 c o m b i n a t i o n o f F e ( I I I ) ( C 1 0 4 ) 3 · 6 H 2 0 a n d D T B C 2 - e x h i b i t s 

the same e l e c t r o c h e m i c a l a n d s p e c t r o s c o p i c p rope r t i e s as a 1 :1 c o m 
b i n a t i o n o f F e ( I I ) ( C 1 0 4 ) 2 · 6 H 2 0 a n d D T B S Q " i n w e t ( C H 3 ) 2 S O . T h e 
di f ferences b e t w e e n the U V - v i s i b l e spec t r a for 1 : 2 a n d 1 : 3 c o m b i n a 
t ions o f i r o n ( I I I ) a n d D T B C 2 - , a n d for 1 : 2 a n d 1 : 3 c o m b i n a t i o n s o f 
i ron ( I I ) a n d D T B S Q " are i l l u s t r a t e d i n F i g u r e 7. T h e in t ense b a n d s at 
2 9 3 a n d 3 0 5 n m h a v e b e e n a s s i g n e d to l i g a n d π —> π * t rans i t ions i n 
o ther m e t a l - c a t e c h o l c o m p l e x e s (60 , 6 2 , 6 3 , 68 , 7 2 - 7 5 ) . T h e spec t r a 
i n d i c a t e the p resence o f ca techo la te a n d s e m i q u i n o n e l i g a n d s , as w e l l 
as o f free D T B Q i n b o t h sys t ems (see F i g u r e 3 also) . T h e s e resu l t s 
i n d i c a t e that the i ron ( I I I ) c o m p l e x e s are b i n u c l e a r , p r o b a b l y v i a a 
μ - ο χ ο - b r i d g e i n a l k a l i n e or w e t ( C H 3 ) 2 S O . 

O n the basis o f the e x p e r i m e n t a l resul t s , a se l f -consis tent set o f 
r e d o x a n d fo rma t ion reac t ions for the i r o n - c a t e c h o l a n d i r o n -
s e m i q u i n o n e sys tems c a n b e f o r m u l a t e d . R e d u c t i o n o f the q u i n o n e 
o c c u r s first, f o l l o w e d b y c o o r d i n a t i o n o f t w o s e m i q u i n o n e s to one 
i ron( I I ) i o n a n d r a p i d d is p r o p o r t i o n a t ion o f the b o u n d D T B S Q " 
g roups . T h i s r eac t ion s e q u e n c e is a n a l o g o u s to the m a n g a n e s e -
c a t e c h o l s y s t e m . F e r r o u s i on c o n t r i b u t e s one e l e c t r o n to the o v e r a l l 
e l e c t r o n s t o i c h i o m e t r y i n a l l o f the reac t ions s t u d i e d . 

T h e s p e c t r o s c o p y a n d e l e c t r o c h e m i c a l resu l t s i n d i c a t e that the 
i n i t i a l r eac t i on o f the i r o n ( I I ) - D T B Q s y s t e m i n ( C H 3 ) 2 S O is the fo rma
t i on o f a n i r o n - s e m i q u i n o n e a d d u c t . 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 691 

I ι ι I I ι ι ι ι 1 
200 300 400 600 800 

X(nm) 

Figure 7. UV-visible spectra for the solutions that result when iron(II) 
and 3,5-di-tert-butyl-o-semiquinone (DTBSQ-) are combined in the 
ratio of A , 1:1; Β, 1:2; and C, 1:3, and when iron(HI) and 3,5-di-tert-
butylcatechol dianion (DTBC2~) are combined in the ratio of D, 1:2; 

and E,l:3 in (CH3)2SO. 

F e ( I I ) + D T B Q ( C H 3 ) z S O > F e ( I I I ) ( D T B S Q ) 2 + (21) 

F o r the 1 : 2 a n d 1 : 3 i r o n ( I I ) - D T B Q sys tems , a s i n g l e m u l t i e l e c t r o n 
r e d u c t i o n p e a k is o b s e r v e d at - 0 . 5 1 V . T h e s a m e r e a c t i o n a n d pa t h 
w a y resu l t s w h e n th ree e q u i v a l e n t s o f D T B S Q " are a d d e d to one 
e q u i v a l e n t o f i ron( I I ) . 

F e ( I I ) + 2 D T B Q + 3e~ " ° 5 1 V > F e ( I I I ) ( D T B C ) 2 - (22) 

F e ( I I ) + 3 D T B Q + 4e~ ~ a 5 1 V > F e ( I I I ) ( D T B C ) 2 ( D T B S Q ) 2 -

le~ - 1 . 3 0 V (23) 

F e ( I I I ) ( D T B C ) 3

3 -

F e ( I I ) + 3 D T B S Q " F e ( I I I ) ( D T B C ) 2 - + D T B Q (24) 

D i s p r o p o r t i o n a t i o n o f the F e ( I I I ) ( D T B S Q ) 3 c o m p l e x i n ( C H 3 ) 2 S O 
occu r s i n a s i m i l a r f a sh ion . A o n e - e l e c t r o n r e d u c t i o n at - 0 . 1 7 V 
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692 BIOLOGICAL REDOX COMPONENTS 

F e ( I I I ) ( D T B S Q ) 3

 ( € Η 3 ) 2 § ° > F e ( I I I ) ( D T B C ) ( D T B S Q ) + D T B Q 

le~ -0.17 V (25) 

F e ( I I I ) ( D T B C ) 2 - + D T B Q 

y i e l d s a p r o d u c t that is e l e c t r o c h e m i c a l l y a n d s p e c t r o s c o p i c a l l y i n 
d i s t i n g u i s h a b l e f rom the p r o d u c t o f E q u a t i o n 24 . 

B e c a u s e o f the c o m p l e x i t y o f the m i x t u r e s that r e su l t f r o m the 
c o m b i n a t i o n o f i r o n ( I I I ) a n d D T B C 2 - i n w e t or a l k a l i n e ( C H 3 ) 2 S O , the 
r e a c t i o n p a t h w a y a n d final p r o d u c t s c a n n o t b e e s t a b l i s h e d d e f i n i t e l y . 
H o w e v e r , o n the basis o f the e x p e r i m e n t a l resu l t s , a se l f -consis tent 
m e c h a n i s m for the e lec t ron- t rans fe r a n d c o m p l e x a t i o n reac t ions for 
the i r o n ( I I ) - D T B Q sys t ems i n s u c h m e d i a c a n b e p r o p o s e d 

2 F e ( I I ) + 2 D T B Q + 2e~ 
-0.31 V 

2 F e ( I I I ) ( D T B S Q ) ! i ; 

H 2 0 

(26) 

[ F e ( I I I ) ( D T B S Q ) - 0 - F e ( I I I ) ( D T B S Q ) ] 2 + + 2 H + 

2e~ -1.20 V 

F e ( I I I ) ( D T B C ) - 0 - F e ( I I I ) ( D T B C ) 

I n ( C H 3 ) 2 S O , i ron( I I ) is o x i d i z e d b y D T B Q to s o m e extent , a n d the 
p r e sence o f O H - shifts the r eac t ion fur ther to the r igh t . F o r a 1 : 2 
i r o n ( I I ) - D T B Q s y s t e m a l i k e l y r eac t i on s e q u e n c e is 

2 F e ( I I ) + 4 D T B Q + 2e~ ± ^ 2 F e ( I I ) ( D T B S Q ) 2 ^ (27) 

F e ( I I I ) ( D T B S Q ) 2 - 0 - F e ( I I I ) ( D T B S Q ) 2 + 2 H + 

2 D T B Q + F e ( I I I ) ( D T B C ) - 0 - F e ( I I I ) ( D T B C ) 

2e~ -0.54 V 

[ F e ( I I I ) ( D T B C ) ( D T B S Q ) - 0 - F e ( I I I ) ( D T B C ) ( D T B S Q ) ] 2 -

2e~y H 2 0 -0.30 V 

2 F e ( I I I ) ( D T B C ) 2 - + O H " 

F o r the 1 : 3 i r o n ( I I ) - D T B Q s y s t e m a s i m i l a r s c h e m e p r o b a b l y 
o c c u r s . 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 693 

2 F e ( I I ) + 4 D T B Q + H 2 0 + 4e~ 
-0.49 V 

[ F e ( I I I ) ( D T B C ) 2 - 0 - F e ( I I I ) ( D T B C ) 2 ] 4 - (28) 

-0.59 V i 2DTBQ; 2e" 

[ F e ( I I I ) ( D T B C ) 2 ( D T B S Q ) - 0 - F e ( I I I ) ( D T B C ) 2 ( D T B S Q ) ] 6 -

2e~, H 2 0 -1.30 V 

2 F e ( I I I ) ( D T B C ) 3

3 - + 2 0 H " 

T h e s e reac t ions are b a s e d o n the e l e c t r o c h e m i c 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 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 ( T a b l e I V ) for i r o n ( I I ) - D T B Q 
c o m b i n a t i o n s i n w e t ( C H 3 ) 2 S O . B e c a u s e the so lu t ions c o n t a i n a m i x 
tu re o f 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 , the fo rma t ion o f μ-
o x o - d i m e r i r o n ( I I I ) spec i e s is con j ec tu r a l b u t cons is ten t w i t h k n o w n 
c h e m i s t r y . I n a l k a l i n e ( C H 3 ) 2 S O , the F e ( I I I ) ( D T B C ) 3

3 - c o m p l e x is 
h y d r o l y z e d r a p i d l y . 

2 F e ( I I I ) ( D T B C ) 3

3 - + H 2 0 - * 
[ F e ( I I I ) ( D T B C ) 2 - 0 - F e ( I I I ) ( D T B C ) 2 ] 4 - + 2 D T B C H " (29) 

T h e e l e c t r o c h e m i c a l s h o u l d e r at - 0 . 2 5 V is cha rac t e r i s t i c o f the μ - ο χ ο 
s p e c i e s ; the o x i d a t i o n p e a k at +0 .84 V p r o b a b l y is d u e to O H " . 

T h e s e reac t ions i n d i c a t e that i ron ( I I I ) forms s t ab le m i x e d - l i g a n d 
c o m p l e x e s w i t h D T B C 2 - a n d D T B S Q " i n ( C H 3 ) 2 S O . T h e e q u i l i b r i a 
b e t w e e n these c o m p l e x e s c a n b e sh i f t ed b y the p resence o f t race 
a m o u n t s o f wate r , O H " , a n d free reagents ( D T B Q , D T B S Q " , or 
D T B C 2 " ) . 

Table IV. Magnetic Moments (μ) for the Iron(II)-DTBSQ" and 
Iron(III)-DTBC 2" Systems in Dimethyl Sulfoxide Solutions 

Semiquinonel Fe/DTBSQ-
Fe/DTBC2 ~; Catechol 
Fe/DTBSQ-
Fe/DTBC2 ~; μ» 

Iron Species Species mole ratio (B.M.)a 

F e ( I I ) D T B S Q / 1 :1 5.4 
F e ( I I ) D T B S Q / 1 : 2 5.1 
F e ( I I ) D T B S Q " 

D T B C 2 -

1 : 3 4.8 
F e ( I I I ) 

D T B S Q " 
D T B C 2 - 1 :1 5.4 

F e ( I I I ) D T B C 2 " 1 : 2 4.3 
F e ( I I I ) D T B C 2 - 1 : 3 4 .2 
F e ( I I I ) ( D T B S Q ) 3 — — 4.8 
F e ( I I ) ( C 1 0 4 ) 2 · 6 H 2 0 — — 5.0 
F e ( I I I ) ( C 1 0 4 ) 3 · 6 H 2 0 — — 4.8 

° For 10 mM iron in (CH3)2SO. 
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694 BIOLOGICAL REDOX COMPONENTS 

M o l y b d e n u m C o m p l e x e s . S e v e r a l c a t e c h o l c o m p l e x e s o f m o -
l y b d e n u m ( V I ) h a v e 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 y spec t ro 
s c o p i c , e l e c t r o c h e m i c a l , a n d x-ray d i f f rac t ion m e a s u r e m e n t s (61 -64 ). 
W h e n 3 , 5 - d i - ^ r i - b u t y l c a t e c h o l a n i o n ( D T B C 2 - ) is the l i g a n d , the 
resul t s i n d i c a t e that a p u r p l e b i n u c l e a r c o m p l e x is f o r m e d i n a p o l a r 
so lven t s ( t o luene , C H 2 C 1 2 ) , [ M o ( V I ) 0 ( D T B C ) 2 ] 2 . A d d i t i o n o f d o n o r 
so lven t s [ ( C H 3 ) 2 S O or D M F ] or o f s t rong l i g a n d s ( i m i d a z o l e or C N ~ ) 
causes the d i m e r to d i ssoc ia te to a g reen m o n o n u c l e a r spec i e s . T h e s e 
a n d r e l a t e d r e d o x reac t ions for the m o l y b d e n u m - D T B C 2 " s y s t e m are 
s u m m a r i z e d i n T a b l e V . 

A d d i t i o n o f base , i n the p resence o f a i r , to a D M F s o l u t i o n o f 
[ M o ( V I ) 0 ( D T B C ) 2 ] 2 resu l t s i n the fo rmat ion o f an orange a n i o n i c 
c o m p l e x , M o ( V I ) 2 0 5 ( D T B C ) 2

2 - ( E q u a t i o n 34 , T a b l e V ) . T h e c y c l i c v o l 
t a m m e t r y for th i s c o m p l e x i n D M F is l i m i t e d to a n o d i c peaks for i n i t i a l 
scans ( F i g u r e 8). R e d u c t i o n peaks o n l y are o b s e r v e d after a n i n i t i a l 

T a b l e V . S u m m a r y o f R e a c t i o n s for the M o l y b d e n u m - D T B C 2 

S y s t e m i n A p r o t i c M e d i a . 

(30) [ M o ( V I ) 0 ( D T B C ) 2 ] 2 2 M o ( V I ) 0 ( D T B C ) 2 ( s o l ) 
P u r p l e ; s t ab le G r e e n ; s t ab le 

i n C H 2 C 1 2 , t o l u e n e . i n D M S O , D M F . 
(31) [ M o ( V I ) 0 ( D T B C ) 2 ] 2 + 2 H 2 0 2 M o ( V I ) 0 ( D T B C ) 2 ( H 2 0 ) 

G r e e n 
(32) M o ( V I ) 0 ( D T B C ) 2 ( s o l ) + i m i d a z o l e - * 

M o ( V I ) 0 ( D T B C ) ( i m i d a z o l e ) + s o l 
P u r p l e 

(33) M o ( V I ) 0 ( D T B C ) 2 ( s o l ) + e~ (CH°>'SQ'AN'DMS? 
M o ( V ) 0 ( D T B C ) 2 ( s o l ) - EPtC = - 0 . 5 V vs . S C E 

(34) [ M o ( V I ) 0 ( D T B C ) 2 l 2 + 2 0 H " + 2 0 2 <± 
[ M o ( V I ) 0 ( D T B C ) ( D T B S Q ) ( 0 2 - ) ] 2

2 - , t r ^ 
[ M o ( V I ) ] 2 0 5 ( D T B C ) 2

2 - + 2 0 2 + 2 D T B C H 2 

O r a n g e 
(35) M o ( V ) 0 ( D T B C ) 2 ( s o l ) - + e~ (CH^SQ-AN*DMF> 

[ M o ( I V ) 0 ( D T B C ) 2 ] t

2

r -
[ M o ( V I ) 0 2 ( D T B C ) 2 ] t

2

r - + ( C H 3 ) 2 S ^ 
i [ M o ( V I ) ] 2 0 5 ( D T B C ) 2

2 - EPtC = - 1 . 2 V 
(36) M o ( I V ) 0 ( D T B C ) 2

2 - M M o ( V I ) ] 2 0 5 ( D T B C ) 2

2 - + H 2 

+ O H " + D T B C H 2 

(37) [ M o ( V I ) ] 2 0 5 ( D T B C ) 2

2 - « [ M o ( V I ) ] 2 0 5 ( D T B C ) ( D T B S Q ) - + e~ 
E°' = + 0 . 2 5 V 

(38) [ M o ( V I ) ] 2 0 5 ( D T B C ) ( D T B S Q ) - S 3 [ M o ( V I ) l 2 0 5 ( D T B C ) 
+ i D T B C H " + i D T B Q 

(39) [ M o ( V I ) ] 2 0 5 ( D T B C ) 2

2 - + 2 0 H " - * [ M o ( V I ) ] 2 0 7

2 " + D T B C H 2 

+ D T B Q + 2e~ Ep,a = - 0 . 0 5 V 
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1 1 1 1 1 
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1 1 1 1 I I 
+ I.0 +0.5 0.0 -0.5 -I.0 -I.5 - 2 . 0 

Ε, V vs . S C E 

Figure 8. Cyclic voltammograms in DMF (0.1 M TEAP) of a, 1 m M 
[Mo(VI)]205 (DTBC)2

2~; b, 1 mM [Mo2(VI)]2Os(DTBC)2

2- plus one 
equivalent TEAOH; c, solution b after oxidation at 0.0 V (one electron 
transferred per Mo); and d, 1 m M [Mo2(VI)]205(DTBC)2

2~ after elec
trochemical oxidation at +0.33 V (0.5 electron transferred per Mo). 
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696 BIOLOGICAL REDOX COMPONENTS 

p o s i t i v e s can to + 0 . 7 5 V , w h i c h is suff ic ient to o x i d i z e the ca t echo la t e 
l i g a n d s to D T B Q . I f p o s i t i v e scans are r e v e r s e d at po t en t i a l s less t h a n 
+ 0 .70 V , a r e v e r s i b l e o x i d a t i o n c o u p l e o c c u r s at + 0 . 2 5 V . C o n t r o l l e d 
p o t e n t i a l c o u l o m e t r y at + 0 . 3 3 V ( F i g u r e 8) resu l t s i n a n o v e r a l l o x i d a 
t i o n o f o n e e l e c t r o n p e r b i n u c l e a r c o m p l e x to a l i g h t - g r e e n s o l u t i o n 
w i t h a b r o a d a b s o r p t i o n s h o u l d e r at 3 3 5 - 3 8 0 n m (e 2800) , a s h o u l d e r at 
3 2 5 n m (e 3200) , a n d a s h o u l d e r at 2 7 8 n m . T h i s e l e c t r o l y s i s conver t s 
the o r i g i n a l m o l y b d e n u m ( V I ) c o m p l e x to a p r o d u c t w i t h a s i m p l e , 
o n e - l i n e E S R s i g n a l (g = 2 .00 , a w i d t h o f 14 G , a n d a peak - to -peak 
separa t ion o f 2.4 G ) . F u r t h e r e l e c t r o l y s i s o f the o x i d i z e d s o l u t i o n at 
- 0 . 3 3 V y i e l d s the o r i g i n a l c o m p l e x , [ M o ( V I ) ] 2 0 5 ( D T B C ) 2

2 " . 

T h e c o u p l e at + 0 . 2 5 V for [ M o ( V I ) ] 2 0 5 ( D T B C ) 2 - c o r r e s p o n d s to 
the r e v e r s i b l e o x i d a t i o n o f b o u n d D T B C 2 - to b o u n d D T B S Q - ( F i g u r e 
8a a n d E q u a t i o n s 37 a n d 38 , T a b l e V ) . A f t e r c o n t r o l l e d p o t e n t i a l o x i d a 
t i o n at +0 .33 V , a m i x e d D T B C - D T B S Q c o m p l e x resu l t s , w h i c h is 
d e c o m p o s e d b y H 2 0 to a n i ne r t m o l y b d e n u m ( V I ) d i m e r a n d D T B Q . 

C o n t r o l l e d p o t e n t i a l o x i d a t i o n at 0 V vs . S C E o f a s o l u t i o n w i t h 
t w o e q u i v a l e n t s o f O H " p e r [ M o ( V I ) ] 2 0 5 ( D T B C ) 2 - ( F i g u r e 8b) c o n 
s u m e s t w o e l ec t rons p e r b i n u c l e a r c o m p l e x to y i e l d a g r een s o l u t i o n 
( F i g u r e 8c) that has abso rp t i on m a x i m a at 3 8 6 n m (e 6000) , 3 7 0 n m (e 
6000) , a n d a s h o u l d e r at 2 9 2 n m . I t a l so e x h i b i t s a s i n g l e E S R s i g n a l at 
g = 2 .00 w i t h a w i d t h o f 18 G a n d a peak- to -peak separa t ion o f 2.6 G . 
T h e p r o d u c t s o l u t i o n d e c o m p o s e s to g i v e a n e l e c t r o c h e m i c a l l y i n e r t 
m o l y b d e n u m ( V I ) s p e c i e s p l u s D T B Q ( E q u a t i o n s 3 7 - 3 9 , T a b l e V ) . 

T h e a d d i t i o n o f s t rong l i g a n d s ( C N ~ or i m i d a z o l e ) causes the s o l u 
t i o n to b e c o m e da rk r e d - b r o w n w i t h a n e w abso rp t ion b a n d at 5 7 0 n m , 
w h i c h a p p a r e n t l y resu l t s f r om l i g a n d - t o - m e t a l c h a r g e transfer. S i m i l a r 
c h a r g e t ransfer b a n d s a l so are o b s e r v e d for [ M o ( V I ) 0 ( D T B C ) 2 ] 2 a n d its 
m o n o m e r , M o ( V I ) 0 ( D T B C ) 2 , i n the p re sence o f s t rong e l e c t r o n -
d o n a t i n g l i g a n d s . I f a l a rge excess o f a s t rong - f i e ld l i g a n d is a d d e d to 
[ M o ( V I ) ] 2 0 5 ( D T B C ) 2

2 - , the s o l u t i o n b e c o m e s co lo r l e s s o n s t a n d i n g , 
a n d free 3 , 5 - d i - £ e r £ - b u t y l c a t e c h o l is f o r m e d . A p p a r e n t l y , s u c h l i g a n d s 
d i s p l a c e the ca t echo l s f r om the c o m p l e x to y i e l d m o l y b d e n u m ( V I ) . 

T h e I R o f [ M o ( V I ) ] 2 0 5 ( D T B C ) 2

2 - is d o m i n a t e d b y b a n d s d u e to 
the c a t e c h o l l i g a n d s , b u t a d d i t i o n a l s t rong b a n d s are o b s e r v e d at 976 , 
9 1 7 , a n d 8 8 5 c m - 1 . T h e 9 7 6 - c m - 1 b a n d has b e e n a s s i g n e d to the C - O 
b o n d s o f the l i g a n d s . T h e o ther t w o b a n d s are d u e to a s y m m e t r i c a l 
a n d a n t i s y m m e t r i c a l m e t a l - o x y g e n s t r e t c h i n g m o d e for the t e r m i n a l 
o x y g e n s o f c i $ - d i o x o m o l y b d e n u m ( V I ) (76 , 77) . 

I n the p re sence o f base , d i o x y g e n s p o n t a n e o u s l y o x i d i z e s 
c a t e c h o l , as w e l l as m e t a l - c a t e c h o l c o m p l e x e s , to y i e l d m i x e d 
c a t e c h o l - s e m i q u i n o n e spec i e s (67) . T h e s u p e r o x i d e i o n that resu l t s 
f r o m c a t e c h o l o x i d a t i o n b y o x y g e n i n the p re sence o f base s h o u l d r e a d 
i l y affect r e d u c t i o n o f m o l y b d e n u m ( V I ) , as w e l l as o f a n y free D T B Q 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 697 

that resu l t s f r om d i s p l a c e m e n t o f s e m i q u i n o n e b y base ( f o l l o w e d b y 
d i s p r o p o r t i o n a t i o n ) . M o r e o v e r , a n y s u c h free D T B Q c a n o x i d i z e the 
r e d u c e d m o l y b d e n u m b a c k to m o l y b d e n u m ( V I ) . T h u s , the o x y g e n acts 
as a s i m p l e e l e c t r o n t ransfer agent for a n i n t r a m o l e c u l a r r e d o x process 
( E q u a t i o n 34 , T a b l e V ) . 

V a n a d i u m C o m p l e x e s . I n a q u e o u s m e d i a , v a n a d i u m ( V ) o x i d i z e s 
c a t e c h o l to fo rm q u i n o n e a n d v a n a d i u m ( I V ) (42 , 78) . H o w e v e r , c o m 
b i n a t i o n o f V O C l 3 w i t h D T B C H 2 i n a n h y d r o u s C H 2 C 1 2 y i e l d s a s t ab le 
1 : 2 v a n a d i u m ( V ) - D T B C 2 " c o m p l e x . 

B e c a u s e p r o t i c spec i e s h a v e a n effect o n the v a n a d i u m o x i d a t i o n 
state (79) , d i s o d i u m 3 , 5 - d i - i e r i - b u t y l c a t e c h o l ( N a 2 D T B C ) w a s u s e d 
w i t h VOCI3 i n C H 2 C 1 2 to s y n t h e s i z e the da rk b l u e ( X m a x , 6 8 0 n m ) 
c o m p l e x f o r m u l a t e d as N a V ( V ) 0 ( D T B C ) 2 . H o w e v e r , the p r o d u c t o f the 
c o m b i n a t i o n o f V ( I V ) 0 ( a c a c ) 2 ( w h e r e acac represen ts ace ty lace tona te ) 
a n d c a t e c h o l p l u s t r i e t h y l a m i n e w a s i d e n t i f i e d c o n c l u s i v e l y as 
V ( c a t ) 3

2 _ (whe re cat represents ca t echo l ) (80) . W h e n V ( e a t ) 3

2 _ is 
o x i d i z e d b y e l e c t r o l y s i s , i t y i e l d s a p r o d u c t w i t h a s p e c t r u m that is 
a l m o s t i d e n t i c a l to the s p e c t r u m for a s o l u t i o n o f N a V ( V ) 0 ( D T B C ) 2 . 
T h e s m a l l e l e c t r o c h e m i c a l d i f fus ion cu r ren t s for th is p r o d u c t i n 
( C H 3 ) 2 S O , C H 3 C N , a n d C H 2 C 1 2 , i n a d d i t i o n to p r o t o n N M R data , i n d i 
cate that the m a t e r i a l p r o b a b l y is p o l y m e r i c ( F i g u r e 9). T h e t w o o x i d a 
t i o n p e a k s that are o b s e r v e d for the c o m p l e x i n ( C H 3 ) 2 S O c o r r e s p o n d 
to l i g a n d ox ida t i ons . C o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s at +0 .38 V re
sul ts i n a f o u r - e l e c t r o n o x i d a t i o n to p r o d u c e t w o D T B Q m o l e c u l e s p e r 
v a n a d i u m ( V ) c o m p l e x . C o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s o f the r e d u c 
t i on p e a k at - 0 . 4 5 V r e q u i r e s one e l e c t r o n a n d resu l t s i n the appea r 
ance o f a v a n a d i u m ( I V ) Ε P R s i g n a l . R e v e r s a l o f a n i n i t i a l c a t h o d i c s can 
after th is r e d u c t i o n p r o d u c e s a n e w o x i d a t i o n p e a k at —0.38 V that a l so 
is p resen t for an i n i t i a l a n o d i c scan after the c o u l o m e t r i c o x i d a t i o n o f 
v a n a d i u m ( I V ) to v a n a d i u m ( V ) at - 0 . 5 5 V . 

A d d i t i o n o f H C 1 to N a V ( V ) 0 ( D T B C ) 2 i n C H 3 O H , i n the p re sence 
o f a i r , resu l t s i n a p u r p l e s o l u t i o n w i t h the s ame e l e c t r o n i c spec t r a as 
the p r e v i o u s l y a l l e g e d o x y g e n a d d u c t o f v a n a d i u m ( I V ) ( D T B C ) 2 (61) . 
T h i s s ame s p e c t r u m is o b t a i n e d o n m i x i n g V O C l 3 w i t h D T B S Q " i n 
C H 3 O H . H o w e v e r , a t t empts to i so la te a v a n a d i u m ( V ) - s e m i q u i n o n e 
c o m p l e x b y so lven t e v a p o r a t i o n r e s u l t i n the d i s p r o p o r t i o n a t i o n o f 
D T B S Q " to D T B Q a n d a b l u e v a n a d i u m ( V ) - D T B C c o m p l e x . 

T h e b r o w n N a 2 V ( I V ) 0 ( D T B C ) 2 c o m p l e x c a n b e p r e p a r e d b y the 
c o m b i n a t i o n o f one e q u i v a l e n t o f V O ( a c a c ) 2 a n d t w o e q u i v a l e n t s o f 
N a 2 D T B C i n C H 2 C 1 2 . T h e s p e c t r o s c o p y o f th is c o m p l e x is h i g h l y s o l 
v e n t d e p e n d e n t . M a g n e t i c a n d 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 i n d i c a t e 
that N a 2 V ( I V ) 0 ( D T B C ) 2 is u n s t a b l e i n p r o t i c m e d i a . C y c l i c v o l t a m 
m e t r y o f th is c o m p l e x i n C H 2 C 1 2 a n d C H 3 C N i n d i c a t e that the v a n a -
d i u m ( I V ) is not r e d u c e d , b u t is o x i d i z e d at +0 .18 V i n C H 2 C 1 2 a n d at 
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698 BIOLOGICAL REDOX COMPONENTS 

+ 1.00 0 . 0 0 - 1 . 0 0 

Ε, V vs. SCE 

Figure 9. Cyclic voltammograms for 1 mM solutions of the reaction 
product ofV(V)OCl3 and Na2DTBC in a, (CH3)2SO; b, CH3CN; c, 
CH2Cl2; and d, for 1 mM Na2V(V)0(OCH3)(DTBC)2 in CH2Cl2 (or its 
decomposition product). Scan rate, 0.01 V/s at a Pt electrode (area, 0.23 

cm'1). 

- 0 . 1 3 V i n C H 3 C N . R e v e r s a l o f the s c a n after th is p e a k resu l t s i n a 
r e d u c t i o n p e a k at - 0 . 5 2 V i n C H 2 C 1 2 a n d at - 0 . 4 0 V i n C H 3 C N . C o n 
t r o l l e d p o t e n t i a l e l e c t r o l y s i s at the first a n o d i c p e a k p o t e n t i a l r e m o v e s 
one e l e c t r o n to g i v e a p r o d u c t s o l u t i o n that is E S R s i l en t a n d free o f 
D T B Q . H e n c e , th is spec i e s appears to b e the v a n a d i u m ( V ) c o m p l e x , 
N a V ( V ) 0 ( D T B C ) 2 . E l e c t r o l y s i s at the m o r e p o s i t i v e p e a k p o t e n t i a l s 
r e m o v e s t w o e l ec t rons to y i e l d D T B Q . 
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28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 699 

T h e b l u e c r y s t a l l i n e c o m p l e x , N a 2 V ( I V ) C l 2 ( D T B C ) 2 , was i s o l a t e d 
f rom the d i r e c t r e a c t i o n o f S O C l 2 w i t h N a 2 V ( I V ) 0 ( D T B C ) 2 (81). 
A c o m p a r i s o n o f the I R spec t r a for N a 2 V ( I V ) 0 ( D T B C ) 2 a n d 
N a 2 V ( I V ) C l 2 ( D T B C ) 2 i n d i c a t e s the p re sence o f a b a n d at 880 c m " 1 

for the v a n a d i u m - t e r m i n a l o x y g e n s t re tch . T h e m a g n e t i c m o m e n t s 
for N a 2 V ( I V ) 0 ( D T B C ) 2 a n d N a 2 V ( I V ) C l 2 ( D T B C ) 2 i n C H 2 C 1 2 are 1.72 
a n d 1.75 B . M . , r e s p e c t i v e l y . T h i s finding conf i rms that o x i d a t i o n 
o f the v a n a d i u m cen te r has not o c c u r r e d . 

T h e c y c l i c v o l t a m m e t r y for N a 2 V ( I V ) C l 2 ( D T B C ) 2 i n C H 2 C 1 2 is i l 
l u s t r a t e d b y F i g u r e 10, a n d i n d i c a t e s that a n i n i t i a l c a t h o d i c s can 
y i e l d s t h ree r e v e r s i b l e r e d o x c o u p l e s . C o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s 
conf i rms that e a c h c o u p l e is d u e to a o n e - e l e c t r o n process , p r e s u m a b l y 
the m e t a l cen t e r b e c a u s e t hey d o not c o r r e s p o n d to l i g a n d r e d u c t i o n s ; 
that is, 

le le~ le' 

ι ι V 
/ / 

/ / 
/ / 

/ / 
/ / 

+ 2.00 +1.00 0 .00 - L O O - 2 . 0 0 

Ε, V vs. SCE 

Figure 10. Cyclic voltammetry for a 1 mM solution of 
Na2V(IV)Cl2(DTBC)2 in CH2Cl2. Scan rate, 0.10 V/s at a Pt electrode 

(area, 0.23 cm'1). 
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700 BIOLOGICAL REDOX COMPONENTS 

T h e fo rma t ion o f a v a n a d i u m ( I ) c o m p l e x is u n p r e c e d e n t e d , a n d th is 
a s s i g n m e n t m u s t b e v i e w e d as t en ta t ive . T h e so lu t ions f o r m e d d u r i n g 
these e l e c t r o l y s e s are h i g h l y u n s t a b l e a n d p r e c l u d e 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 . T h r e e i r r e v e r s i b l e o x i d a t i o n p e a k s at + 1 . 1 3 , 
+ 1.51, a n d + 1 . 6 3 V are o b s e r v e d for a n i n i t i a l p o s i t i v e s can o f 
N a 2 V ( I V ) C l 2 ( D T B C ) 2 i n C H 2 C 1 2 . C o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s at 
+ 1 . 2 5 V r e m o v e s t w o e l ec t rons p e r c o m p l e x , b u t does no t y i e l d D T B Q 
or D T B S Q . 

T h e N a 2 V ( I V ) C l 2 ( D T B C ) 2 c o m p l e x is e x t r e m e l y sens i t ive to w a t e r 
a n d o x y g e n , a n d is o x i d i z e d to v a n a d i u m ( V ) b y C H 3 O H . T h e r a p i d 
r e a c t i o n w i t h m e t h a n o l p r o b a b l y resu l t s f r om the s t rong aff ini ty o f 
v a n a d i u m ( I V ) for o x y g e n . 

N a 2 V ( I V ) C l 2 ( D T B C ) 2 + C H 3 O H ^ 
V ( V ) ( O C H 3 ) ( D T B C ) 2 + έ Η 2 + 2 N a C l (41) 

D a r k g reen c rys ta l s o f N a 3 V ( I I I ) ( D T B C ) 3 c a n b e o b t a i n e d f r o m the 
c o m b i n a t i o n o f th ree e q u i v a l e n t s o f N a 2 D T B C w i t h one e q u i v a l e n t o f 
V ( I I I ) ( a c a c ) 3 i n C H 2 C 1 2 . I n the p resence o f a i r , e i t he r the s o l i d c o m p l e x 
or its so lu t i on i n C H 2 C 1 2 i r r e v e r s i b l y c h a n g e c o l o r to b l u e w i t h i n 
s econds . T h e c o m p l e x is no t s tab le i n p r o t i c so lven t s . A l t h o u g h the 
U V - v i s i b l e s p e c t r u m o f N a 3 V ( I I I ) ( D T B C ) 3 i n C H 2 C 1 2 is s i m i l a r to that 
for N a 2 V ( I V ) 0 ( D T B C ) 2 , i ts m a g n e t i c m o m e n t (2.93 B . M . ) a n d the 
absence o f a v a n a d i u m - o x y g e n s t re tch i n i ts I R s p e c t r u m c o n f i r m that 
i t is a u n i q u e spec i e s . 

T h e e l e c t r o c h e m i s t r y o f N a 3 V ( I I I ) ( D T B C ) 3 i n C H 2 C 1 2 e x h i b i t s 
t w o 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 c o u p l e s at +0 .13 a n d + 0 . 4 0 V , 
p l u s seve ra l i r r e v e r s i b l e p e a k s at +1 .18 V . T h e o x i d a t i o n p o t e n t i a l 
for the first p e a k is the s ame as is o b s e r v e d on the r eve r se scan f rom 
r e d u c t i o n o f N a 2 V ( I V ) C l 2 ( D T B C ) 2 , w h i c h has b e e n a s s i g n e d to the 
v a n a d i u m ( I I I ) - t o - v a n a d i u m ( I V ) o x i d a t i o n . O x i d a t i v e e l e c t r o l y s i s at 
the p o t e n t i a l s for the r e m a i n i n g peaks resu l t s i n the fo rma t ion 
o f D T B Q . I n cont ras t to the N a 2 V ( I V ) C l 2 ( D T B C ) 2 c o m p l e x , the 
N a 3 V ( I I I ) ( D T B C ) 3 c o m p l e x does not e x h i b i t a n y r e d u c t i o n p e a k s . 

T a b l e s V I a n d V I I s u m m a r i z e the e l e c t r o c h e m i c a l a n d spec t ro 
s c o p i c p rope r t i e s 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 e s . S e v e r a l s t ab le 
c o m p l e x e s c a n b e s y n t h e s i z e d w i t h o u t c h a n g e o f o x i d a t i o n state i n 
a p r o t i c m e d i a . A d d i t i o n o f p ro tons i n the fo rm o f C H 3 O H or H 2 0 re
sul ts i n the c o n v e r s i o n o f the l o w e r o x i d a t i o n states o f v a n a d i u m to 
v a n a d i u m ( V ) , w h i c h is s t ab le i n p r o t i c m e d i a . F o r the v a n a d i u m -
D T B C s y s t e m , m e t a l o x i d a t i o n u s u a l l y o c c u r s be fore l i g a n d o x i d a t i o n . 
H e n c e , o n l y a s e m i q u i n o n e c o m p l e x o f v a n a d i u m ( V ) is a v i a b l e 
p r o s p e c t . 

T h e t e r m i n a l o x y g e n o f the v a n a d y l g r o u p i n the v a n a d i u m ( I V ) -
D T B C c o m p l e x e s has a d r a m a t i c effect o n the i r e l e c t r o c h e m i s t r y . T h e 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

28



T
ab

le
 V

I.
 

R
ed

ox
 R

ea
ct

io
n

s 
fo

r 
th

e 
3,

5-
D

i-
fe

ri
 -

b
u

ty
lc

at
ec

h
ol

 (
D

T
B

C
2

-
) 

C
o

m
p

le
x

es
 o

f 
V

an
ad

iu
m

(V
),

 
V

an
ad

iu
m

(I
V

),
 a

n
d

 V
an

ad
iu

m
(I

II
) 

in
 A

p
ro

ti
c 

M
ed

ia
 

R
ed

o
x

 P
o
te

n
ti

a
ls

 
V

vs
. 

S
C

E
a 

R
ea

ct
io

n
 

S
o

lv
en

t 
E

°'
 

E
p

<
c 

E
p
,

a
 

(4
2)

 
V

(V
)0

(D
T

B
C

) 2
- 

+
 e

~
 -

»·
 V

(I
V

)0
(D

T
B

C
) 2

2
- 

(C
H

3
) 2

S
O
 

-
0

.4
5
 

(4
3)

 
V

(V
)0

(D
T

B
C

) 2
" 

V
(V

) 
+

 2
D

T
B

Q
 

+
 4

e~
 

(C
H

3
) 2

S
O

 
+

0
.3

0 
(4

4)
 

V
(V

)0
(O

C
H

3
)(

D
T

B
C

) 2
2
- 

-*
 V

(V
)0

(O
C

H
3
)(

D
T

B
C

) 
+

 D
T

B
Q
 

+
 2

e~
b
 

(C
H

3
) 2

S
O

 
+

0
.4

3 
(4

5)
 

V
(V

)0
(O

C
H

3
)(

D
T

B
C

) 
V

(V
) 

+
 D

T
B

Q
 

+
 2

e~
b
 

(C
H

3
) 2

S
O

 
+

0
.7

8 
(4

6)
 

N
a 2

V
(I

V
)(

D
T

B
C

) 2
->

-N
aV

(V
)0

(D
T

B
C

) 2
+ 

N
a

+ +
 e

" 
C

H
2
C

1
2 

+
0

.1
8
 

A
N 

-
0

.1
3
 

(4
7)

 
N

aV
(V

)0
(D

T
B

C
) 2

 
-+

 V
(V

)0
(D

T
B

C
)+ 

+
 D

T
B

Q
 

+
 N

a
+ +

 2
e~

 
C

H
2
C

1
2 

+
0

.3
5 

A
N 

+
0

.4
6 

(4
8)

 
V

(V
)0

(D
T

B
C

)+ -
» 

V
(V

) 
+

 D
T

B
Q
 

+
 2

e~
 

C
H

2
C

1
2 

+
0

.6
1
 

A
N 

+
1

.1
2
 

(4
9)

 
N

a 2
V

(I
V

)C
l 2

(D
T

B
C

) 2
 
+

 e
~

 *
±

 N
aV

(I
II

)(
D

T
B

C
) 2
 

+
 2

C
1"

 
+

 N
a

+
 

C
H

2
C

1
2 

+
0

.1
1

 
(5

0)
 

N
aV

(I
II

)(
D

T
B

C
) 2
 

+
 N

a
+ +

 e
~

 ?
±

 N
a 2

V
(I

I)
(D

T
B

C
) 2

6 
C

H
2
C

1
2 

-
0

.4
1

 
(5

1)
 

N
a 2

V
(I

I)
(D

T
B

C
) 2
 

+
 e

~
 

N
a 2

V
(I

)(
D

T
B

C
) 2

-*
 

C
H

2
C

1
2 

-
1

.2
3

 
(5

2)
 

N
a 3

V
(I

II
)(

D
T

B
C

) 3
 

?±
 N

a 2
V

(I
V

)(
D

T
B

C
) 3

 
+

 N
a

+  +
 e

~
 

C
H

2
C

1
2 

+
0

.1
1

 
(5

3)
 

N
a 2

V
(I

V
)(

D
T

B
C

) 3
 

N
aV

(V
)(

D
T

B
C

) 3
 
+

 N
a

+ +
 e

~
 

C
H

2
C

1
2 

+
0

.3
7 

(5
4)

 
N

aV
(V

)(
D

T
B

C
) 3

 
V

(V
) 

+
 3

D
T

B
Q
 

+
 N

a
+
 +

 6
e~

 
C

H
2
C

1
2 

+
1

.1
8
 

"F
or

 r
ev

er
si

bl
e 

pr
oc

es
se

s,
 t

he
 r

ed
ox

 p
ot

en
tia

ls
 (

£°
') 

re
pr

es
en

ts
 t

h
e 

m
ea

n 
of

 th
e 

ca
th

od
ic

 (
£ p

, c)
 a

nd
 a

no
di

c 
(E

v, a
) 

pe
ak

 p
ot

en
tia

ls
; 

fo
r 

ir
re

ve
rs

ib
le

 p
ro

ce
ss

es
, 

th
e 

pe
ak

 p
ot

en
tia

ls
 a

re
 fo

r 
sc

an
 r

at
es

 o
f 0

.1
 V

/s
. 

* 
T

en
ta

tiv
e.

 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

28



T
ab

le
 V

II
. 

S
p

ec
tr

os
co

p
ic

 P
ro

p
er

ti
es

 f
or

 th
e 

3,
5-

D
i-

fe
rf

 -
b

u
ty

lc
at

ec
h

ol
 C

om
p

le
xe

s 
o

f 
V

an
ad

iu
m

(V
),

 
V

an
ad

iu
m

(I
V

),
 a

n
d

 V
an

ad
iu

m
(I

II
) 

in
 A

pr
ot

ic
 M

ed
ia

 

C
om

pl
ex

 

[N
aV

(V
)0

(D
T

B
C

) 2
] 

N
a

2
V

(V
)0

(O
C

H
3
)(

D
T

B
C

) 2
 

N
a 2

V
(I

V
)0

(D
T

B
C

) 2
 

N
a 2

V
(I

V
)C

l 2
(D

T
B

C
) 2

 

N
a 3

V
(I

II
)(

D
T

B
C

) 3
 

S
ol

ve
n

t 

(C
H

3
) 2

S
O

 

A
N 

C
H

2
C

1
2 

(C
H

3
) 2

S
O

 

C
H

2C
I2

 
A

N 
C

H
2C

I2
 

C
H

0C
I0

 

U
V

-V
is

ib
le

 
λ 

m
a

x 
>

 

n
m

 (
 e

) 

70
0 

(2
70

0)
 

28
2 

(7
35

0)
 

68
0 

(3
55

0)
 

2
7

1 
(6

55
0)

 
68

0 
(3

72
0)

 
27

4 
(7

18
0)

 
60

0 
(2

60
0)

 
2

9
5 

(7
57

0)
 

2
8

3 
(3

63
00

) 
29

0 
(5

33
00

) 
69

0 
(5

26
0)

 
28

7 
(6

31
0)

 
28

4 
(4

90
00

) 

V
an

ad
iu

m
 

M
ag

n
et

ic
 

M
om

en
t 

(B
.M

.)
 

d
ia

m
ag

n
et

ic
 

d
ia

m
ag

n
et

ic
 

1.
72

 
1

.7
3 

1.
75

 

2.
93

 

D
TB

C
 

P
ro

to
n

 
N

M
R

, 
pp

m
 v

s.
 

TM
S 

1.
43

, 
1

.5
3 

1.
57

, 
1

.6
4 

1.
18

, 
1

.2
3 

1.
26

, 
1

.3
8 

1.
40

, 
1

.4
7 

1.
61

 
1.

49
, 

1
.6

1 

E
PR

 

g-
V

al
ue

 A
(g

au
ss

) 

1.
96

 
1.

96
 

1.
96

 

9
5 

90
 

10
0 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

28



28. CHIN ET AL. Redox Chemistry of Transition Metal Complexes 703 

N a 2 V ( I V ) 0 ( D T B C ) 2 c o m p l e x c a n n o t b e r e d u c e d e l e c t r o c h e m i c a l l y ; 
i t does u n d e r g o a q u a s i - r e v e r s i b l e o x i d a t i o n process . I n contras t , t he 
N a 2 V ( I V ) C l 2 ( D T B C ) 2 c o m p l e x e x h i b i t s th ree 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 c o u p l e s , b u t no t an o x i d a t i o n p e a k for v a n a d i u m ( I V ) to 
v a n a d i u m ( V ) . M o s t v a n a d y l c o m p o u n d s are p e n t a c o o r d i n a t e d , w h i c h 
i m p l i e s that v a n a d i u m c a n n o t a c c e p t ano the r l i g a n d e l e c t r o n - p a i r 
b e c a u s e o f the o r b i t a l d i s to r t ion f rom the t e r m i n a l o x y g e n a t o m . T h e 
N a 3 V ( I I I ) ( D T B C ) 3 c o m p l e x e x h i b i t s the s ame e l e c t r o c h e m i c a l r e v e r s i 
b i l i t y as N a 2 V ( I V ) C l 2 ( D T B C ) 2 b e c a u s e o f the absence o f the v a n a d y l 
m o i e t y . I t c anno t b e r e d u c e d ( p r e s u m a b l y , d u e to its h i g h n e g a t i v e 
dens i ty ) , b u t i t is o x i d i z e d b y r e m o v a l o f one e l e c t r o n to fo rm the b l u e 
N a 2 V ( I V ) ( D T B C ) 3 c o m p l e x . 

Biological Relevance 

B e c a u s e m a n y m e t a l l o p r o t e i n s are b o u n d to b i o m e m b r a n e s , t he i r 
i n v i v o e n v i r o n m e n t p r o b a b l y is r e l a t i v e l y a p r o t i c . H e n c e , the r e d o x 
p rope r t i e s o f c a t e c h o l s a n d o f m e t a l - c a t e c h o l c o m p l e x e s i n a p r o t i c 
so lven t s p r o b a b l y h a v e t h e r m o d y n a m i c a n d m e c h a n i s t i c r e l e v a n c e t o 
b i o l o g i c a l sy s t ems . T h e c u r r e n t u n d e r s t a n d i n g o f p h o t o s y s t e m I I is 
that m a n g a n e s e acts as a cha rge a c c u m u l a t o r i n the o x y g e n - e v o l v i n g 
appara tus , a n d is a n i n t e g r a l par t o f the e n z y m e - c a t a l y z e d o x i d a t i o n o f 
H 2 0 to 0 2 . F o r the m a n g a n e s e ( I I ) - ( D T B Q ) s y s t e m , its c o n v e r s i o n to 
the M n ( I V ) ( D T B C ) 3

2 " c o m p l e x b y the a d d i t i o n o f four e l ec t rons has a 
s t r i k i n g p a r a l l e l to the p h o t o s y s t e m I I process . 

T h e p resen t resu l t s c o n f i r m that the b o n d i n g for the c a t e c h o l c o m 
p l e x e s o f the h i g h e r o x i d a t i o n state t rans i t ion m e t a l ions is d o m i n a t e d 
b y h a r d a c i d - h a r d base in te rac t ions . T h e manganese ( I I ) i o n is c o n s i d 
e r e d to b e m u c h softer t h a n the manganese ( I I I ) a n d m a n g a n e s e ( I V ) 
ions b e c a u s e o f i ts l a rge r s i z e , s m a l l e r c h a r g e , a n d h i g h e r p o l a r i z a b i l -
i t y . T h e h a r d na tu re o f the v i c i n a l oxo ions o f the D T B C 2 - d i a n i o n 
s h o u l d m a k e the " h a r d - h a r d " i n t e r a c t i o n b e t w e e n a h i g h e r o x i d a t i o n 
state t r ans i t ion m e t a l i o n a n d the c a t e c h o l d i a n i o n s t rong , a n d s t a b i l i z e 
the e l e c t r o p o s i t i v e m e t a l cen t e r (82). T h e s t a b i l i t y o f the m a n -
ganese( I I I ) a n d m a n g a n e s e ( I V ) c a t e c h o l c o m p l e x e s i l l u s t r a t e s these 
effects. A l l o f the sys t ems i n the p resen t s t u d y are cons i s ten t i n t h e i r 
t e n d e n c y to a c h i e v e a h a r d a c i d - h a r d base i n t e r a c t i o n ; that is , 
M n ( I V ) ( D T B C ) 3

2 - ra ther t h a n M n ( I I I ) ( D T B C ) 2 ( D T B S Q ) 2 - , a n d 
[ F e ( I I I ) ( D T B C ) 2 ] 2 0 4 - ra ther t h a n F e ( I I ) ( D T B C ) ( D T B S Q ) - . 

S t a b l e D T B C c o m p l e x e s o f v a n a d i u m ( I I I ) , v a n a d i u m ( I V ) , a n d 
v a n a d i u m ( V ) c a n b e p r e p a r e d i n a p r o t i c m e d i a , b u t i n p r o t i c m e d i a 
o n l y the v a n a d i u m ( V ) c o m p l e x e s are s t ab le . T h i s b e h a v i o r is i n c o n 
trast to the r eac t i on o f p y r o c a t e c h o l w i t h v a n a d i u m i n w h i c h v a -
n a d i u m ( I V ) appears to b e the s t ab le o x i d a t i o n state i n C H 3 O H (83) . 
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704 BIOLOGICAL REDOX COMPONENTS 

Apparently, the inductive effect of the tert-butyl groups affects redox 
properties of the respective pyrocatechol and D T B C H 2 complexes. For 
instance, the reduction of fully protonated pyrocatechol to the monoan-
ion occurs at -1.17 V in C H 3 C N , whereas the corresponding reac
tion with D T B C H 2 occurs at -1.22 V. In protic media, combination 
of vanadium(IV) with D T B C H 2 results in the formation of a va-
nadium(IV) complex that is oxidized by free protons to form va-
nadium(V). 

Because solutions of vanadium(II) and catechol reduce dinitrogen 
to ammonia at room temperature (79), the vanadium-catechol system 
has been proposed as a model for nitrogenase. The present investiga
tion of the vanadium-DTBC complexes illustrates the dramatic influ
ence that the oxo group of vanadyl ion has on the complexes' elec
trochemistry. The fact that reversible electron transfer processes only 
are observed for the deoxygenated species undoubtedly is relevant to 
the design of small-molecule reaction mimics for vanadium redox pro
teins. The removal of the terminal oxygen from the vanadyl-DTBC 
complexes results in highly redox-active species. The lower oxidation 
states appear to be especially effective reductants for protic substrates. 

The similarity of vanadium and molybdenum chemistry implies 
that the terminal oxygen atoms of the molybdenum-DTBC complexes 
may affect their redox chemistry. The monomeric Mo(V)0(DTBC) 2 

complex, which has been suggested as a model for the xanthine 
oxidase enzyme, exhibits three irreversible reduction peaks (64); the 
[Mo(VI)] 2 0 5 (DTBC) 2

2 _ complex cannot be reduced electrochemically. 
Both systems confirm that the addition of an electron to the central 
metal ion is inhibited by the distorted orbitals due to the terminal 
oxygen atoms. 
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Electrochemistry and Spectroscopy 
of Catalytically Active 
Molybdenum-Catechol Complexes 

HARRY O. FINKLEA, SUZANNE K. LAHR, and 
FRANKLIN A. SCHULTZ 

Florida Atlantic University, Department of Chemistry, Boca Raton, F L 33431 

Electrochemical reduction of the cis-dioxo Mo(VI)
-catechol complex, MoO2(cat)2

2-, produces stable 
mononuclear Mo(V), Mo(IV), and Mo(III) complexes in 
weakly alkaline aqueous solution. Electrochemistry and 
spectroscopy are used to characterize these species and 
the conditions promoting their formation. Their catalytic 
reactions with several oxo anions are studied. Coordi
nation reactions at sites generated by reductive removal 
of oxo groups stabilize the reduced monomers and also 
mediate the redox, spectroscopic, and catalytic proper
ties of the molybdenum center. These results help ex
plain the relationship between molecular structure and 
redox properties of a mononuclear molybdenum site. 
These findings are discussed in relation to the behavior 
of the molybdenum-containing enzymes (xanthine 
oxidase, sulfite oxidase, and nitrate reductase) that carry 
out oxygen-atom transfer reactions. 

'J^he m o l y b d e n u m - c o n t a i n i n g e n z y m e s a l d e h y d e o x i d a s e , su l f i te 
o x i d a s e , x a n t h i n e ox idase , a n d n i t ra te r educ t a se c a t a l y z e reac t ions 

i n w h i c h an o x y g e n a t o m is a d d e d to or r e m o v e d f r o m the subs t ra te 
m o l e c u l e ( J , 2). I so l a t i on o f a c o m m o n l o w - m o l e c u l a r w e i g h t cofac tor 
f rom the last th ree o f these spec i e s (3, 4) p l u s p h y s i c o c h e m i c a l s tud ies 
o f the e n z y m e s t h e m s e l v e s (5-17) sugges t a s i m i l a r e n v i r o n m e n t for 
the m o l y b d e n u m a t o m i n these sys tems . I m p o r t a n t features o f the en 
v i r o n m e n t i n c l u d e m o n o n u c l e a r s t ruc tu re w i t h r e spec t to M o , 
o x o m o l y b d e n u m b o n d i n g , p r e d o m i n a n t l y su l fu r l i g a t i o n i n the re-

0065-2393/82/0201-0709$06.25/0 
© 1982 Amer ican C h e m i c a l Society 
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710 BIOLOGICAL REDOX COMPONENTS 

m a i n d e r o f the c o o r d i n a t i o n sphere , c y c l i n g a m o n g M o ( V I ) , M o ( V ) , 
a n d M o ( I V ) o x i d a t i o n states d u r i n g e l e c t r o n transfer, a n d M o ( V ) E P R 
s igna l s that are sens i t ive to the b i n d i n g o f substrates , p r o d u c t s , a n d 
buffer an ions at the m e t a l s i te . C o n s i s t e n t w i t h w e l l - k n o w n s t ruc tu ra l 
features o f m o l y b d e n u m c o m p l e x e s (18), mos t l i k e l y the M o ( V I ) , 
M o ( V ) , a n d M o ( I V ) states i n the e n z y m e s c o n t a i n t w o , one , a n d one 
t e r m i n a l l y b o n d e d oxo g roups , r e s p e c t i v e l y , a l t h o u g h p resence o f one 
t e r m i n a l s u l f i d o i n p l a c e o f oxo was p r o p o s e d for the a c t i v e o x i d i z e d 
fo rm o f x a n t h i n e o x i d a s e (15). 

R e d o x c h e m i s t r y o f o x o m o l y b d e n u m c o m p l e x e s i n b o t h a q u e o u s 
a n d n o n a q u e o u s m e d i a often is c o m p l i c a t e d b y i r r e v e r s i b l e c h e m i c a l 
reac t ions that o c c u r after e l e c t r o n t ransfer a n d l e a d to p o o r l y cha rac 
t e r i z e d p r o d u c t s . T h e w e l l - c h a r a c t e r i z e d (19-21) c i s - d i o x o M o ( V I ) -
c a t e c h o l c o m p l e x , M o 0 2 ( c a t ) 2

2 " (I) ( H ^ a t = 1 , 2 - d i h y d r o x y b e n z e n e ) , 
c a n b e r e d u c e d to s tab le M o ( V ) , M o ( I V ) , a n d M o ( I I I ) m o n o m e r s i n 

a q u e o u s s o l u t i o n . T h i s series o f c o m p l e x e s is a n ef fec t ive v e h i c l e for 
s t u d y i n g the r e l a t i o n s h i p b e t w e e n s t ruc tu r a l a n d r e d o x c h e m i s t r y at a 
m o n o n u c l e a r m o l y b d e n u m center . I m p o r t a n t c o m p o n e n t s i n th is r e l a 
t i o n s h i p i n c l u d e r e v e r s i b l e r e m o v a l o f oxo g roups u p o n r e d u c t i o n i n 
o x i d a t i o n state a n d s u b s e q u e n t c o o r d i n a t i o n reac t ions at these sites, 
w h i c h s t a b i l i z e r e d u c e d m o n o m e r i c s p e c i e s . I n a d d i t i o n , the r e d u c e d 
c o m p l e x e s c a t a l y z e the r e d u c t i o n o f a n u m b e r o f oxo an ions . W e re
v i e w here o u r r e c e n t s tud ies (22-24) o n the e l e c t r o c h e m i c a l , spec t ro 
s c o p i c , a n d c a t a l y t i c p rope r t i e s o f a q u e o u s m o l y b d e n u m - c a t e c h o l 
c o m p l e x e s a n d d i scuss p o s s i b l e i m p l i c a t i o n s for the b e h a v i o r o f 
m o l y b d e n u m - c o n t a i n i n g e n z y m e s that c a t a l y z e o x y g e n - a t o m transfer 
reac t ions . 

Experimental 
F u l l details of experimental procedures are provided i n References 

22-24. Complex I was formed by adding N a 2 M o 0 4 * 2 H 2 0 to a 50-fold or 
greater excess of catechol (20). Voltammetric experiments were conducted at a 
hanging mercury drop electrode of 0.022 c m 2 area. D c polarographic experi
ments were conducted wi th a capi l lary having characteristics of m = 1.82 m g/s 
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29. FINKLEA ET AL. Molybdenum-Catechol Complexes 711 

and t = 4.3 s at - 0 . 8 V i n 1 M KC1 and 0.15 M H 2 c a t ( p H 9.4). Spectroelec-
trochemistry was done i n a transparent thin-layer ce l l containing an amalga
mated gold m i n i g r i d work ing electrode. The ce l l design was similar to that of 
Anderson et al . (25). Ε P R spectra were recorded at room temperature w i t h a 
Varian V-4502 instrument. Samples were prepared by control led potential re
duction at a mercury pool cathode and transferred anaerobically to the Ε P R 
c e l l on a Schlenk l ine . The monomeric Mo(V) content of the solution was 
established by two means: (1) measurement of the voltammetric peak current 
for Mo(V) —> Mo(VI ) oxidation fo l lowing control led potential reduction, and 
(2) double integration of the Mo(V) Ε P R signal intensity and comparison to 
that observed for a standard solution of K 3 M o ( C N ) 8 . Agreement between the 
two techniques was ± 2 0 % . Unless otherwise noted, potentials are reported vs. 
the saturated calomel reference electrode ( S C E ) . 

Results and Discussion 

A q u e o u s E l e c t r o c h e m i s t r y at p H 3 . 5 - 7 . T h e c y c l i c v o l t a m m o 
g r a m i n F i g u r e 1 is r ep re sen t a t i ve o f the e l e c t r o c h e m i c a l b e h a v i o r o f 
M o 0 2 ( c a t ) 2

2 " i n w e a k l y a c i d i c s o l u t i o n . P e a k c u r r e n t m a g n i t u d e s , p e a k 
p o t e n t i a l separat ions , a n d c o n t r o l l e d - p o t e n t i a l c o u l o m e t r i c e x p e r i 
m e n t s c o n f i r m the succes s ive transfer o f one a n d t w o e lec t rons , i n 
a g r e e m e n t w i t h the i n i t i a l p o l a r o g r a p h i c s t u d y o f th i s c o m p l e x (26). 
T h u s , r e d u c t i o n ensues f rom M o ( V I ) —» M o ( V ) a n d M o ( V ) —> M o ( I I I ) . 
T h e p H d e p e n d e n c e s o f the v o l t a m m e t r i c h a l f - w a v e po t en t i a l s i n d i 
cate the u p t a k e o f t w o pro tons i n e a c h e l e c t r o n t ransfer s tep a n d c o n 
v e r s i o n o f a n oxo g r o u p to a c o o r d i n a t e d w a t e r m o l e c u l e : 

M o 0 2 ( c a t ) 2

2 " + 2 H + + e " τ± M o O ( H 2 0 ) ( c a t ) 2 - (E 1 / 2 ) i (1) 

M o O ( H 2 0 ) ( c a t ) 2 " + 2 H + + 2e~ τ± M o ( H 2 0 ) 2 ( c a t ) 2 (E 1 / 2 ) 2 (2) 

C o o r d i n a t i o n o f a d d i t i o n a l l i g a n d s or buffer c o m p o n e n t s o c c u r s at 
these a q u o sites a n d is d e t e c t a b l e f r o m shifts i n (£1/2)1 a n d (£1/2)2 
w i t h changes i n t h e i r concen t ra t ions . T h u s , spec i e s s u c h as L = p y r i d i n e 
or i m i d a z o l e f o r m m o n o adduc t s i n the M o ( V ) state a n d m o n o a n d 
b i s adduc t s i n the M o ( I I I ) state. 

M o O ( H 2 0 ) ( c a t ) 2 - + L <=* M o O ( L ) ( c a t ) 2 - + H 2 0 (3) 

M o ( H 2 0 ) 2 ( c a t ) 2 - + L 0 M o ( H 2 0 ) ( L ) ( c a t ) 2 - + H 2 0 βιιη (4) 

M o ( H 2 0 ) 2 ( c a t ) 2 - + 2 L M o ( L ) 2 ( c a t ) 2 ~ + 2 H 2 0 j 8 , m (5) 

S c h e m e I s u m m a r i z e s the c o m b i n e d r e d o x a n d c o o r d i n a t i o n 
c h e m i s t r y o f m o l y b d e n u m - c a t e c h o l c o m p l e x e s at p H 3 . 5 - 7 . T a b l e I 
con ta ins e q u i l i b r i u m constants for fo rma t ion o f s eve ra l o f the M o ( V ) 
a n d M o ( I I I ) a d d u c t s . 
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712 BIOLOGICAL REDOX COMPONENTS 

- 0 . 8 6 8 

-0 .460 
0.818 

- 0 . 5 

Ε (Vol t s vs. S C E ) 

1.0 

Figure 1. Cyclic voltammogram of Mo02(cat)2

2~ in pH 6.56 pyridine 
buffer (22). Conditions: 1 mM Mo02(cat)2

2~, 0.02 M pyH+, 0.18 M py 
(pH 6.56), 0.1 M H2cat, and ν = 0.2 V/s. 

B e c a u s e the e q u i l i b r i u m i n R e a c t i o n 3 is l a b i l e a n d not s h i f t e d 
e x t e n s i v e l y to the r i gh t , the M o ( V ) m o n o m e r is s t ab le o n l y t r a n s i e n t l y 
at p H < 7. A f t e r r e d u c t i o n to the M o ( V ) state, d i m e r i z a t i o n ensues to 
the d i - μ - ο χ ο spec i e s , M o 2 0 4 ( c a t ) 2 ( H 2 0 ) 2

2 ~ . T h i s r e a c t i o n p r o c e e d s b y 
d i s s oc i a t i on o f L a n d one m o l e c u l e o f c a t e c h o l f r o m M o O ( L ) ( c a t ) 2 ~ 
l e a v i n g a n i n c o m p l e t e l y s u b s t i t u t e d m o n o m e r i c center , I I , w h i c h 
u n d e r g o e s d i m e r i z a t i o n b y a c i d - d e p e n d e n t a n d a c i d - i n d e p e n d e n t 
p a t h w a y s (22). 

o 9 ° H 

M o 
/ 1 \ 

Ο O H 2 O H 

II 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

29



29. FINKLEA ET AL. Molybdenum-Catechol Complexes 713 

Aqueous Electrochemistry at p H 9-10. T H E M o ( V I ) - M o ( V ) 
C O U P L E . M o ( V ) - c a t e c h o l m o n o m e r is s t a b i l i z e d m o r e c o m p l e t e l y 
aga ins t d i m e r i z a t i o n at p H > 9. O n e - e l e c t r o n , c o n t r o l l e d - p o t e n t i a l re
d u c t i o n o f M o 0 2 ( c a t ) 2

2 ~ i n a s o l u t i o n b u f f e r e d w i t h excess c a t e c h o l 
p r o d u c e s the c y c l i c v o l t a m m o g r a m s h o w n i n F i g u r e 2 A . T h e a n o d i c 
p e a k at —0.56 V co r r e sponds to o x i d a t i o n o f Mo (V) m o n o m e r , p resen t 
at 8 0 - 9 0 % o f the to ta l M o concen t r a t i on u n d e r these c o n d i t i o n s , a n d 
that at - 0 . 2 0 V to o x i d a t i o n o f the r e s i d u a l M o ( V ) , p re sen t as d i m e r . 

, 0 -Mo-Q + 2H+ + e" 

(VI) 

9<L . 

Ό - Μ ο - q + 2 H + + 2e~ 

( D l 
O-Mo-0 + 2H*+ 2e~ 

VA 
.O-Mo-0 

•O-Mo-Q 

H 2 ? , 0 H 2 

( 0 - M o - 0 
V ° ' ô - X ( l l l ) 

0 0 
ι , - 0 v « ^ 0 X » , 

2 ko' x 0 
+C 6H 4(0H) 2 

Scheme I. Redox and coordination chemistry of molybdenum-cate
chol complexes at pH 3.5-7 (22). 

Table I. Formation Constants of Mo(V)- and Mo(III)-Catechol 
Complexes with Monodentate Ligands 

Ligand βιν(Μ->) βιηι(Μ-') /32'"(M-2) 

P y r i d i n e 4 x 10 ' 1 x 1 0 4 6 χ 1 0 5 

I m i d a z o l e 8 x 1 0 2 3 χ 1 0 4 2 x 1 0 e 

H e a t " 1.7 x 1 0 4 

N H 3 ~ 5 x 1 0 l a 2 x 1 0 2 

a Estimated from EPR signal intensities. 
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714 BIOLOGICAL REDOX COMPONENTS 

A. B. 

n m 

Figure 2. Cyclic volt ammo gram s at 50 mV/s (A,D), EPR spectra 
(B,E), and visible absorption spectra (C,F) of Mo(V) complexes pro
duced by one-electron controiled-potential reduction of Mo02(cat)2

2~ 
at pH >9. Solution conditions (A-C): 2 mM Mo, 0.15 M H2cat, 
1 M KCl, pH 9.4; (D-F): 2 mM Mo, 0.1 M H2cat, 1 M NH4Cl, and 

1 M NH2, pH 9.6. 
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29. FINKLEA ET AL. Molybdenum-Catechol Complexes 715 

T h e m o n o m e r - d i m e r d i s t r i b u t i o n is c o n f i r m e d b y q u a n t i t a t i v e m e a 
s u r e m e n t o f the i n t ens i t y o f the M o ( V ) E P R s i g n a l that is o b s e r v e d for 
the r e d u c e d s o l u t i o n ( F i g u r e 2 B ) . T h e p H a n d c a t e c h o l d e p e n d e n c e s 
o f the M o ( V I ) - M o ( V ) p o t e n t i a l u n d e r these c o n d i t i o n s i n d i c a t e that 
the e l e c t r o d e ha l f - r eac t ion is 

M o 0 2 ( c a t ) 2

2 - + H z c a t + H + + e " *± M o O ( H c a t ) ( c a t ) 2

2 " 
+ H 2 0 ( E 1,2)1' (6) 

T h u s , the E P R s i g n a l at g = 1.933, w h i c h has a 9 5 , 9 7 M o h y p e r f i n e c o u 
p l i n g cons tan t o f A = 4 5 x 1 0 " 4 c m _ I , is a s s i g n e d to the spec i e s 
M o O ( H c a t ) ( c a t ) 2

2 " . T h e v i s i b l e s p e c t r u m o f this spec i e s r e c o r d e d i n a 
t h i n - l a y e r s p e c t r o e l e c t r o c h e m i c a l c e l l e x h i b i t s a s h o u l d e r at ~ 4 6 5 n m 
(21,500 c m " 1 ) w i t h e = 2 4 0 0 M ^ e m " 1 ( F i g u r e 2 C ) . A n abso rp t i on at 
th is e n e r g y is cha rac t e r i s t i c o f M o 0 3 + c o m p l e x e s (18). 

V i r t u a l l y i d e n t i c a l e l e c t r o c h e m i c a l b e h a v i o r a n d no c h a n g e i n 
(£1 /2 )1 ' is o b s e r v e d i n buffers c o n t a i n i n g N H 3 or a m i n e s i n a d d i t i o n to 
c a t e c h o l ( F i g u r e 2 E ) . H o w e v e r , u n d e r these c o n d i t i o n s , a s m a l l n e w 
E P R s i g n a l appears at g = 1.943 ( F i g u r e 2 D ) , a n d the v i s i b l e absorp
t i o n b a n d in tens i f ies a n d b e c o m e s be t t e r d e f i n e d w i t h X m a x = 4 7 0 - 4 7 5 
n m a n d € = 2 6 0 0 M _ 1 c m - 1 ( F i g u r e 2 F ) . T h e s e s p e c t r o s c o p i c changes 
are a t t r i b u t e d to a s m a l l ex ten t o f s u b s t i t u t i o n , e s t i m a t e d to b e 3 - 5 % 
f r o m E P R s i g n a l in t ens i t i e s , b y R N H 2 for H e a t " o n the M o ( V ) center . 

M o O ( H c a t ) ( c a t ) 2

2 " + R N H 2 τ± M o O ( R N H 2 ) ( c a t ) 2 " + H e a t " (7) 

T h e r e d o x a n d c o o r d i n a t i o n b e h a v i o r o f the M o ( V I ) - M o ( V ) c o u p l e 
at p H > 9 is d e p i c t e d i n S c h e m e I I . S t a b i l i z a t i o n o f m o n o m e r i c M o ( V ) 
is a c h i e v e d b y firm c o o r d i n a t i o n o f m o n o d e n t a t e , m o n o p r o t o n a t e d 
c a t e c h o l O i v = 1.7 x 1 0 4 M _ 1 , T a b l e I) at the site g e n e r a t e d b y r e m o v a l 
o f one oxo g r o u p f rom M o 0 2 ( c a t ) 2

2 " . D i s s o c i a t i o n o f the first p r o t o n 
f rom H ^ a t [pKa = 9.23 (27)] assists th i s c o o r d i n a t i o n . A p p r o x i m a t e l y 
1 0 - 2 0 % o f the M o ( V ) exists as a d i m e r u n d e r these c o n d i t i o n s . A t 
p H < 7 a s m a l l a m o u n t o f m o n o m e r i c M o ( V ) is d e t e c t e d i n e q u i l i b 
r i u m w i t h M o 2 0 4 ( c a t ) 2 ( H 2 0 ) 2

2 ~ (22), a n d th is finding suggests a 
M o ( V ) 2 ?± 2 M o ( V ) e q u i l i b r i u m that is s h i f t e d l a r g e l y to the r i g h t at 
h i g h p H a n d to the lef t at l o w p H . 

T h e M o ( V I ) - M o ( V ) - c a t e c h o l c o u p l e is the first e x a m p l e o f r eve r 
s i b l e e l e c t r o c h e m i c a l c o n v e r s i o n b e t w e e n M o 0 2

2 + a n d M o 0 3 + centers 
y i e l d i n g s tab le , c h a r a c t e r i z a b l e p r o d u c t s . I f the m o n o d e n t a t e l i g a n d L 
r e m a i n s at the si te o f the d i s p l a c e d oxo g r o u p cis to M o = 0 , t h e n 
M o 0 2 ( c a t ) 2

2 " a n d M o O ( L ) ( c a t ) 2 " cons t i tu te a s t r u c t u r a l l y r e l a t e d r e d o x 
p a i r a n a l o g o u s to the c o m p o u n d s M o 0 2 ( t o x ) 2 a n d M o O C l ( t o x ) 2 
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716 BIOLOGICAL REDOX COMPONENTS 

NHoR 

M o — 0 

<Mv) 
R N H . Heat 

H O N 

RNhU 
ί ό ) 

X > — M o — 0 

R N H 0 H 2 0 

f ^ O H 2 c a t ,H te -

^ 0 — M o — 0 

H 0 V N 

H 2 0 
, . 0 — M o — 0 

2 H + , 2 e _ 

H 2 0 ) § ) 

M o — 0 

^ O ^ ( n i ) 

tl 
2-

Mo 2 0 4 (cat) 2 (H 2 0) 2 

+ H 2 0 

-(H+,e") 

+ 2 H 2 0 

-(H ? cat,2H + ,2e" 

l / ° 
^ 0 — M o — 0 

+e 

(IV) 

• H 3 0 + 

l / ° 
. 0 — M o - 0 

(III) 

Scheme IL Redox and coordination chemistry of molybdenum-cate
chol complexes at pH >9 (23). 

( H t o x = 8 - m e r c a p t o q u i n o l i n o l ) , r e c e n t l y c h a r a c t e r i z e d (28). S u b s t i t u 
t i o n reac t ions at th i s site affect the r e d o x , s p e c t r o s c o p i c , a n d c a t a l y t i c 
p rope r t i e s o f the M o ( V ) cen ter . T h e r e f o r e , th i s c o o r d i n a t i o n p o s i t i o n is 
s i m i l a r i n s e v e r a l respects to the a n i o n - b i n d i n g si te o f the M o ( V ) state 
o f x a n t h i n e o x i d a s e , su l f i te o x i d a s e , a n d n i t ra te r educ ta se (9, JO, 15-
17). F u r t h e r aspects o f th is r e l a t i o n s h i p are d i s c u s s e d i n the c o n c l u d 
i n g sec t ion o f th is chap te r . 

GENERATION OF MO(IV) AND MO(III) SPECIES. A t h i g h p H the 
cha rac te r o f the s e c o n d M o 0 2 ( c a t ) 2

2 ~ r e d u c t i o n w a v e changes f r o m a 
t w o - e l e c t r o n M o ( V ) —> M o ( I I I ) s t ep to one i n w h i c h a n e n s u i n g c h e m i 
c a l r e ac t i on l eads to fo rma t ion o f a n i n t e r m e d i a t e f o r m a l l y i n the 
Mo ( IV) o x i d a t i o n state. T h i s b e h a v i o r is i l l u s t r a t e d i n F i g u r e 3 for a p H 
7.7 e t h y l e n e d i a m i n e buffer . T h e 0.2 V / s e x p e r i m e n t s h o w s the ex
p e c t e d t w o - e l e c t r o n r e d u c t i o n o f M o ( V ) at - 0 . 9 5 V. 
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29. FiNKLEA ET AL. Molybdenum-Catechol Complexes 717 

M o O ( H c a t ) ( c a t ) 2

2 - + 2 H + + 2e~ <=* M o ( H 2 0 ) ( H c a t ) ( c a t ) 2

2 -

( E i e ) ' t (8) 

T h e s l o w e r s w e e p rate e x p e r i m e n t a l l o w s t i m e for a c h e m i c a l r e a c t i o n 
to t r ans fo rm the r e v e r s i b l e t w o - e l e c t r o n r e d u c t i o n i n t o a ne t , 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 f o l l o w e d b y a r e v e r s i b l e o n e - e l e c t r o n re
d u c t i o n . S i m i l a r resul t s are o b s e r v e d at p H > 9, b u t w i t h the 
M o ( V ) —> M o ( I V ) a n d M o ( I V ) M o ( I I I ) w a v e s o v e r l a p p i n g one an 
other . 

C o n d i t i o n s o f p H > 9 are p r e f e r r e d for s t u d y i n g the p r o d u c t s o f 
these e l e c t r o d e reac t ions , b e c a u s e the l o w - v a l e n t s p e c i e s are s t ab le 
a n d c a n b e g e n e r a t e d q u a n t i t a t i v e l y u n d e r these c o n d i t i o n s . F o r e x a m 
p l e , c o n t r o l l e d - p o t e n t i a l e l e c t r o l y s i s o f M o ( V I ) at a p o t e n t i a l s e v e r a l 
h u n d r e d m i l l i v o l t s m o r e n e g a t i v e t h a n —1.1 V r e q u i r e s 3 f a r a d a y s / m o l 
o f m o l y b d e n u m a n d p r o d u c e s a y e l l o w M o ( I I I ) s o l u t i o n . A c y c l i c v o l t 
a m m o g r a m i n i t i a t e d at —1.4 V i n this s o l u t i o n r e v e a l s a r e v e r s i b l e 
o x i d a t i o n w a v e (see 0 .01 V / s t race i n F i g u r e 3) h a v i n g a p e a k c u r r e n t 
m a g n i t u d e a n d p e a k p o t e n t i a l separa t ion cons is ten t w i t h a one-
e l e c t r o n transfer a n d a h a l f - w a v e p o t e n t i a l o f (£1/2)3 = - 1 . 1 0 V . O x i d a 
t i o n o f the M o ( I I I ) s o l u t i o n at a p o t e n t i a l s e v e r a l h u n d r e d m i l l i v o l t s 
m o r e p o s i t i v e t h a n —1.1 V r e q u i r e s 1 f a r a d a y / m o l o f m o l y b d e n u m a n d 
p r o d u c e s a r e d M o ( I V ) s o l u t i o n . A c y c l i c v o l t a m m o g r a m i n i t i a t e d i n 
the n e g a t i v e d i r e c t i o n f rom - 0 . 9 V i n this s o l u t i o n r e v e a l s a r e v e r s i b l e 
r e d u c t i o n w a v e w i t h the same paramete r s as the M o ( I I I ) o x i d a t i o n 
w a v e . C o n t r o l l e d p o t e n t i a l o x i d a t i o n o f the M o ( I V ) s o l u t i o n at - 0 . 4 V 
r e q u i r e s 2 f a r a d a y s / m o l o f m o l y b d e n u m a n d re turns the s y s t e m to the 
o r i g i n a l M o ( V I ) state. 

F i g u r e 4 s h o w s v i s i b l e abso rp t ion spec t r a r e c o r d e d i n a t h i n - l a y e r 
s p e c t r o e l e c t r o c h e m i c a l c e l l u n d e r po ten t ios t a t i c c o n t r o l d u r i n g in te r -
c o n v e r s i o n o f the M o ( I V ) a n d M o ( I I I ) s p e c i e s . T h e N e r n s t p l o t o f 
s p e c t r a l l y m e a s u r e d l o g [ O x ] / [ R e d ] vs . a p p l i e d p o t e n t i a l (29) a n d the 
q u a n t i t y o f cha rge t rans fe r red i n the O x —» R e d c o n v e r s i o n e s t a b l i s h 
the M o ( I V ) - M o ( I I I ) c o u p l e as a r e v e r s i b l e , o n e - e l e c t r o n , m o n o m e r i c 
r e d o x s y s t e m . Its s p e c t r o s c o p i c a l l y m e a s u r e d f o r m a l p o t e n t i a l , 
E 0 ' = - 1 . 0 9 V , is i n g o o d a g r e e m e n t w i t h the p H - i n d e p e n d e n t half-
w a v e p o t e n t i a l o f —1.10 V m e a s u r e d b y c y c l i c v o l t a m m e t r y . 

A m e c h a n i s m for fo rma t ion o f the M o ( I V ) spec i e s is offered i n 
S c h e m e I I . S i n c e a t h i r d c a t e c h o l m o l e c u l e b e c o m e s c o o r d i n a t e d to 
m o l y b d e n u m i n R e a c t i o n 6, R e a c t i o n 8 p r o b a b l y is f o l l o w e d b y a 
c h e m i c a l r e a c t i o n i n w h i c h the m o n o d e n t a t e c a t e c h o l l i g a n d u n d e r 
goes a che l a t e r i n g c l o s u r e r eac t ion to p r o d u c e a tr is (ca techola to) 
M o ( I I I ) c o m p l e x : 
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718 BIOLOGICAL REDOX COMPONENTS 

Figure 3. Cyclic volt ammo grams of Mo02(cat)2

2 at 200 and 10 mVIs 
in pH 7.72 ethylenediamine buffer, 1 mM Mo, 0.15 M H2cat, ionic 

strength = 0.5(23). 

M o ( H 2 0 ) ( H c a t ) ( c a t ) 2

2 - - * M o ( c a t ) 3

3 - + H 3 0 + (9) 

T h e p o t e n t i a l at w h i c h th is c o m p l e x is gene ra t ed is su f f i c i en t ly p o s i 
t i v e to cause its o n e - e l e c t r o n o x i d a t i o n (e i ther h e t e r o g e n e o u s l y b y the 
e l e c t r o d e or h o m o g e n e o u s l y b y a s o l u t i o n ox idan t ) to a M o ( I V ) c o m 
p l e x ; thus , a ne t 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 is o b s e r v e d . C o n -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.c
h0

29



29. FiNKLEA ET AL. Molybdenum-C(itechol Complexes 719 

n m V 
Figure 4. Spectroelectrochemical conversion of Mo(IV)- and Mo(Ill)-
catechol complexes. Solution conditions: 2 mM Mo, 0.15 M H2cat, 

1 M KCl, 1 M NH4Cl, and 1 M NH3, pH 9.6 (23). 

t i n u i n g the v o l t a m m e t r i c s w e e p to m o r e n e g a t i v e p o t e n t i a l s r e v e a l s 
the 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 : 

M o ( c a t ) 3

2 - + e~ *± M o ( e a t ) 3

3 - (£1/2)3 (10) 

F o r m u l a t i o n o f the M o ( I V ) a n d M o ( I I I ) c o m p l e x e s as t r i s ca t echo la t e 
s p e c i e s is cons i s ten t w i t h c o o r d i n a t i o n o f a t h i r d c a t e c h o l l i g a n d i n 
R e a c t i o n 6 a n d observa t ions that a n u m b e r o f m e t a l i o n t r i s ca techo la t e 
a n d t e t r ak i sca techo la t e c o m p l e x e s u n d e r g o r e v e r s i b l e o n e - e l e c t r o n 
transfers i n n o n a q u e o u s (30, 31) a n d a l k a l i n e a q u e o u s (32, 33) m e d i a . 
R e a c t i o n 10 a l so c o u l d b e c o n s i d e r e d as a l i g a n d - c e n t e r e d e l e c t r o n 
transfer , w i t h the M o ( I V ) c o m p l e x r e p r e s e n t e d as a c o o r d i n a t e d 
s e m i q u i n o n e , M o ( I I I ) ( c a t ) 2 ( S Q - ) 2 ~ . T h e p o s s i b i l i t y o f l i g a n d - c e n t e r e d 
e l e c t r o n transfer w a s d i s c u s s e d for c l o s e l y r e l a t e d C r ( I I I ) - c a t e c h o l a t e 
c o m p l e x e s (30, 31 ), a n d e x a m p l e s o f t r ans i t ion m e t a l c o m p l e x e s w i t h 
c o o r d i n a t e d s e m i q u i n o n e w e r e r e p o r t e d r e c e n t l y ( 3 4 , 3 5 ) . N o i n f o r m a 
t i o n as y e t h e l p s r e so lve th is q u e s t i o n , a n d i so l a t i on a n d c h a r a c t e r i z a 
t i o n o f the M o ( I V ) c o m p l e x r e m a i n to b e c a r r i e d o u t to a c c o m p l i s h 
this g o a l . 

S c h e m e I I reflects the ex ten t to w h i c h the c o o r d i n a t i o n a n d r e d o x 
c h e m i s t r i e s o f m o l y b d e n u m - c a t e c h o l c o m p l e x e s are i n t e r r e l a t e d at 
p H > 9. F i r m b i n d i n g o f l i g a n d s at sites g e n e r a t e d b y r e m o v a l o f oxo 
g r o u p s s t a b i l i z e s the r e d u c e d m o n o m e r s agains t d i m e r i z a t i o n . T h e 
s t r u c t u r a l changes that ensue w h e n l i g a n d s r e p l a c e oxo g r o u p s a l so 
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720 BIOLOGICAL REDOX COMPONENTS 

cause succes s ive e l e c t r o n transfers to b e a c c o m p l i s h e d m o r e e a s i l y . A s 
a resu l t , the four o x i d a t i o n states, M o ( V I ) t h r o u g h M o ( I I I ) , c a n b e 
g e n e r a t e d as s tab le m o n o m e r i c s p e c i e s w i t h i n a r ange o f a b o u t 
4 5 0 m V . 

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 O x o A n i o n s . T h e a b i l i t y o f m o l y b 
d e n u m to c a t a l y z e c h e m i c a l l y (36-38) a n d e l e c t r o c h e m i c a l l y (39-41) 
the r e d u c t i o n o f oxo an ions l e d us to e x a m i n e the r e a c t i v i t y o f s u c h 
spec ie s d u r i n g e l e c t r o c h e m i c a l r e d u c t i o n o f m o l y b d e n u m - c a t e c h o l 
c o m p l e x e s . I n f o r m a t i o n o n the c o m p o s i t i o n a n d s t ruc tu re o f e l e c t r o d e 
r e a c t i o n p r o d u c t s o f these c o m p l e x e s c a n t hen serve as a bas is for 
u n d e r s t a n d i n g the features that c o n t r o l c a t a l y t i c r e a c t i v i t y at a 
m o n o n u c l e a r m o l y b d e n u m si te . 

F i g u r e 5 s h o w s d c p o l a r o g r a p h i c a n d c y c l i c v o l t a m m e t r i c t races o f 
p H 9.4 c a t e c h o l so lu t ions c o n t a i n i n g : n i t r i t e i o n , M o ( V I ) , a n d M o ( V I ) 
p l u s n i t r i t e i o n . C a t a l y t i c r e d u c t i o n o f n i t r i t e o c c u r s i n t w o r eg ions : (1) 
at p o t e n t i a l s b e t w e e n - 0 . 7 a n d - 1 . 0 V , w h e r e M o ( V I ) is r e d u c e d to 
M o ( V ) , a n d (2) at po t en t i a l s i n the v i c i n i t y o f - 1 . 1 V , w h e r e M o ( V ) is 
r e d u c e d to M o ( I V ) b y the s e q u e n c e o f R e a c t i o n s 8 a n d 9 p l u s the 
reve r se o f R e a c t i o n 10. W h e n the p o t e n t i a l is s w e p t to m o r e n e g a t i v e 
v a l u e s , the c u r r e n t d i m i n i s h e s a n d def ines a m a x i m u m . I n a c y c l i c 
v o l t a m m e t r i c e x p e r i m e n t (left s i de o f F i g u r e 5 C ) the c u r r e n t a l so de 
fines a c a t h o d i c m a x i m u m w h e n s w e p t i n the p o s i t i v e d i r e c t i o n f r o m 
p o t e n t i a l s m o r e n e g a t i v e t h a n —1.1 V . T h e s e observa t ions are cha rac 
t e r i s t i c o f a c a t a l y t i c c h e m i c a l r e ac t i on i n t e r p o s e d b e t w e e n s e q u e n t i a l 
c h a r g e transfer s teps (42). F i g u r e 5 demons t ra tes that b o t h the M o ( V ) 
a n d M o ( I V ) o x i d a t i o n states are e f fec t ive i n the c a t a l y t i c r e d u c t i o n o f 
n i t r i t e i o n ; that M o ( I V ) is m o r e r e a c t i v e t h a n M o ( V ) ; a n d that the 
M o ( I I I ) is e i t he r i n a c t i v e or s u b s t a n t i a l l y less r e a c t i v e t h a n M o ( I V ) a n d 
M o ( V ) . 

O t h e r substrates r e d u c e d b y the M o ( I V ) - a n d M o ( V ) - c a t e c h o l 
c o m p l e x e s are ch lo ra t e a n d b r o m a t e i o n ( T a b l e I I ) . I n b o t h cases traces 
s i m i l a r to F i g u r e 5 C are r e c o r d e d i n the p re sence o f these ions , a n d the 
s e q u e n c e o f r e a c t i v i t y is M o ( I V ) > M o ( V ) > M o ( I I I ) . B e c a u s e the p o 
t e n t i a l l y m o r e o x i d i z i n g n i t ra te a n d p e r c h l o r a t e an ions are i n a c t i v e , 
the fea ture 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 appears to b e the n u 
c l e o p h i l i c cha rac t e r o f the subs t ra te i m p a r t e d b y the u n s h a r e d p a i r 
o f e l ec t rons o n its c e n t r a l a t o m . 

T h e k i n e t i c s o f the M o ( V ) - n i t r i t e r e a c t i o n w e r e s t u d i e d b y c y c l i c 
v o l t a m m e t r y a n d d c p o l a r o g r a p h y . R e s u l t s c o n f o r m to the b e h a v i o r o f a 
c a t a l y t i c E C m e c h a n i s m (43, 44), a l t h o u g h the c o m p l e t e m e c h a n i s m 
p r o b a b l y is m o r e c o m p l i c a t e d . T h e rate constants (kobs) r e p o r t e d i n 
T a b l e I I s h o u l d not be c o n s i d e r e d accura te for th is r eason , b u t t h e i r 
r e l a t i v e va lue s are u s e f u l i n d e t e r m i n i n g q u a l i t a t i v e aspects o f the 
m e c h a n i s m . U n d e r p s e u d o first-order c o n d i t i o n s [n i t r i t e i o n a n d 
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29. FINKLEA ET AL. Molybdenum-Catechol Complexes 721 

ι ι ι ι ι I 1 1 1 1 1 
- 0 . 5 - 1 . 0 - 1 . 5 

E (Vol t s vs. S C E ) 

Figure 5. Dc polarographic and 20 mV/s cyclic voltammetric traces 
of 0.15 M H2cat, 1 M KCl, pH 9.4 solutions containing A , 0.2 M 
KN02, S = 1 μΑ; B, 1 mM Mo(Vl), S = 5 μΑ for dc polarography, 
S = 2 μΑ for cyclic voltammetry; and C, 1 mM Mo(VI) + 0.2 M KN02, 

S = 10 μΑ. 
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722 BIOLOGICAL REDOX COMPONENTS 

T a b l e I I . Subs t ra tes C a t a l y t i c a l l y R e d u c e d b y 
M o ( V ) - a n d M o ( I V ) - C a t e c h o l C o m p l e x e s 

Substrate Mo(V) Mo(IV)b 

N C V 2.5 x 1 0 1 4 x 1 0 2 

C 1 0 3 " 1.5 x 1 0 1 6 x 1 0 2 

R r 0 3 " 2 .0 x 1 0 3 3 x 1 0 6 

N O 3 " N o r eac t ion 
C 1 0 4 ~ N o r eac t i on 

a Observed second-order rate constant in the presence of excess 
substrate and excess constant catechol concentration, as defined 
by Equation 15. Determined by cyclic voltammetry from theory 
for a catalytic reaction following reversible charge transfer (43 ). 
Values are uncorrected for reaction stoichiometry and subject to 
limitations of accuracy discussed in the text. 0.15 M H2cat, 1 M 
KC1, pH 9. 

6 Estimated as described in footnote a by correcting total 
current of the maximum near -1.1 V for catalytic and diffusion-
limited current owing to Mo(V) and dividing by diffusion-limited 
current expected for a one-electron transfer. 

c a t e c h o l p resen t i n excess o v e r M o ( V I ) ] , the c a t a l y t i c r eac t i on rate is 
d i r e c t l y p r o p o r t i o n a l to the m o l y b d e n u m a n d n i t r i t e concen t ra t ions 
a n d i n v e r s e l y p r o p o r t i o n a l to the c o n c e n t r a t i o n o f m o n o p r o t o n a t e d 
c a t e c h o l (Hea t " ) . T h e r e is no p H d e p e n d e n c e other t h a n that a t t r ibu ta 
b l e to the p ro tona t i on o f H e a t " . W h e n excess N 0 2 ~ is r e a c t e d w i t h 
M o O ( H c a t ) ( c a t ) 2

2 ~ , s p e c t r o s c o p i c a n d 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 
i n d i c a t e that M o 0 2 ( c a t ) 2

2 ~ is r e g e n e r a t e d q u a n t i t a t i v e l y . T h e s e find
i n g s are cons is ten t w i t h the m e c h a n i s m g i v e n as f o l l o w s i n w h i c h 
n i t r i t e i o n first r ep l ace s H e a t " i n a r a p i d l y e s t a b l i s h e d e q u i l i b r i u m , 
f o l l o w e d b y a r a t e - d e t e r m i n i n g s tep a n d one or m o r e s u b s e q u e n t reac
t ions that p r o d u c e M o 0 2 ( c a t ) 2

2 ~ . 

M o 0 2 ( c a t ) 2

2 - + H z c a t + H + + e~ «± M o O ( H c a t ) ( c a t ) 2

2 " + H 2 0 (11) 

M o O ( H c a t ) ( c a t ) 2

2 " + N 0 2 " ^ M o O ( N 0 2 ) ( c a t ) 2

2 " + H e a t " (12) 
fc-i 

M o O ( N 0 2 ) ( c a t ) 2

2 - M o O ( O N O ) ( c a t ) 2

2 - (13) 
r.d.s. 

M o O ( O N O ) ( c a t ) 2

2 " — » M o 0 2 ( c a t ) 2

2 " + p r o d u c t s (14) 

C o n s i s t e n t w i t h s i m i l a r c a t a l y t i c reac t ions o f M o ( V ) i n n o n a q u e o u s 
so lven ts (36, 3 7 ) , the r a t e - d e t e r m i n i n g s tep is p r e s u m e d to i n v o l v e 
r e a r r a n g e m e n t o f c o o r d i n a t e d N 0 2 " f rom a n i t r o g e n - b o n d e d to a n 
o x y g e n - b o n d e d spec i e s . I f th is c h a n g e is a c c o m p l i s h e d so that a n o x y 
g e n a t o m o f N 0 2 ~ b e c o m e s l o c a t e d cis to the oxo g r o u p o n M o ( V ) , t h e n 
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29. FINKLEA ET AL. Molybdenum-Catechol Complexes 723 

a f avorab le s i tua t ion exis ts for r a p i d e l e c t r o n transfer a n d r egene ra t i on 
o f M o 0 2 ( c a t ) 2

2 ~ . B e c a u s e b o n d i n g o f n i t r i t e i n i t i a l l y t h r o u g h n i t r o g e n 
w o u l d o c c u p y the final o c t a h e d r a l c o o r d i n a t i o n site cis to M o = 0 , a 
p o s s i b l e m e a n s o f a c h i e v i n g th i s r e a r r a n g e m e n t is t h r o u g h the in te r 
m e d i a t e s t ruc tu re : 

Ο 

II 
Ο Ν 

II/jo 
^ O — M o — Ο 

III 

A h e p t a c o o r d i n a t e d , p e n t a g o n a l b i p y r a m i d a l s t ruc tu re s i m i l a r to I I I 
w a s o b s e r v e d i n M o ( V I ) - b e n z o h y d r o x a m a t e c o m p l e x e s c o n t a i n i n g 
o x y g e n a n d n i t r o g e n - b o n d e d h y d r o x y l a m i d e as a n η 2 l i g a n d (45). 

A n a p p r o p r i a t e rate l a w for the m e c h a n i s m d e s c r i b e d b y R e a c t i o n s 

1 1 - 1 4 is 

r a t e = _ d[Mo(V)] = W M o ( V ) ] [ s u b s t r a t e ] 
β dt fc-i[Hcar] + k2 

~ ^ i ^ 2 [ M o ( V ) j [ s u b s t r a t e ] _ h r v f Α Λ Ί Γ , . . -, / 1 K v 
= [ H c a f ] N>bs[Mo(V)][ subst ra te] (15) 

V a l u e s o f the o b s e r v e d second-o rde r rate constant , Z c 0 b s = kik2/k^t-
[ H c a t ~ ] , sub jec t to the l i m i t a t i o n s a l r e a d y d i s c u s s e d , are l i s t e d i n T a b l e 
I I for the v a r i o u s substra tes . D e t a i l e d m e c h a n i s t i c s tud ies w e r e no t 
c o m p l e t e d for C 1 0 3 ~ a n d B r 0 3 " , b u t these ions are e x p e c t e d to reac t 
w i t h M o ( V ) i n a m a n n e r s i m i l a r to N 0 2 " . 

T h e n i t r o g e n - c o n t a i n i n g p r o d u c t o f R e a c t i o n 14 is e x p e c t e d to b e 
n i t r i c o x i d e . H o w e v e r , N O is not d e t e c t e d , a n d a d d i t i o n a l r e d o x reac
t ions a p p a r e n t l y o c c u r f o l l o w i n g R e a c t i o n 14. T i t r a t i ons o f 
M o O ( H c a t ) ( c a t ) 2

2 " w i t h n i t r i t e i n d i c a t e a M o ( V ) : N 0 2 " s t o i c h i o m e t r y 
o f b e t w e e n 2 a n d 3 : 1 . T h u s , n i t r o u s o x i d e , d i n i t r o g e n , or a m i x t u r e o f 
these gases m a y b e the u l t i m a t e r eac t i on p r o d u c t s . 

Q u a n t i t a t i v e s t u d y o f the c a t a l y t i c reac t ions o f M o ( I V ) is c o m p l i 
c a t e d b y the fact that these processes are p r e c e d e d b y reac t ions i n 
v o l v i n g M o ( V ) . H o w e v e r , the pa t t e rn o f r e a c t i v i t y o b t a i n e d f rom the 
r e l a t i v e rate constants i n T a b l e I I i n d i c a t e s that c o o r d i n a t i o n b y a n u 
c l e o p h i l i c subs t ra te a lso is a r e q u i r e m e n t for ca ta lys i s b y m o l y b -
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724 BIOLOGICAL REDOX COMPONENTS 

d e n u m ( I V ) . A n i m p o r t a n t q u e s t i o n is w h e t h e r the greater r e a c t i v i t y o f 
th is spec i e s resul t s f r om s p e c i a l features a t t r i b u t a b l e to the d2 con f ig 
u r a t i o n o f M o ( I V ) , i f the f o r m a l i s m M o ( I V ) ( c a t ) 3

2 " is cor rec t , or to the 
o c c u r r e n c e o f u n p a i r e d e l e c t r o n d e n s i t y o n the l i g a n d s , i f the for
m a l i s m M o ( I I I ) ( c a t ) 2 ( S Q ) 2 " is cor rec t . D e t a i l s o f the c a t a l y t i c reac t ions 
o f th is o x i d a t i o n state are u n d e r i n v e s t i g a t i o n to h e l p a n s w e r th is 
q u e s t i o n . 

I m p l i c a t i o n s for B e h a v i o r o f O x o m o l y b d e n u m E n z y m e s . A l 
t h o u g h c a t e c h o l l i g a n d a n d its o x o m o l y b d e n u m c o m p l e x e s are r e m o t e 
f rom d i r e c t b i o l o g i c a l r e l e v a n c e , s eve ra l features that are appa ren t 
f r o m the r e d o x a n d c a t a l y t i c b e h a v i o r o f these m o n o n u c l e a r spec i e s 
m e r i t d i s c u s s i o n . 

T h e M o ( V I ) - M o ( V ) c o u p l e is an e x a m p l e o f r e v e r s i b l e r e d o x c o n 
v e r s i o n b e t w e e n M o 0 2

2 + a n d M o 0 3 + centers , s t ruc tures that rea 
s o n a b l y m i g h t b e e x p e c t e d to be presen t i n the M o ( V I ) a n d M o ( V ) 
states o f the e n z y m e s . P r e v i o u s e l e c t r o c h e m i c a l i nves t i ga t i ons c o n 
d u c t e d i n n o n a q u e o u s so lven t s h a v e e n c o u n t e r e d i r r e v e r s i b l e b e 
h a v i o r a l m o s t e x c l u s i v e l y w h e n r e d u c t i o n o f M o ( V I ) 0 2 s p e c i e s or 
o x i d a t i o n o f M o ( V ) 0 spec i e s is a t t e m p t e d (46-50). T h u s , a p r o t i c en 
v i r o n m e n t fac i l i t a tes r e v e r s i b l e e x c h a n g e o f one oxo g r o u p w i t h i n the 
M o 0 2

2 + - M o 0 3 + c o u p l e . T h e a q u o c o o r d i n a t i o n si te g e n e r a t e d b y th is 
r e d u c t i o n is the l o c u s o f s u b s t i t u t i o n reac t ions that c a n a l ter the r e d o x , 
s p e c t r o s c o p i c , a n d c a t a l y t i c p rope r t i e s o f the M o ( V ) center . T h e s e ob 
servat ions p a r a l l e l the b e h a v i o r o f the M o ( V ) states o f x a n t h i n e 
ox idase , sul f i te o x i d a s e , a n d n i t ra te r educ tase , w h e r e b i n d i n g o f sub 
strates, p r o d u c t s , or buffer an ions at the m e t a l si te affects the r e d o x 
p o t e n t i a l s (10, 51, 52) a n d M o ( V ) E P R s igna l s (6, 10 , 15-17) o f the 
e n z y m e s . 

F o r m o l y b d e n u m - c a t e c h o l c o m p l e x e s , the M o ( V I ) - M o ( V ) r e d o x 
p o t e n t i a l is m e d i a t e d b y the effect o f c o o r d i n a t i o n R e a c t i o n s 3 a n d 6 on 
e l e c t r o d e R e a c t i o n 1. T h i s p o t e n t i a l shifts i n the p o s i t i v e d i r e c t i o n 
f a v o r i n g M o ( V I ) —» M o ( V ) r e d u c t i o n w h e n a l i g a n d is b o u n d i n p l a c e o f 
a n oxo g r o u p . S i m i l a r shifts are n o t e d w h e n p r o d u c t s or buffer an ions 
are b o u n d i n the M o ( V ) states o f the e n z y m e s (51, 52). C o o r d i n a t i o n 
reac t ions at oxo sites no t o n l y favor the a t t a i nmen t o f l o w e r o x i d a t i o n 
states i n m o l y b d e n u m c o m p l e x e s , b u t a lso s t a b i l i z e m o n o m e r i c 
spec i e s agains t d i m e r i z a t i o n . C o n s e q u e n t l y , at p H > 9 i t is p o s s i b l e to 
genera te m o n o m e r i c M o ( V I ) , M o ( V ) , M o ( I V ) , a n d M o ( I I I ) c o m p l e x e s 
w i t h i n a r ange o f ca . 4 5 0 m V . T h e s t ruc tu ra l a n d c o m p o s i t i o n a l 
changes that o c c u r d u r i n g e l e c t r o n transfer l e a d to a c o m p r e s s i o n o f 
r e d o x states, a n i m p o r t a n t fea ture o f m o l e c u l e s that m u s t ca r ry ou t 
m u l t i e l e c t r o n reac t ions . 

S p e c t r o s c o p i c p rope r t i e s o f M o O ( H c a t ) ( c a t ) 2

2 " i n d i c a t e that the 
s ix th c o o r d i n a t i o n site o n this c o m p l e x has a d d i t i o n a l features i n 
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29. FINKLEA ET AL. Molybdenum-Catechol Complexes 725 

c o m m o n w i t h the M o ( V ) a n i o n - b i n d i n g site o f o x o m o l y b d e n u m e n 
z y m e s . T h i s c o n d i t i o n is e x e m p l i f i e d b y the a p p e a r a n c e o f a n e w E P R 
s i g n a l a n d in t ens i f i ca t i on o f the 2 1 , 5 0 0 - c m " 1 a b s o r p t i o n b a n d w h e n a n 
a m i n e is s u b s t i t u t e d for H e a t " . E x c h a n g e o f l i g a n d s i n the c o o r d i n a t i o n 
sphere o f M o 0 3 + c o m p l e x e s f r e q u e n t l y l e ads to changes i n these spec 
t r o s c o p i c p roper t i e s (18,53-56). B e c a u s e o f the r e v e r s i b l e charac te r o f 
the M o ( V I ) - M o ( V ) c o n v e r s i o n , th is s u b s t i t u t i o n m o s t l i k e l y is c o n f i n e d 
to a n e q u a t o r i a l site cis to M o = 0 i n the c o m p l e x e s M o O ( L ) ( c a t ) 2 n ~ (for 
L = H e a t " , η = 2 ; for L = R N H 2 , p y r i d i n e , i m i d a z o l e , η = 1). A l 
t h o u g h r e a r r a n g e m e n t o f L to the si te trans to M o = 0 m a y o c c u r , n o 
e v i d e n c e suppor t s th is p o s s i b i l i t y , a n d the process m a y b e b l o c k e d b y 
c h e l a t i o n o f c a t e c h o l at th is p o s i t i o n . 

B i n d i n g o f a n u c l e o p h i l i c subst ra te at the e x c h a n g e a b l e c o o r d i n a 
t i o n s i te o n M o O ( H c a t ) ( c a t ) 2

2 " appears to b e a p r e r e q u i s i t e to the 
c a t a l y t i c r e d u c t i o n o f N 0 2 " , C 1 0 3 " , a n d B r 0 3 " b y M o ( V ) . F a i l u r e to 
r e d u c e n i t ra te c l e a r l y contrasts w i t h the e n z y m a t i c b e h a v i o r , b u t th is 
d i s c r e p a n c y c a n b e a t t r i b u t e d i n par t to so lven t , b e c a u s e n i t r i t e is a 
m o d e r a t e l y s t rong a n d n i t ra te a v e r y w e a k n u c l e o p h i l e i n w a t e r (57). 
R e d u c t i o n o f N 0 3 " b y other M o ( V ) c o m p l e x e s w a s o b s e r v e d i n 
n o n a q u e o u s so lven t s (36-38), w h e r e c o o r d i n a t i o n o f th i s a n i o n is m o r e 
f avo red . T h e c o n t r a s t i n g b e h a v i o r o f N 0 3 " a n d N 0 2 " i n d i f ferent s o l 
v e n t m e d i a suppor t s a p r e v i o u s sugges t ion (36) that the m o l y b d e n u m 
cen te r at the a c t i v e si te o f n i t r a te r educ ta se e x p e r i e n c e s a p r e d o m i 
n a n t l y n o n a q u e o u s e n v i r o n m e n t . 

A final p o i n t is a p o s s i b l e e x p l a n a t i o n o f the oxida t ion-s ta te 
changes a n d r e d o x - p o t e n t i a l separat ions o b s e r v e d for the o x o m o l y b 
d e n u m e n z y m e s . T a b l e I I I i l l u s t r a t e s that a c o m m o n feature o f n i t ra te 
r educ tase , su l f i te ox idase , a n d x a n t h i n e o x i d a s e is c l o s e l y s p a c e d 
M o ( V I ) - M o ( V ) a n d M o ( V ) - M o ( I V ) r e d o x s teps . A l t h o u g h the 
m o l y b d e n u m - c a t e c h o l c o m p l e x e s p r o v i d e a n e x a m p l e o f s t ruc tu ra l 
changes that l e a d to c l o s e l y s p a c e d r e d o x states, the w e i g h t o f e x p e r i 
m e n t a l e v i d e n c e is that the o x o m o l y b d e n u m e n z y m e s c y c l e a m o n g 
M o ( V I ) , M o ( V ) a n d M o ( I V ) ra ther t h a n M o ( V I ) t h r o u g h M o ( I I I ) o x i d a 
t i o n states (2), a n d that the l o w e r o x i d a t i o n states p r o b a b l y r e t a i n at 
leas t one t e r m i n a l l y b o n d e d oxo g r o u p (11, 13, 14). T h u s , the r e d o x 
s e q u e n c e i n these e n z y m e s p r o b a b l y is bes t r e p r e s e n t e d b y M o 0 2

2 + , 
M o 0 3 + , a n d M o 0 2 + cen te rs . 

A r e a c t i o n s e q u e n c e for l i n k i n g these th ree r e d o x states i n t o a n 
e l e c t r o n transfer s e q u e n c e s i m i l a r to that e x p e c t e d i n the e n z y m e s is 
p r o p o s e d i n S c h e m e I I I . T h e s c h e m e is c o n s t r u c t e d b y c o m b i n i n g the 
r e v e r s i b l e p r o t o n - d e p e n d e n t M o 0 2

2 + - M o 0 3 + c o u p l e d e m o n s t r a t e d for 
o c t a h e d r a l c o m p l e x e s i n this w o r k w i t h r e c e n t repor ts o f r e v e r s i b l e 
M o 0 3 + - M o 0 2 + e l e c t r o c h e m i s t r y o b s e r v e d u n d e r a p r o t i c c o n d i t i o n s for 
squa re p y r a m i d a l c o m p l e x e s c o n t a i n i n g e i the r a s i n g l e te t radenta te 
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H 2 0 

0 
. V J / X | 2 H * 2 e ~ L — M o — L « Τ /χ 

L — M o — L 

0 

v « / L 

L — M o — L 

L/Î 

-X 

V l l / L 

L — M o — L ' 

L / 

, v « / L 

L — M o — L 

L / 

Scheme III. Reaction sequence for linking Mo02

2+-Mo03+ and 
Mo03+-Mo02+ redox couples. 

T a b l e I I I . R e d o x P o t e n t i a l s o f O x o m o l y b d e n u m E n z y m e s 

M o ( V I ) / M o ( V ) M o ( V ) / M o ( I V ) Ref. 

N i t r a t e r educ ta se ( p H 7) + 2 2 0 + 1 8 0 58 
Sul f i t e ox idase ( p H 7) + 3 8 - 1 6 3 11 
X a n t h i n e ox idase ( p H 8) (na t ive) - 3 5 5 - 3 5 5 51 
X a n t h i n e ox idase ( p H 8) (desulfo) - 4 4 0 - 4 8 0 51 
M o - c a t e c h o l ( p H 8) - 4 8 0 — 

Note: Values are in millivolts vs. NHE. 
a Ε ii2 of Reaction 1 extrapolated to pH 8. 

a m i n o t h i o l a t e l i g a n d (59) or four m o n o d e n t a t e t h i o p h e n o l a t e l i g a n d s 
(60). A c h a n g e i n c o o r d i n a t i o n n u m b e r is r e q u i r e d b e t w e e n the M o ( V I ) 
a n d M o ( I V ) states. T h i s c h a n g e is a c h i e v e d b y r e a r r a n g e m e n t o f 
m o n o d e n t a t e l i g a n d X to the p o s i t i o n trans to M o = 0 i n the M o ( V ) 
state. I n this l o c a t i o n the M o - X b o n d w o u l d be w e a k e n e d or p o s s i b l y 
b r o k e n b y the trans i n f l uence o f the oxo g r o u p (61, 62) . T h e p re sence 
o f one less l i g a n d on the m e t a l w o u l d cause the p o t e n t i a l o f the 
M o ( V ) - M o ( I V ) c o u p l e to shif t i n the p o s i t i v e d i r e c t i o n a n d b e c o m e 
m o r e n e a r l y e q u a l to the M o ( V I ) - M o ( V ) p o t e n t i a l . I n a d d i t i o n , a sub 
strate b i n d i n g si te b e c o m e s a v a i l a b l e i n the l o w e r o x i d a t i o n states. A 
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29. FiNKLEA ET AL. Molybdenum-Catechol Complexes 727 

crucial undeveloped element in this model is control of proton avail
ability. Protons are required for reversibility of the M o 0 2

2 + - M o 0 3 + 

conversion, but must be excluded to preserve reversibility of the 
M o 0 3 + - M o 0 2 + conversion and to prevent reduction to a lower oxida
tion state. The enzymes may control this feature by means of ligand-
bound hydrogen atoms (63). In addition, considerable ligand flexibility 
is required to accommodate the change in coordination number with 
change in oxidation state. Satisfying these requirements promises to be 
a challenging aspect in the development of more refined models for 
the oxomolybdenum enzymes. 
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INDEX 

A 

Absorbance of electrode 
reaction product 26-28, 40 

Absorbance spectra of ZnP-3-Q 
and ZnP-3-QH2 521/ 

Absorbance-time behavior 
for ADPS oxidation of ferro-

cyanide 39/ 
for single potential step oxi

dation of ferrocyanide . . . 31/ 
Absorbance-time curve for electro-

oxidation of 7,8-dihydropterin 475/ 
Absorbance-time transients 

for CPZ + electrogeneration . .448-450 
for cytochrome c reduction . . . . 166/ 

Absorption spectrum of 
3,5-di-i-butylcatechol 681/ 

Acid-base chemistry with 0 2

2 + . . 573 
Acid-base properties of CoTMPyP 616i 
Acid-base studies of 

FeTMPyP 605-607 
Active site of enzyme 576 
Activity-potential profile for oxi

dation of glycerin 18/ 
Adatom hypothesis 102 
Adenine nucleotides, SERS 

spectra 97,98 
Adenine, relative intensity and 

SERS spectrum 97f 
S-Adenosylmethionine 417 
ADPS 

See also Asymmetric double 
potential step 

oxidation of ferrocyanide 39/ 
reduction of ferricyanide 3St 

Adrenodoxin 223/ 
Adsorbed cytochrome c3 205,206 
Adsorption 

of cytochrome c3 on 
mercury electrode 204, 205 

equilibrium constant 182 
exchange 221 

Adsorption layer, reduction . . . .222-224 
Aliphatic thioethers 

electrochemistry 424-437 
as models for biological electron 

transfer 417-441 
Alkyl halides, nucleophilic 

substitution 594-596 
Amines, SERS studies 91 
Amino acid sequences of cyto

chromes c3 from species of 
Desulfovibrio 203i 

2-Aminomethylpyridine 142 
6-Aminopurine—See Adenine 
Angle of incidence of exciting 

light vs. Raman intensity . . . . 83, 84 
Anion-binding site of oxo

molybdenum enzymes 725 
Anion concentrations, SERS 

intensity effect 90 
Anion effects on heterogeneous 

electron transfer kinetics 
of cytochrome c 165-170 

Anion movement for hemin 
dimethyl ester catalysis . . . 544-546 

Anion radicals and primary 
acceptors of photosystems 
I and II 503-511 

Anionic species, SERS studies . . . 94, 95 
Antiferromagnetic interactions . 348, 349 
Antipsychotic drugs 443 
Applied potentials 5, 6, 8/ 
Aqueous redox materials 540,541 
Ascorbic acid Η-atom transfer . . . 589 
Asymmetric double potential step 

chronoabsorptometry . . . 36-40,46/ 
Autoxidation of oxygenated 

P-450 569-571 
Axial ligation of iron (III) and 

zinc (II) porphyrins 408-410 
Axial ligation, effect on porphyrin 

redox chemistry 289-303 

Β 

ττ-Backbonding 303 
Background continuum in SEES .90,91 
Bacterial hydrogenase system . . . . 201 
Bacterial photosynthesis 

characteristics of primary 
photochemical events . . .516, 517 

model system I 517-531 
Band I frequency of cytochrome 

oxidase 635 
Band IV frequency in metallo

porphyrins 630-632, 635/, 636/ 
Band IV frequency vs. core size . . 636/ 
Basicity of porphyrin ring 295 
Benzoquinones, photochemical reac

tion with chlorophyll 517 
3-Benzoyloxypropyl 2,5-dihydroxy-

phenylacetate 522/ 
Bile pigments, iron protoporphyrin 

conversion 565 
Biliverdine, SERS studies 96 
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732 BIOLOGICAL REDOX COMPONENTS 

Binuclear copper complexes and 
reduction potentials 143i 

Binding 
to cytochrome c 167,174 
energy 190,191 
as prerequisite for rapid electron 

transfer reaction of 
metalloproteins 173-197 

site in oxomolybdenum 
enzymes 725-727 

Binuclear Cu(I) complexes 
See also Dinuclear copper 

complexes 
as mimics of protein active 

sites 139-157 
Binuclear systems 

derived from 2-hydroxy-5-methyl-
isophthalaldehyde 141-144 

derived from TPEN 151 
Biochemical aspects of cytochrome 

c3 200-204 
Biocomponent, reduction/oxidation 5, 6 
Biocomponent, use of mediator-

titrants for coupling with 
electrode 11 

Bioenergetic membranes, photo
synthesis and electron 
transfer 515-561 

Biological electron transfer, 
aliphatic thioethers as 
models 417-441 

Biological importance of Fe ( I ) 
porphyrins 341-343 

Biologically important molecules, 
SERS studies 96-98 

Biomolecules, determination of 
kinetic parameters 44t 

4,4'-Bipyridyl 175 
Bis ( imidazole )Fe( II), RR fre

quencies and depolarization 
ratios 634i 

Bis ( 1-methylimidazole ) Fe ( III ), 
MCD spectrum 637,639/ 

Bis ( tetra-n-butylammonium )-μ-
oxobis ( DTBC ) dioxo-
Mo(VI) 678,679/ 

Blockage of adsorption sites on 
electrode surface 177/ 

Blue copper proteins 626, 654 
Bridging ligands in hemes 653-655 
Bromine substitution onto 

porphyrin ring 285 
Brônsted basicity of superoxide . . 586 
Brutto reaction 226 
Butler-Volmer formalism 165 

Calibration of nonisothermal 
OTTLE cells 56-58 

Camphor conversion to acetyl CoA 565 
Carbene complexes 351,669,670 
Carbene-vinylidene complexes . . . 360 

Carbon monoxide 
binding to Cu(I) 152,153 
derivative of cytochrome 

oxidase 645,646 
and dioxygen reactivity 152,153 

Carbonyl binding to ferrous 
hemoprotein 567 

Carbonyl hemes formation . . . .261,263 
Carbonylated ferrous P-450cam 

optical spectra 569/ 
titration data 568/ 

Catalase 564,565 
Catalysis of electron transfer . . . 533-548 
Catalytic reduction 

by Mo-catechol complex 722f 
of molecular oxygen by 

cytochrome c3 213-216 
of nitrite ion 720 

Catechol complexes 
biological relevance 703, 704 
of molybdenum ( VI ) 694-697,719, 720 
of vanadium 697-703, 701f, 702* 

Catechols 675 
Cathodic peak current function, 

dependence on standard 
potential 212/ 

Cathodic peak potentials 
for reduction of high 

spin Fe(III) 390* 
vs. Hammett <r constants for 

iron TPP derivative 393/ 
ττ-Cation radical 367,369,579 
Cation radical formation of 

aliphatic sulfides 419i 
Cation radical reactions of 

chlorpromazines 443-456 
Cation radicals of photo

system II 496-503 
Cellular respiration, terminal 

oxidase 625-659 
C H bond, direct insertion 

of oxene 580 
Charge differential 542 
Charge transfer coefficients 178 
Charge transfer in hemoglobin 

and myoglobin 570 
Charge transfer transition 

of phthalocyanine 248,249 
spectroscopic measurement . . 436, 437 

Charge-potential curves 
for thin-layer pulse coulometry . 14/ 
for thin-layer staircase 

coulometry 16f 
Charge-separation species 526-531 
Chelates, mononuclear copper .113-123 
Chemical oxidations for divalent 

metalloporphyrins 364-366 
Chemical reductions of porphyrins 314 
Chemical shifts of methylene 

proton NMR signals 274 
Chemiosmotic hypothesis 531 
Chemistry of electron-deficient 

sulfur 418-430 
Chemistry of oxy-P-450 569 
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INDEX 733 

Chloride binding sites on 
cytochrome c 167 

Chlorin 
oxidation 496 
radicals, spin densities 498* 
structure 314 

Chlorohemins 264 
Chloromethane 585 
Chlorophyll 

anion 
E N D O R spectra 505/ 
optical spectrum 506/ 
properties 508i 

cations and anions, spin 
densities 500f, 501f 

half-wave oxidation potentials . . 502f 
oxidation, spectrum 496/ 
radicals, spectral and redox 

characteristics 489-513 
structure 491/ 

Chloro ( tetraphenylporphyrinato )-
iron ( III ; , electrochemical 
reduction 570,572 

Chlorpromazine 
reaction with nucleophile, 

kinetic results 452-455 
structure 444/ 

Chlorpromazine cation radical 
decay, determination 447, 448 
reactions with nucleophiles . .443-456 

Chromium (III) phthalocyanines . 247 
Chromyl porphyrin 576, 577 
Chronoabsorptometric behavior 

of irreversible systems 26-28 
of quasi-reversible systems 28-36 

Chronoabsorptometry, asymmetric 
double potential step . . .36-40,46/ 

Circulating long-optical-path 
spectroelectrochemical thin-
layer cell ( C L O S E T ) 4 

Cobalt phenanthroline couple 
entropy results 62t 
temperature dependence of Eo . 60f 
thermodynamic parameters . . . . 63t 
thin-layer spectrochemistry . . . . 58/ 

Cobalt porphodimethenes 253-277 
electronic absorption spectra . . . 264f 
g-values 268* 
preparation 257 

Cobalt porphyrins, electrolytic 
reduction of oxygen 601-624 

Cobalt tetrakis(N-methyl-4-
pyridyl) porphyrin 602 

in absence and presence 
of 0 2 614,615 

electrochemical and spectral 
properties 616* 

Cobalt tetrasulfonated 
phthalocyanines 617, 618* 

Cobalt (II) phthalocyanine 427 
Cofactors, reduced pterin 457-487 
Competitive inhibitor, poly-L-lysine 176 
Computer interfaced spectroelectro

chemical systems for recording 
SERS 74/ 

Computer simulated i-E curves of 
E C catalytic mechanism . . . . 621 

Concentration dependence of 
polarographic behavior of 
cytochrome c 184,185* 

Concentration of Raman active 
species 88 

Conformational analysis of 
thioethers 437-439 

Controlled potential electrolysis 
of copper complexes 142 
of Fe(II) in presence 

of D T B Q 688* 
Coordination chemistry 

of Mo-catechol complex 719/ 
transition metal, in catechol 

complexes 675-707 
Coordination stereochemistry of 

Cu ( II )-Cu( I ) complexes . 130/, 132 
Copper binuclear complexes, 

bond lengths 144,145 
Copper chelates 

dinuclear 124* 
mononuclear 113-123 

Copper complexes 
binuclear 143* 
cyclic voltammetry 115-118 
mononuclear 114* 
stationary voltammetry 

curves 113-117 
Copper cryptâtes 

control of redox potentials . . . 109-137 
dinuclear 123-135 
peculiar behavior observed . .118, 119 
structures of mononuclear and 

dinuclear 111,112 
Copper, electron paramagnetic 

resonance 650-655 
Copper(I) binuclear complexes 

as mimics of protein active 
sites 139-157 

with phenyl rings bonded to 
imine nitrogens 143*, 150 

Copper (II) , tetrahedral 
coordination 122 

Copper (II) complexes 
monoelectronic reduction waves . 114/ 
spectral and redox shifts from 

nitrogen substituents 122* 
Copper(II) and copper(I), 

relative stability 119,120 
Copper (II) dinuclear complex 

dc polarogram 126/ 
differential pulse polarogram . . . 128/ 
stability constants of reduced to 

oxidized form 130/ 
Copper ( II ) - C u ( I ) complexes 

coordination stereochemistry 130/, 132 
coproportionation constant 132 
redox characteristics 116*, 117* 

Copper(II)-Cu(I) 
potential, dependence on 

coordinating site 128, 135 
redox potential 120,121*, 135 

Copper-nitrogen bonds 144,151 
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734 BIOLOGICAL REDOX COMPONENTS 

Coproportionation constant of 
Cu(II)-Cu(I) complex 132 

Core size 
in iron porphyrin 630, 631 
marker of symmetric 

metalloporphyrins 635/ 
vs. indicator Band IV frequency 

in metalloporphyrins 636/ 
CoTMOyP—See Cobalt tetrakis-

( IV-methyl-4-pyridyl ) -
porphyrin 

Coulometry 
thin-layer pulse 12-14 
thin-layer staircase 13/, 15 

Counterion, effects on iron por
phyrins redox chemistry . . . 289, 240 

Covalently linked porphyrin-
quinone complexes 519-521 

CPZ—See Chlorpromazine 
Crystal packing of binuclear 

Cu(I) complex 146/ 
Crystal structure of [Na(THF) 3 ]2-

[Fe(TPP)] 344/ 
Crystal violet 95 
Crystallographic analysis of 

binuclear copper complex . 144-147 
Cupric-cuprous system, 

reversibility 113,115/ 
Cuprous to cupric dinuclear com

plexes with ligands 133, 134/ 
Current function 211 
Current-voltage curves for 

oxidation and reduction of 
cytochrome c 179,180/ 

Cyanide adduct of resting 
cytochrome oxidase 643 

Cyanide ions, SERS studies 91-93 
Cyclic voltabsorptogram, derivative, 

ferricytochrome c 48/ 
Cyclic voltabsorptometry 40-43 
Cyclic voltammetry 211 

adsorbed cytochrome c3 on 
HMDE 206/ 

copper binuclear complexes . . . . 144/ 
copper complexes 115-118 
cupric-cuprous system 115/ 
cytochrome c 175,176 
cytochrome c3 208,209 
3,5-di-i-butyl-o-benzo-

quinone 680, 681,684/, 689/ 
3,5-di-f-butylcatechol 678-680 
7,8-dihydropterin 472/, 473/ 
6,7-dimethyltetrahydropterin . . . 481/ 
experimental data compared to 

best fit simulations 212,213/ 
Fe(II)(OEP) and Fe(II)-

(OEP)L(0 2 ) 574/ 
experimental data compared to 

best fit simulations 212, 213/ 
ferricytochrome c 177/ 
iron porphyrins . .540, 603/, 610/, 614/ 
iron (II) 689/ 
Mo0 2(cat) 2

2- 712/, 717/ 
Mo( V)-catechol complex 714/ 
Mo(VI) 2 0 5 (DTBC) 2

2 - 695/ 

Cyclic voltammetry—Continued 
octaethylhemichrome salt 258/ 
oxidation/reduction of ferro-

cyanide-ferricyanide 18/ 
potassium ferrocyanide 30/, 38/ 
protoporphyrin 321-326 
pterin 464,465/ 
reaction product of V(V)OCl3 

and Na 2DTBC 698/ 
reduction of Fe(III)TMPyP 603/, 614/ 
reduction of 0 2 with 

Fe(II)TMPyP 610/ 
sodium Na 2 V(IV)Cl 2 (DTBC) 2 . 699/ 
5,6,7,8-tetrahydropterin 480/ 
ZnP-3-Q 524/ 
ZnP-3-QH2 522/ 

Cysteine thiolate 656 
Cytochrome a 626 
Cytochrome a3 626 

Fe 2 +-S-Cu + bridge 655 
oxidation and spin states 649 
Soret absorption wavelength .642,643 

Cytochrome b, redox potentials . . . 379* 
Cytochrome b6, models 377 
Cytochrome c 

anion effects on heterogeneous 
electron transfer kinetics . 165-170 

charge-potential curve for thin-
layer pulse coulometry . . . . 14/ 

charge-potential curve for thin-
layer staircase coulometry . 16/ 

current-voltage curves for 
oxidation and reduction 179, 180/ 

direct electrochemical studies 160, 161 
effect on four-electron reduction 

of oxygen 216* 
effect on polarographic 

limiting current 214/ 
electrochemistry, at mercury 

electrode 184-189 
electrochemistry at modified 

gold electrode 175-184 
electrode reaction 182/, 183/, 184/, 193 
electron transfer mechanism . . . . 160 
fluorescence emission spectrum . 12/ 
at fluoride-doped tin oxide 

OTEs 166-169 
free-energy profile 191/ 
heterogeneous electron transfer 

properties 159-171 
horse heart, redox thermo

dynamics 58-61, 65*, 66/ 
kinetic behavior of redox forms . 48/ 
kinetics of back reaction 45 
lysine residues, chemical 

modifications 176,192,193 
Nernst plots at various 

temperatures 9/ 
orientation of binding 193 
peroxidase, oxidation 358 
peroxidase, reaction with 

hydrogen peroxide 430 
physiological redox reactions . 176,192 
polarographic behavior 184,185* 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

02
01

.ix
00

1



INDEX 735 

Cytochrome c—Continued 
pulse polarographic studies . . 207, 208 
rate constants dependence 

on overpotential 46/ 
rate parameters for reduction . . 164 
reaction entropies 61, 64, 66* 
reduction, absorbance-time 

transients 166/ 
reduction at mercury electrodes . 186 
reduction/oxidation 6-8 
SERS spectrum 96 
spectrum with DCIP 8/ 
spectrum for a series of applied 

potentials 8/ 
system, heterogeneous electron 

transfer kinetic parameters . 47/ 
thermodynamic parameters . . . . 51 
thin-layer cyclic voltammetry . . . 6, 7/ 

Cytochromes, c-type, tris ( 1,10-
phenanthroline ) complexes 
of iron and cobalt 51-68 

Cytochrome c2 516 
Cytochrome c3 228,229 

adsorbed, electrochemical 
properties 205,206 

adsorption on mercury 
electrodes 204,205 

biochemical aspects 200-204 
cyclic voltammetric studies . . 208, 209 
effect of foreign proteins on 

electrode reaction 212 
electrochemistry 189, 204-216 
potentiometrie studies 206, 207 
redox potential of hemes 210 
from species of Desulfovibrio . . 203* 
spectral properties 200, 201 
structure 202,204 

Cytochrome oxidase 564,625-659 
cyanide adduct 643 
derivatives 644-650 
Raman scattering intensities .641,642 
resonance Raman indicator 

bands 635/ 
resonance Raman spectra 633, 

640-644, 646*, 650-655 
systems, preparation 627, 628 

Cytochrome P-450 430,565-581 
dc polarograms 223 
enzymatic cycle 566 
oxidation 358 
RR spectrum 653 
substrate complex 341-343 

D 

DCIP 6-9 
DDT reaction with superoxide ion . 595 
θ6ΰ33^ν1ροφΓκ^ίπιβτη6ηβ 

metal ( II/III ) oxidation-
reduction potentials 259 

Deformation of cytochrome c3 . . . 205 
Degeneracy of heme 

LUMO 629,630,656 
Deoxymyoglobin 655 

Depolarization ratio 83, 84 
Depolarization ratios of 

bis ( imidazole )Fe( II) 634* 
Derivative cyclic volt-

absorptometry 40-43, 48/ 
Derivative optical signal as function 

of sweep potential 40,41/ 
Desulfovibrio hydrogenase 201 
Deuterium labeling studies of horse

radish peroxidase 665 
Deuterohemin structure 670 
Deuteroporphyrin dimethyl esters . 283/ 
Dialkyl peroxide formation 594 
Dialkyloctaethylporphodimethenes. 255* 
Diastereometric acid sulfoxides . 432, 433 
Diatomic ligand effects 301-303 
3,5-Di-*-butyl-o-benzoquinone . 678-683 
3,5-Di-*-butylcatechol 677 

absorption spectrum 681/ 
complexes of transition metal 

ions 675-707 
complexes, redox reactions 687* 
Mo system, reactions 694* 
vanadium complex, redox 

reaction 701* 
3,5-Di-*-butyl-o-quinone ( DTBQ ) 588 

Mn system .682,684-688 
3.5- Di-*-butyl-o-semiquinone 677 

Mn(II) system, solvent 
effect 685,686 

redox chemistry 678-683 
2.6- Dichlorophenolindo 

phenol (DCIP) 6-9 
Dicyanochemichrome anion 

formation 261,263 
Dieldrin 581 
Differential pulse polarography .211,212 

adrenodoxin 223/ 
dinuclear Cu(II) complex 128/ 
ferricytochrome c3 209 

Diffusion across lipid bilayer . . . . 531 
Diffusion coefficient 180 
Dihydrogen, partial molal entropy . 53 
Dihydrophenazine 588, 589 
7,8-Dihydropterin decay, kinetic 

scheme 473,474 
Dihydropteridine reductase 458, 459, 462 
7,8-Dihydropteria 

absorbance-time curve for 
electrooxidation 475/ 

cyclic voltammetry 472/, 473/ 
intermediates 475* 
linear sweep voltammetry . . 467,468/ 
peak potential vs. ρ Η relation

ships for voltammetric 
oxidation peaks 469, 471* 

redox chemistry 466 
spectrum 474/ 

7,8-Dihydroxanthopterin structure . 463 
Dimer-adduct formation of 

aliphatic sulfides 420* 
Dimerization studies of 

FeTMPyP 605-607 
Dimethyl-4,4'-bipyridinium ion . . 590 
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736 BIOLOGICAL REDOX COMPONENTS 

Dimethylporphodimethene 
series 263 
species, ESR spectra 266/ 

6,7-Dimethyltetrahydropterin, 
cyclic voltammetry 481/ 

6,7-Dimethyl-5,6,7,8-tetra-
hydropterin structure 463 

Dinuclear copper chelates, 
structure-redox reactivity 
relationship 131,132 

Dinuclear copper cryptâtes . . . . 123-135 
Dioxetane intermediate 592 
cis-Dioxo Mo (VI)-catechol complex 

aqueous electrochemistry . . . .711-720 
cyclic voltammogram 717/ 
structure 710 

Dioxygen 
activation by heme proteins . . . . 566 
adducts 341-343,369 
binding to Cu(I) 152,153 
electron transfer reduction 585 
reduction 563-583 
reduction potential 564/, 587/ 
reduction to water 661 
transition-metal activation 598 

Dipyridine octaeathylhemichrome 
salt, cyclic voltammetry 258/ 

Direct insertion of oxene into 
CH bond 580/ 
Dismutation of H2O2 with 

Fe(III)TMPyP as catalyst . . . 612 
Disproportionation of Fe(III)-

(DTBSQ)3 complex 691,692 
Di-*eri-butylporphodimethene . . . . 263 
Di-fert-butylporphodimethene 

species, ESR spectra 266/ 
Drago Ε and C model 247 
Dropping mercury electrode vs. 

rotating disk electrode 187 
DTBC—See 3,5-Di-i-butylcatechol 
DTBQ 678-683 
DTBSQ—See 3,5-Di-r-butyl-o-

semiquinone 
Dyes, Raman intensity from 95 

Ε 

E'—See Formal reduction potential 
E C mechanism for electroreduction 

of porphyrin 314,324-329 
Electrocatalytic reaction sequence 

of 0 2 to H 2 0 2 620 
Electrocatalytic reduction 

of O2 using iron and cobalt 
porphyrins 601-624 

of oxo anions 720-724 
Electrochemical analysis of bi

nuclear Cu(I) complexes . .148-151 
Electrochemical cell 

thin-layer 2-4 
for vacuo electrolysis 494/ 
variable temperature 52 

Electrochemical criteria for distin
guishing ring redox from 
metal redox 341 

Electrochemical SERS experiment 70-75 
Electrochemical techniques, 

thin-layer 1-21 
Electrochemistry of nonmacrocyclic 

copper complexes 141,144/ 
Electrode multilayer electrode 

process 228-230 
Electrode potential 

at mercury electrodes 87-89 
at silver electrodes 84 

Electrode process 
irreversible adsorption of 

first layer 221,222/ 
rate constant 231 
reduction of first adsorption 

layer 222-224 
results and models 220,221 

Electrode reaction 
of cytochrome c3, foreign 

proteins effect 212 
of cytochrome c at modified 

gold electrode 176,177/ 
of Fe(III) and Fe(II) 

porphyrins 294 
of m- and p-phenyl-substituted 

tetraphenylporphyrins . . . . 284 
of protein prosthetic groups . .219-235 
rate of surface step 179,182/ 

Electrode reaction product 
absorbance 40 
normalized absorbance 27, 28 
optical absorbance 26 

Electrode surface 
blockage of adsorption sites . . . 177/ 
model of partially blocked 227/ 

Electrodes, mechanically roughened 79 
Electrolysis of tetrahydropterin 480, 482/ 
Electromagnetic theory 101,103 
Electron configurations for Fe(III) 

and Fe(II) porphyrins ...399,400 
Electron density distribution 

in dry-orbital of iron 413/ 
in porphyrin 4e ( w ) orbitals . . . 404/ 
in meso-tetraphenylpor-

phyrins 407/, 408 
Electron-deficient sulfur, 

chemistry 418-430 
Electron hopping mechanism . . . . 160 
Electron jump distance 537 
Electron paramagnetic resonance 

spectrum of Fe(TPP) 334,335 
undetectable copper 650-655 

Electron spin resonance, iron 
porphodimethenes 263,264* 

Electron stoichiometries 5-7, 9, 
11,13,15 

Electron transfer 
of aliphatic thioethers 433-437 
assay 534 
in bacterial photosynthesis . . 516, 517 
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INDEX 737 

Electron transfer—Continued 
between enzyme and metal 

electrode 232 
in bioenergetic membranes ..515-561 
formal heterogeneous, rate 

constant 24,25 
kinetic parameters 23-49, 

163*, 165-170 
kinetics of cytochrome c and 

hemoglobin 313 
kinetics, heterogeneous 25 
pathways for electroreduction of 

Fe(III) porphyrin 308/ 
properties of cytochrome c . . 159-171 
proteins 231,232 
rate constants for oxidation of 

ferrocyanide 30, 31, 33 
rate constants, spectroelecto-

chemical determination . . 27/, 29/ 
reactions 

of aliphatic sulfides 422* 
involving Fe(II) porphyrins . 304 
of metalloproteins 173-197 

stoichiometries for nonelectro-
active biocomponent 13, 14/ 

system, representation 24, 25 
Electron transport 

catalysis and aqueous 
reductants 540,541 

catalysis rate by porphyrins . . . . 538* 
chain acceptor 503-510 
from enzyme active site to 

electrode 220/ 
in mitochondrial systems . . . 531, 532/ 
systems, iron porphyrin 550/ 
through cytochromes 551/-554/ 

Electron tunneling 160 
Electroneutral mechanism 541-544 
Electronic absorption spectra 

binuclear Cu(I ) complexes . . . . 148/ 
iron and cobalt porphodi-

methenes 264* 
Electronic effect on formal reduc

tion potential 150 
Electronic effects of symmetrically 

placed substituents on por
phyrin ring 397 

Electronic spectra 
manganese porphyrins 370/ 
metallophthalocyanines 247-250 

Electronic structure 
horseradish peroxidase com

pounds I and II 661-674 
metallophthalocyanines 247 

Electronic transition of hemes . . 629, 630 
Electrooptical cell 493/ 
Electroreduction 

of deuteroporphyrin dimethyl 
esters 283/ 

mechanisms for protoporphyrin . 329/ 
TPPFeX and T P P M n X . . . .290/, 293* 

Electroreductive attack at methine 
bridge positions 314 

Electron-withdrawing substituents 
effect on Fe ( III ) /Fe ( II ) redox 

potential in TPP 
complexes 399-402 

on porphyrin 288 
E N D O R spectra of Chl- , pheo-, 

and pyropheo-di 505/ 
Energy considerations for por

phyrin-quinone complexes . . . 530* 
Energy levels of metallophthalo

cyanines, mapping 237-252 
Energy transduction, photo

synthetic 489-513 
Enterobactin 676 
Entropies, reaction, for cyto

chrome c 61,64,66* 
Entropy change for cell reaction . . 53 
Entropy results for iron and cobalt 

phenanthroline redox couples . 62* 
Entropy, partial molal, of 

dihydrogen 53 
Enzymatic reduction 

of dioxygen 563-583 
of ferri-form of cytochrome c3 . . 206 

Enzymatic vs. electrochemical 
reduction of ferrous porphyrin 
dioxygen complexes 576/ 

Enzyme activity, measurement as 
function of solution potential . 15-19 

Enzymes 
active site 576 
cytochrome oxidase 625-659 
hydroxylase 457,458 
metalloprotein, activity 15 
oxidizing, models 669, 670 
oxomolybdenum, implications 

for behavior 724-727 
oxomolybdenum, redox potential 726* 
use in accelerating electrode 

processes 219 
Enzymic hydroxylation of 

phenylalanine 458 
EPR—See also Electron para

magnetic resonance 
EPR signal of ZnP-3-Q in egg yolk 

phosphatidylcholine 
vesicles 527/, 529/ 

Equilibrium constants 
for addition of 

imidazoles to TPPFeCl 387* 
iV-methylimidazole to iron 

TPP 384-386 
N-methylimidazole to tetra

phenylporphyrins . . . . 397-399 
for binding 190 
correlation with Hammett <* 

constants for TPP 
derivatives 410/ 

Equilibrium potentials of ferricyto
chrome/ ferrocytochrome c3 . . 207/ 
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738 BIOLOGICAL REDOX COMPONENTS 

ESR 
See also Electron spin resonance 
data for low spin derivatives 

of TPPFe( N - M e l m ) 2 + C l - . . 405 
spectra 

C o ( O E P M e 2 ) , C o ( O E P M e 2 ) -
Py, C o ( O E P M e 2 ) 0 2 , and 
C o ( O E P M e 2 ) P y 0 2 269/ 

F e ( O E P B u t 2 ) O M E , 
F e ( O E P B u t 2 ) O H , 
F e ( O E P B u t 2 ) N O , and 
Fe(OEPMe2)NO.Py . . . 266/ 

MgTPC, M g T P C - d 4 and 
i5N-MgTPC- 504/ 

MgTPC+ClO 4 " 497/ 
M g T P C + 501/ 
oxidized manganese 

porphyrins 372, 373/ 
Ester reaction with superoxide 

ion 596,597 
Ethyl chlorophyllide-a 510 
N5-Ethyl-3-methyllumiflavin radical 593 
Ethyl-4a-peroxy-3-methyl-

lumiflavin 593,594/ 
Etioporphinatoiron chloride 282 

F 

F A D 225 
Ferredoxins 190 
Ferric rç-2-peroxide complex 575 
Ferric iodosylbenzene complex, 

optical spectrum 579 
Ferric superoxide 571 
Ferricyanide, electron transfer 

rate constants for ADPS 
reduction 38* 

Ferricytochrome c 
derivative cyclic volt-

absorptogram 48/ 
electron transfer rate constants 

for reduction 45* 
reduction 

limiting current plots 181/ 
by peroxide ion 588 
cytochrome c effect 214/ 

Ferricytochrome/f errocytochrome 
c3, equilibrium potentials . . . 207/ 

Ferriheme a -DMSO complex 
spectrum 652/ 

Ferriheme-imidazole systems . . . . 655 
Ferrihemoprotein 565 
Ferrocyanide 

absorbance-time behavior for 
ADPS oxidation 39/ 

absorbance-time behavior for 
single potential step 
oxidation 31/ 

oxidation at tin oxide OTEs . . . . 27 
potassium, cyclic voltammetry . 30/, 38/ 

Ferrocyanide-ferricyanide redox 
couple 17,18 

Ferrocytochrome c . . . 176,177,179,180 
Ferrocytochrome c oxidation . . 183/, 184/ 

Ferrocytochrome c3 228 
Ferrous dioxygen 571 
Ferrous horseradish peroxidase . . . 669 
Ferrous porphyrin dioxygen 

complex 576/ 
Ferrous-CO complex 565, 567 
Ferryl complexes of iron 

porphyrins 670,671 
Ferryl [ F e ( V ) ( = = 0 ) ] complex 579 
FeTMPyP—See Iron tetrakis(N-

methyl-4-pyridyl ) porphyrin 
First-order electron transfer 

rate constant 190 
First-order rate constants 

for decay of 7,8-dihydropterin 
intermediates 475* 

for electrochemical oxidation 
of tetrahydropterins 483* 

Flavin adenine dinucleotide 
( F A D ) 225 

Fluorescence emission spectra of 
tryptophan-59 in cytochrome c 12/ 

Fluorescence lifetimes for 
porphyrin-quinone systems . . 525* 

Fluorescence properties of 
ZnP-3-QH 2 523-526 

Fluoride-doped tin oxide 
O T E 163*, 165-169 

Flux equations 178 
Formal electrode potential for 

nonelectroactive bio-
component 13,14/ 

Formal heteroatoms, electron 
transfer kinetic parameters for 
reduction of cytochrome c . . 161 

Formal potential of ferricyto
chrome/ ferrocytochrome 
couple 199 

Formal redox potential of 
Cu( I I ) -Cu( I ) 135 

Formal reduction potential . . .5-7, 9,11, 
13, 15 

cobalt phenanthroline complex . 60* 
cytochrome c 10/ 
determination 56 
horse heart cytochrome c 65* 
iron phenanthroline couple . . . . 59* 

Formation constant of Mo-catechol 
complexes with monodentate 
ligands 713* 

Fragmentation reactions of 
aliphatic sulfides 422* 

Free radical decay 446, 447 
Free-energy profile for reduction 

and oxidation of cytochrome c 191/ 
Frequencies of Band I and Band 

IV in RR spectrum of heme . 638/ 

Galactose oxidase enzyme activity . 15-19 
Galactose oxidase-catalyzed oxida

tion of glycerin 18/ 
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INDEX 739 

Galactose oxidation 15 
Glucose oxidase 

covalent grafting electrode . . . . 232 
polarograms 224 

Glycerin, activity-potential profile 
for galactose oxidase-catalyzed 
oxidation 18/ 

Gold electrode, electrochemistry 
of cytochrome c 175-184 

Gold minigrid 2-5,16,17 
Gutmann donicity number of 

solvent 246 
Gutmann donor number vs. reduc

tion potential of TPPFeX .292,294/ 
g-Values 

cobalt porphodimethenes 268i 
iron porphodimethenes 265i 

Gyromagnetic ratios of hydrogen 
and deuterium 497 

H 

Half-wave oxidation potentials of 
MgTPC and chlorophyll-a . . . 502i 

Half-wave potential 
of complexed Cu(II)-Cu(I) 

species 119 
dependence on solvent donicity 

for TPPFeX 294/ 
electroreduction of TPPFeX 

and TPPMnX 290/, 293i 
for Fe(III) to Fe(II) reduction 

of OEPFeX and TPPFeX . . 296* 
of iron TPP couples 386/ 
for low spin Fe(III)/Fe(II) 

redox 390i 
for oxidation and reduction of 

Fe(II) porphyrin complexes 302i 
for oxidation of TPPFeX 291* 
for protoporphyrin IX 330 
for reduction, equation 188 
for ring oxidation and reduction 

of zinc tetraphenyl
porphyrins 395f 

for TPPFeX reduction 305-307 
vs. Hammett σ-constants for 

TPPFe ( N-Melm ) 2 + C l 
derivatives 392/ 

vs. Hammett σ-constants for 
TPPZn(II) derivatives 396/ 

Halide ions, SERS studies 93,94 
Hammett p-values 284-287 
Hammett σ-constants 381 

vs. cathodic peak potentials for 
iron TPP derivative 393/ 

vs. half-wave constants for 
TPPZn(II) derivatives . . . . 396/ 

vs. half-wave potential for 
TPPFe(N-MeIm)2 +Cl 
derivatives 392/ 

Hammett σ-value 306/, 307/ 
Hanging mercury drop electrode 

(HMDE) 205 

Hard acid-hard base interactions . 703 
Hard and soft acid and base 

principle 122 
Hematoporphyrin IX 330i 
Hematoporphyrin structure 315 
Heme 

C - C and C-N stretching 
motions 635/ 

NMR spectroscopy 662-664 
orientation in cytochromes b . . . 378 
oxygenase 565, 566 
7r-electron density distribution . . 413 
redox potential in cytochrome c3 210 
RR frequencies and depolariza

tion ratios 634t 
typical chemical reactions . . .261,263 

Heme centers, electron transport 
between 551-554 

Heme complex, RR spectrum . . . . 638/ 
Heme edge, electron transfer 

mechanism 160 
Heme protein, cytochrome a 626 
Heme proteins 563-581 
Heme a 

model complexes 628-640 
MCD spectra 638-640/ 
structure and 7r-orbital energy 

levels 629/ 
Heme-heme angles and distances . 204i 
Hemin chloride 640/ 
Hemin dimethyl ester 533 

and electron transport 535-537, 
541-548 

imidazolate complex 547, 549 
Hemins 

basic hydrolysis 254 
porphodimethene, optical 

spectra 259,260/ 
Hemocyanin 139,152 
Hemoglobin, electron transfer 

kinetics 313 
Hemolytic cleavage of peroxide . . 565 
Hemoproteins, oxygen binding 

characteristics 33(H 
Heteroatoms, Lewis base 132 
Heterocyclic radical ions 443-456 
Heterogeneous electron transfer 

kinetics 
biomolecules 44f 
cytochrome c 46/, 47/, 163f, 

159-171 
ADPS reduction of ferricyanide . 38i 
oxidation and reduction of 

ferrocytochrome c 45i 
Heterogeneous electron transfer 

system, representation 24, 25 
Heterogeneous rate constants 

for back reaction 37 
relative error 35/ 

Heterolytic cleavage 
of peracid 576 
of peroxide 565 

Hexachloroantimonate salts of 
organic radicals 345 
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740 BIOLOGICAL REDOX COMPONENTS 

Hexacoordinated Fe(II) porphyrin 
dioxygen species 573, 574/ 

High spin Fe(III) , reduction 390* 
High spin ferric i?-2-peroxide 

complex 575 
High spin iron porphyrins 

chemical and electrochemical 
oxidation 366 

orbital effects 412 
Hop mechanism 221 
Horse heart cytochrome c . . 51,159-171 

redox thermodynamics 58-61, 
65*, 66/ 

Horseradish peroxidase 
compound I models 353, 354 
compound II 665,666 
compounds I and II, electronic 

structure 661-674 
oxidation sequences 358 
productive catalytic cycle 663 
proton N M R studies 664-669 

Horseradish peroxidases 564 
Horseradish peroxide, nature of 

heme environment 664, 665 
HRP—See Horseradish peroxidase 
Hydrogen-atom transfer and 

superoxide ion 588 
Hydrogen bonding in cytochrome 

electron transport 551/-554/ 
Hydrogen peroxide 564/ 

destruction by horseradish 
peroxidase 662 

formation from Fe(I I I )TMPyP 
reduction catalyzed by O2 . 604 

reaction with cytochrome c 
peroxidase 430,431 

reactions with FeTMPyP 612* 
reduction to water 214 

Hydroperoxide formation from 
tetrahydropterin cofactors . 458, 460 

Hydroperoxide ion 564/ 
Hydroxide transport 544-546 
Hydroxo[a,7-di-£-a,7-dihydroocta-

ethylporphinato]iron(III) . . . 256 
Hydroxoiron ( III ) complex, 

Mossbauer spectrum . . . .270/, 271/ 
Hydroxoiron ( III ) porphodi-

methene 259, 261-263,275 
Hydroxoiron ( III ) tetrapyrrole 

complex 253-277 
Hydroxyl radical 564/, 565 
Hydroxylase enzymes 457,458 
Hydroxylation of phenylalanine 458-460 
2-Hydroxy-5-methyliso-

phthalaldehyde 141-144 
Hyper spectrum 567 

of reconstituted P-450 ferrous 
oxygen complexes 570* 

Image dipole theory 100,101 
Imidazolate-hemin dimethyl 

ester complex 547 

Imidazole complexation to Fe(II) 
and Fe(III) 299,300 

Imidazoles, addition to TPPFeCl . 387* 
Indigotetrasulfonic acid 534-537 
Indirect coulometric titration 

method 2 
Indium oxide electrode, electron 

transfer reaction of cyto
chrome c 189 

Inductive effect 
of alkyl substitution 434 
of methyl groups on Cu(II) 

vs. Cu(I ) 149 
of substituents in tetraphenyl-

porphyrins 392-393/, 396/, 
399-402 

Intercept variation 
with product concentration for 

ferrocytochrome c 
oxidation 184/ 

with reactant concentration for 
oxidation/reduction of 
cytochrome c 181,182/ 

Interfacial phenomena 69-107 
Interfacial substrates used to 

obtain SERS 75,77 
Intermediate spin iron ( IV) 352 
Intramolecular copper-copper 

distance 145 
Intramolecular interactions of 

aliphatic sulfides 419* 
Iodosylbenzene oxidations 360-363 
Iodosylbenzene-iron-porphyrin 

complex 578 
Ion binding to cytochrome c . . . 165,167 
Ionization potentials for aliphatic 

sulfur compounds . . 424*-429*, 435/ 
IR modes with SERS 91 
IR spectra 

for detecting porphyrin 7r-cation 
radical character 369 

of [ M o ( V I ) ] 2 0 5 ( D T B C ) 2 2 - . . . 696 
of octaethylporphyrin and por-

phodimethene complexes . . 262/ 
Iron-DTBQ complex 688-693 
Iron carbonyl complexes of 

Fe porphyrins 301 
Iron complex porphyrin hyper

fine shifts 668* 
Iron dxy orbital, electron density 

distribution 413/ 
Iron octaethylporphyrin reaction 

with superoxide 572, 573/ 
Iron oxidation states 

in heme 636/ 
and Mossbauer parameters . . . . 337* 

Iron-oxo complexes 670 
Iron-peroxide complex formation . 575 
Iron-phenanthroline complex, 

temperature dependence 
of Eo 59 

Iron-phenanthroline couple 
entropy results 62* 
thermodynamic parameters . . . . 63* 
thin-layer spectrochemistry . . . . 57/ 

Iron plastoquinone complex 504 
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INDEX 741 

Iron porphodimethenes 253-277 
basic hydrolysis 254 
g-values 265ί 
preparation 256 
steric features 256/ 

Iron porphyrins 334-343 
carbene complexes 360, 669, 670 
core size vs. indicator Band 

IV frequency 636/ 
correlation between Ε 1 / 2 and 

summation of <r for 392/, 401 
electrocatalytic reduction of 

oxygen using 601-624 
electron transport systems 550/ 
ferryl complexes 670,671 
iodosylbenzene complex 578 
Môssbauer spectra 267, 270, 

272/, 273f 
μ-nitrido dimeric complexes . 359, 360 
oxidized 353,354,363 
radical states 367,368 
reaction with oxygen 342 
redox chemistry 301-303 

counterion effect 289,240 
nitrogeneous base effects ..297-301 
solvent effect 290-297 

redox tuning 279-311 
reduced 343-345 
superoxide ion complex 619 
vinylidene oxidized complex . . . 362/ 

Iron porphodimethenes 253-257 
Iron protoporphyrin 281,565 
Iron protoporphyrin IX, structure . 380/ 
Iron semiquinone adduct 

formation 690,691 
Iron spin state in resting horse

radish peroxidase 664, 665 
Iron-sulfur prosthetic group, 

reduction 190 
Iron-sulfur protein of N A D H 

dehydrogenase 532/ 
Iron tetrakis ( N-methyl-4-

pyridyl ) porphyrin 
in absence of 0 2 506-608 
M C D spectrum 608/ 
mechanism for 0 2 catalysis . . . . 604 
reaction with 0 2 609-612 
reactions with H 2 0 2 612-614 
structure 602 

Iron tetramesitylporphyrin 
chloride 362,363 

Iron tetraphenylporphyrin chloride 
complex 345-349 

spectroscopic analysis 346-348 
Iron tetraphenylporphyrins 

and bis ( N-methylimidazole ) 
complexes 377 

catalytic reaction 538i, 539 
EPR spectra 334 
optical spectrum 572/ 
potentiometric titration 541/ 
reaction with superoxide . . . .571,572 
redox reaction schemes 388, 389 
U V - V I S spectra 338/ 

Iron tetrasulfonated phthalo
cyanines 617,618* 

Iron, radical anion 343 
Iron (II) adduct formation with 

sterically hindered ligands .299,300 
Iron (II) center, solvent 

coordination 292 
Iron ( II ) 3,5-di-f-butyl-o-

benzoquinone 692,693 
Iron ( II ) 3,5-di-f-butyl-o-

semiquinone 693i 
Iron (II) horseradish peroxidase . . . 669 
Iron (II) phthalocyanine 246 
Iron (II) porphyrins 

dioxygen species 573, 574/ 
reaction with oxygen 364 

Iron ( II ) tetraphenylporphyrin 
halide complex 366 

Iron (III) 3,5-di-f-butylcatechol . . 693f 
Iron ( III ) 3,5-di-f-butyl-o-

semiquinone 691,692 
Iron (III) μ-peroxo porphyrin 

dimers 364 
Iron (III) porphyrins 

comparison of electrochemical 
results with ESR data . . .403,404 

counterion binding strength . . . . 289 
electron transfer pathways for 

electroreduction 308/ 
Iron(III)-iron(II) peak scan of 

(p-Cl) ( p - N E t 2 ) 3 T P P F e C l . . . 394/ 
Iron ( III ) -iron ( II ) redox 

potential 399-402 
Iron ( IV) porphyrins 352,353, 

358,359, 579 
Irreversible adsorption of first 

layer 221,222/ 
Irreversible polylayer reduction .224-228 
Isolation and purification of 

cytochrome c3 200-204 
Isomer shift determination for 

iron porphyrins 336, 337f 
Isothermal electrochemical cells . . . 53, 54 
Iterative extended Huckel ( I E H ) 

program 495,497,502 

Κ 

Kinetic behavior of two redox forms 
of cytochrome c 48/ 

Kinetic parameters 
cytochrome c 47/, 163f 
heterogeneous electron transfer .23-49 
threshold values 34t 

Kinetic results of C P Z + reaction 
with nucleophile 452-455 

Kinetic scheme for 7,8-dihydrop
terin decay 473,474 

Kinetics 
back reaction of cytochrome c . . 45 
C P Z + radical decay 446,447 
dismutation of H 2 0 2 with 

Fe( I I I )TMPyP as 
catalyst 612,613 

and mechanisms of electroreduc
tion of protoporphyrin . .321-326 

Mo(V)-nitr i te reaction 720-723 
substrate-enzyme reactions . . . . 19 
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742 BIOLOGICAL REDOX COMPONENTS 

Koryta's equation 204 
Koutecky-Levich equation 178 
Koutecky-Levich plots 

of limiting current for reduction 
of ferricytochrome 181/ 

for oxidation of ferrocyto
chrome c 183/ 

L 

Lacacce 139,155,652/ 
Laser excitation frequency and 

power 81-83 
Levich equation 176,177 
Lewis bases 123,132 
Lifetime of superoxide ion 586 
Ligand, macrocyclic, relative 

stabiltiy of Cu(II) and Cu(I ) 132 
Ligand binding to Fe(II) 

porphyrins 299 
Ligand size, effect on Cu(II)— 

Cu(I ) redox potential 120 
Ligand steric constraints 122 
Liganded cobalt porphodi-

methenes, preparation 257 
Ligand-to-metal 7r-back-

bonding 407/, 408 
Limiting current 

of electrode reaction 226-228 
for oxidation 178 
for reduction of cyto

chrome c3 212-214 
for reduction of ferricyto

chrome 181/ 
Linear free-energy reaction 

parameter 284 
Linear free-energy relationships 411,412 

electrooxidation of substituted 
free base porphyrins 286/ 

Hammett-Taft 283,284 
Linear sweep voltammograms of 

7,8-dihydropterin 468/ 
Lingane solution 298 
Lip id bilayer diffusion 531 
Liposomal electron transport 

system 544/ 
Liposomes, preparation 533, 534 
Logarithmic analysis of C u ( I I ) -

Cu(I ) cathodic 
curves 113,116*, 117* 

Low frequency RR spectra of 
cytochrome oxidase 650-655 

Low spin Fe(III ) -Fe(II) redox . . 390* 
Low spin iron(II) porphyrin ..338-340 
Low spin iron ( III ) complexes . 403, 404 
Lysine residues of cytochrome c . . 174 

chemical modifications 192,193 

M 

Macrocycle substituents 121 
Macrocyclic Fe and Co compounds 618* 

Macrocyclic ligand system 140 
Macrocyclic ligand, relative stability 

of Cu(II) and Cu(I ) 132 
Magnesium chlorin radicals, spin 

densities 498* 
Magnesium tetraphenylchlorin 

cation 
0-coupling constants 501/ 
ESR spectra 497/, 501/ 
splitting constants 499 

Magnesium tetraphenylchlorin 
half-wave oxidation potentials . . 502* 
structure 491/ 

Magnetic anisotropy terms vs. sum 
of σ-constants 404,405/ 

Magnetic circular dichroism spectra 
bis ( 1-methylimidazole ) Fe ( III ) 

637, 639/ 
cytochrome oxidase 625-659 
Fe( I I )TMPyP 608/ 
heme model complex 638,640/ 
reduced cytochrome c vs. reduced 

cytochrome oxidase 631/ 
Magnetic moments 

[FeCl (TPP) ] + complex 346 
Fe( II )-3,5-di-*-butyl-o-semi-

quinone- and Fe (III)-3,5-
di-*-butylcateehol2~ systems 693* 

Magnetic resonance of oxidized 
metalloporphyrins 357-376 

Manganese 3,5-di-*-butyl-o-benzo-
quinone system 682,684-688 

Manganese 3,5-di-*-butylcatechol 
complexes 687* 

Manganese 3,5-di-*-butyl-o-semi-
quinone system 685, 686/ 

Manganese D T B C - D T B S Q - D T B Q 
system 687* 

Manganese porphyrins 
electronic spectra 370/ 
N M R spectra 371/ 
oxidized 369-376 
oxidized, ESR spectra 372-373 

Manganese superoxide dismutase 
enzyme 598 

Manganese tetraphenyl-
porphyrin 538*, 539 

Mapping of energy levels of 
metallophthalocyanines . . . 237-252 

Marcus theory 192, 231 
MCD—See Magnetic circular 

dichroism 
Mechanism 

of catalysis 541-544 
of C P Z + radical decay 446,447 
for cytochrome c reduction . . . . 186 
for formation of Mo ( I V ) -

catechol species 718 
for phenylalanine hydroxyl-

ation 458-461 
for P-450 mediated metabolism 

of dieldrin 581 
Mediators 219 
Mediator-titrants 6,11 
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INDEX 743 

Membrane systems, electron 
transport 532, 533 

Menaquinone 509 
Mercury electrode 

adsorption of cytochrome c . . 204,205 
cytochrome c electro

chemistry 184-189 
electrode potential 87-89 

Mesocyclic dithioethers, electro
chemistry 424f, 433 

Mesocyclic polythioethers, 
structural aspects 438f 

Metal centers of cytochrome 
oxidase 625-659 

Metal dialkyloctaethylporphodi-
methenes 255f 

Metal macrocyclic complexes in 
0 2 electrocatalysis 601-624 

Metal porphodimethenes 253-277 
Metal porphyrins 601-624 
Metal substrates used to obtain 

SERS 75,77 
Metal (II/III) oxidation-reduction 

potentials of octaethylporphyrin 
and decaalkylporphodi-
methene complexes 259f 

Metal-catalyzed disproportionation 
of superoxide ion 597, 598 

Metal-ion transport and storage . . 675 
Metal-catechol complexes in 

biology 675-707 
Metallocyanine, electro

chemistry 238-247 
Metallophthalocyanines 

electrocatalytic reduction of O2 . 617 
electrochemistry 24 If 
mapping of energy levels . . . . 237-252 
solvent effects 246f 

Metalloporphyrins 
catalysis 533-548 
center-to-nitrogen distance . 630, 635/, 

637, 648 
core size 630 
core size vs. indicator Band 

IV frequency 636/ 
electrochemical oxidations . . . 366-372 
electron transfer reaction 298 
7r-orbital energy levels 629/ 
oxidized, magnetic resonance 357-376 
structure effect on catalysis . . . . 538f 
structures 280 
vibrational modes 630, 635/ 

Metalloproteins 
determination of formal reduc

tion potentials 55, 56 
electrochemical studies 189-190 
electron transfer reaction 52 
enzymes activity 15 
in rapid electron transfer 

reactions 173-197 
Methine bridge positions, electro-

reductive attack 314 
Methine proton coupling constant 

for OEPMgC10 4 368 

Methionine, reactions 422f, 423f 
Methyl pyropheophorbide-a . . . 492, 494 
Methyl substituents on pyrazolate 

bridges, effect on reduction 
potential in binuclear Cu(I ) 
complexes 149 

Methyl vibrations in SERS spectra 102 
Methyl viologen 250,590-593 
Methyl viologen-modified 

gold minigrid electrode . . . . 163f, 165 
rotating gold disk electrode . . . . 165 

N-Methylhydrophenazine 588, 589 
N-Methylimidazole 398 
Methylpyridone 592 
6-Methyl-5,6,7,8-tetrahydropterin . 463 
MgTPC—See Magnesium tetra-

phenylchlorin 
Mitochondria 

Mitchell loop 531,533/ 
oxidative phosphorylation 532/ 

Model systems 
bacterial photosynthesis 517-531 
biological electron transfer . .417-441 
cytochromes b6 377 
photochemical events 515-561 

Molecular orbital symmetry, 
porphyrin 340,341 

Molecular oxygen, catalytic reduc
tion by cytochrome c3 . . . .213-216 

Molecular structure of binuclear 
Cu( I I ) -Cu( I I ) complex . .144,145/ 

Molecular symmetry 91 
Molybdenum catechol complex . . . 678 

electrochemistry and 
spectroscopy 709-729 

formation constant with mono
dentate ligands 713f 

redox and coordination 
chemistry 713,719,720 

Molybdenum 3,5-di-f-butylcatechol 
system 694f 

Molybdenum nitrite 720-723 
Molybdenum oxides 726/ 
Molybdenum-containing enzymes . 709 
Molybdenum(IV) and (III) 

species generation 716-724 
Molybdenum ( VI ) catechol 

complexes 694-697 
Molybdenum ( VI ) 3,5-di-f-butyl

catechol complex 679/ 
Molybdenum ( VI )-Mo( VI ) 

couple 713-716 
Mononuclear copper chelates . . . 113-123 
Mononuclear copper complexes, 

redox measurements 114f 
Monooxygenase reactivity by 

peroxide intermediates . . . .594-597 
Môssbauer parameters 

of mononuclear hydroxo com
plex and μ-οχο complexes . 273/ 

related to oxidation state of iron 337f 
Môssbauer spectra 

crystalline [ N a ( T H F ) 3 l -
[Fe(TPP)] 336 
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744 BIOLOGICAL REDOX COMPONENTS 

Mossbauer spectra—Continued 
[FeCl(TPP)][SbCl 6 ] 346 
iron porphyrins . . 267, 270, 272/, 273* 
μ-oxobis [ dimethyldihy droocta-

ethylporphinatoiron ( III ) . . 272/ 
Myeloperoxidase 564 
Myoglobin 9,25 
Myoglobin C O complexes 567 

Ν 

Neighboring-group participation of 
aliphatic sulfides 419*, 420* 

Nernst equation for mediator-
titrant and biocomponent . . . . 6 

Nernst plots 
for cytochrome c at various 

temperatures 7,9/ 
of data for cobalt phenan

throline couple 59/ 
of data for iron phenanthroline 

couple 57/ 
for myoglobin 9 
0 - E 13,15 

Neutral molecules, SERS studies . 91 
Nickel porphyrin valence isomers . 340 
Nicotinamide adenine dinucleotide 

( N A D H ) 458,459 
μ-Nitrido dimeric complexes . . . 359, 360 
Nitrite-NO reaction kinetics . . . 720-723 
Nitrogen-copper bonds 144,145 
Nitrogen heterocycles SERS studies 91 
Nitrogen substituents, effect on 

Cu( I I ) -Cu( I ) redox potential 121 
Nitrogenase model of vanadium-

catechol system 704 
Nitrogeneous base effects on iron 

porphyrins redox chemistry .297-301 
Nitrosyl complexes of iron (II) 

porphyrins 301 
N M R spectra 

dimethyloctaethylporphodi-
methene hemins . . .271,273-275 

di-r-butyloctaethylporphodi-
methene hemins . . .271,273-275 

[FeCl (TPP) ] + 346 
heme and hemoproteins 662 
manganese porphyrins 371/ 
pyrrole-Η region of TPPFe-

( N - M e l m ) 2 + derivatives . . 406/ 
TPP(m-CH 3 )Fe -0 -0 -FeTPP . . 365/ 
TPPFe-N-FeTPP species 361/ 
[ ( T P P F e ) 2 0 ] ( C 1 0 4 ) 2 368/ 

Nonisothermal O T T L E cells, 
calibration 56-58 

Nonisothermal thin-layer spectro-
electrochemistry 

horse heart cytochrome c 65*, 66* 
iron and cobalt phenanthroline 

couples 59-61 
Nonpolar molecules, SERS studies 94, 95 
Norbornane derivatives, electro

chemical oxidation 431-433 

Normal pulse polarograms 
ferricytochrome c3 reduction . . . 208/ 
glucose oxidase 225/ 
protoporphyrin 316, 317/ 

Normalized absorbance 
of electrode reaction product . . . 27, 28 
vs. time plot for C P Z + electro-

generation 448 
Nucleophilic reactions 

aliphatic sulfides 421* 
chlorpromazine 443-456 

Nucleophilicity and superoxide 
ion 594-597 

Nucleotides SERS spectra 97,98 

Ο 
Octaethylhemichrome salt 258/ 
Octaethylporphyrin 280 

complex, IR spectrum 262/ 
rhombicities 264 
metal ( II/III ) oxidation-reduc

tion potentials 259 
OEP—See Octaethylporphyrin 
O M A 75 
Optical absorbance of electrode 

reaction product 26 
Optical multichannel analyzer 

( O M A ) 75 
Optical signal, derivative, as func

tion of sweep potential 40,41/ 
Optical spectra 

chlorophyll 496/ 
chlorophyll and pheophytin anion 

radicals 506/ 
P-450-CO and oxy P-450 569/ 
Fe ( I I ) (OEP) 574/ 
[Fe( I ) (TPP)]" 572/ 
ferric iodosylbenzene complex . . 579 
porphodimethene hemins . . . 259, 260/ 

Optically transparent electrodes 
ADPS perturbation 36 
kinetic parameters for cyto

chrome c 163* 
Optically transparent thin-layer 

electrochemical cell, results of 
glucose oxidase 230/ 

Optically transparent thin-layer 
electrode ( O T T L E ) 2-4 

cells 55-58 
front and side view 3/ 
small-volume 4/ 
spectropotentiostatic technique . . 5-12 
temperature control 7 

Orbital effect of high spin iron 
porphyrins 412,413/ 

Orbital energy levels of sulfur . . . 434 
e?-Orbitals of iron (III) porphyrins . 401 
7r-Orbital energy levels of hemes . . 629/ 
7r-Orbitals of metallophthalo-

cyanines 239 
Organic radical, hexachloroanti-

monate salts 345 
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INDEX 745 

O R T E P diagrams of C u 2 ( T P E N ) 2 + 153/ 
O R T E P drawing of C u 2 ( T P E N ) -

( C O ) 2

2 + 154/ 
OTE—See Optically transparent 

electrodes 
OTTLE—See Optically transparent 

thin-layer electrode 
Overpotential 25,45f, 46/ 
Oxene 564/, 579 

direct insertion into C H bond . . 580 
generation 576, 577/ 

Oxidation states 
horseradish peroxidase prosthetic 

group 663 
marker for cytochrome a3 648 
in Mo complexes 724 

Oxidation 
aliphatic sulfides 417-441 
chlorophyll 496 
cobalt porphyrins 267 
iodosylbenzene 360-363 
N a 2 V ( I V ) C l 2 ( D T B C ) 2 700 
TPPFeX, half-wave potentials . 291* 
unactivated C H 565 
unactivated C H bonds by P-450 580 

Oxidation-reduction 
of binuclear copper site 154,155 
of superoxide 588-590 

Oxidative phosphorylation in 
mitochondria 532/ 

Oxidized iron porphyrins 353, 363f 
Oxidized manganese porphyrins 369-376 
Oxidized metalloporphyrins, mag

netic resonance 357-376 
Oxidized μ-οχο ferric dimers 349 
Oxidizing enzyme, models 669-672 
Oxo-iron complexes 670 
Oxo anions, electrocatalytic 

reduction 720-724 
p-Oxo complexes, configuration . . . 254 
μ-Οχο ferric dimers 349 
Oxo ligation in iron ( IV) 

hemoproteins 353, 354 
μ-Oxobis [porphodimethenato] -

iron (III) system 256/ 
Oxobolybdenum complex 710 
Oxomolybdenum enzyme 724-727 
Oxonium ion 564/ 
Oxy P-450 autooxidation 569 
Oxy P-450cam optical spectra . . . . 569/ 
Oxygen addition to iron ( I ) 

porphyrin 342 
Oxygen binding 

hemoproteins 330f 
to ferrous hemoproteins 566, 567 

Oxygen electrocatalysis 
by iron and cobalt porphyrins 601-624 
by metallophthalocyanines 617 

Oxygen rebound reaction 580,581 
Oxygen reduction to hydrogen 

peroxide 213 
Oxygen reduction, cytochrome c 

effect 214,215 
Oxymyoglobin 567 

Ρ 

P-450 active oxidizing agent . . . : . 577/ 
P-450 cytochromes 565-581 
P700 510 
Pariser-Parr-Pople calculations . . . 497, 

499, 502 
Partial molal entropy of 

dihydrogen 53 
Peak current of cytochrome c 

reduction 226 
Peak normalized current vs. 

Fe( I I I )TMPyP concentration. 611f 
Peak potential vs. p H relationships 

for voltammetric oxidation 
peaks of 7,8-DHP 469,471* 

Peak potential vs. p H for voltam
metric oxidation peaks of 
5,6,7,8-tetrahydropterin 478* 

Peak potentials 
aliphatic sulfur compounds . . . .424*-

429*, 435/ 
correlation with ionization 

potential 435/ 
separation dependence on 

standard potential 211/ 
Peak separation for protoporphyrin 

electron transfer 326 
Peracid, heterolytic cleavage 576 
Peroxide intermediate, nucleo-

philicity and monooxygenase 
reactivity 594-597 

Peroxide ion 564f 
Peroxide-iron complex formation . 575 
μ-Peroxo Fe(III) aimers, hemo

lytic cleavage 352 
μ-Peroxo iron porphyrin reactions . 364 
P G E 464 
p H change during electron 

transport 545/, 546/ 
p H effect on polarographic waves 

of protoporphyrin 325 
Phenazine methosulfate 9 
Phenothiazine 443-456 

metabolism 444 
Phenoxathin cation radical 364 
Phenyl ring substituent vs. type of 

substituted pyridine 307/ 
Phenyl substitution, unsym

metrical 381-416 
Phenylketonuria ( P K U ) 462 
Pheophytin anions 

E N D O R spectra 550/ 
radical optical spectrum 506/ 
radical properties 508* 
spin densities 500*, 501* 

Pheophytin electrochemical 
reduction 507/ 

Phlorin 
dianion protonation 326 
structure 314 

Phosphate binding sites on 
cytochrome c 167 

Phospholipid bilayer 528 
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746 BIOLOGICAL REDOX COMPONENTS 

Phospholipid used in electron trans
port studies 534/ 

Photochemical activity for por-
phyrin-quinone systems . . . 526-528 

Photochemical agents in bioener-
getic membranes 515-561 

Photochemical charge separation 526-529 
Photochemistry 250,251 
Photon-surface plasmon coupling . 84 
Photosynthetic energy 

transduction 489-513 
Photosynthesis in bioenergetic 

membranes 515-561 
Photosystem I primary events . . . . 510 
Photosystem II 

cation radicals and primary 
donor 496-503 

electron acceptor sequence . . . . 509 
parallel to Mn(II)-(DTBQ) 

system 703 
primary acceptor properties . . . . 508i 
primary acceptor reduction . . . . 507/ 

Photosystem (PS) 489,490 
Photosystems I and II, anion 

radicals and primary 
acceptors 503-511 

Phthalocyanine 
complexes 237-252 
redox chemistry 240-247 
redox potentials, transition 

metal 243f 
π - * · * transition of porphyrin 633 
Picket fence porphyrin 315, 330i 
Piperidine SERS signal 91 
Piperidine, Raman intensity 85-87 
pKa of FeTMPyP 606 
Plant photosynthesis 489,490 
Plasmon surface polariton 84-87 
Plastoquinone 509 
Platinum electrode, measurement 

of H 2 0 2 production 17-19 
Polarizing power 240 
Polarography 

cytochrome c 184,185i, 187, 214/ 
dinuclear Cu(II) complex . . . . 126/ 
protoporphyrin IX 316 

Polychloromethane, reaction with 
superoxide ion 595i 

Polydentate ligands 141-155 
Poly layer electrode process . . . .221, 222/ 
Polylayer reduction process . . . .224-228 
Poly-L-lysine, inhibitory effect . 176, 177 
Porphin structure 315 
Porphine 3e(ir) orbitals 407/, 408 
Porphodimethene complex, IR 

spectrum 262/ 
Porphodimethene hemin series, 

comparison of NMR chemical 
shifts 275/ 

Porphodimethenes—See also Iron 
porphodimethenes and Cobalt 
porphodimethenes 

Porphomethene structure 314 
Porphyrin c 330i 

Porphyrins 
See also Iron porphyrins, 

Metalloporphyrins 
cation radical formation . . . . 526-529 
complexes 302f, 538f 
coordination 289-303 
core dimensions for Fe(TPP) 

complexes 339/ 
4e(w) orbitals, electron density 

distribution 404/ 
electrocatalytic reduction 

of 0 2 601-624 
hyperfine shifts of iron complexes 

and hemoproteins ' . . 668f 
iron, redox tuning 279-311 
iron(I) and iron(IV) 333-356 
linear free-energy relationships 

for electro-oxidation 286/ 
molecular orbital symmetry . . 340, 341 
π-orbital energies 629/ 
oxidized manganese 369-376 
radical cation and antiferro

magnetic coupling 348, 349 
radical character identification 345-349 
ring 

oxidation and reduction 285, 
402, 403 

substituent, sensitivity of 
redox potential 284 

electronic effects of symmetric
ally placed substituents . . 397 

structure 281-288,315 
7r-system energy 630 
systems, electrochemical 

potentials of M 3 7 M 2 + 542f 
Porphyrin-quinone complexes 

energy consideration 530i 
fluorescence lifetimes 525f 
photochemical activity 526-528 
structure 519 

Porphyrinogen 314 
Potassium ferricyanide . . . . 533, 534, 544 
Potassium ferrocyanide, cyclic 

voltammetry 30/, 38/ 
Potential-dependent studies of 

SERS 84-87 
Potential excitation signals for 

thin-layer coulometry 13/ 
Potential shifts from changes in 

axial coordination 298, 299 
Potential step chronocoulometric 

technique 205 
Potential, solution, measurement of 

enzyme activity as function . . 15-19 
Potentials 

for DTBQ-DTBSQ-DTBCH 2 

system 683f 
of M 3 + / M 2 + porphyrins 542i 
for reduction of phthalocyanine 
ring 244f, 245* 

Potentiometric studies of cyto
chrome c3 206,207 

Potentiometric titration of FeTPP . 541/ 
Potentiostatic coulometry 110 
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INDEX 747 

Prosthetic group, hemoglobin 
and myoglobin 313-332 

Protein active sites, binuclear 
Cu(I ) complexes as mimics 139-157 

Protein adsorption at electrodes, 
irreversible 221,222/ 

Protein electrochemistry 220 
Proteins, copper 110 
Protein prosthetic groups, electrode 

reactions 219-235 
Protoheme structure and 7r-orbital 

energy level 629/ 
Proton-induced disproportionation 

reactions 586 
Proton balance, change 567 
j3-Proton coupling constants 

of M g T P C + 501/ 
α-Proton elimination with 

aliphatic sulfides 42It 
Proton N M R spectra 

See also N M R spectra 
diacetyl deutero horseradish 

peroxidase 
horseradish peroxidase 661-674 
horseradish peroxidase com

pound I 667/ 
Protophlorin formation 329 
Protophlorin spectrum 320/ 
Protoporphomethene formation . . 329 
Protoporphomethene spectrum . . . 320/ 
Protoporphyrin 

cyclic voltammetry 321-326 
electroreduction mechanisms . . . 329/ 
formation 329 

Protoporphyrin© gen formation . . . . 329 
Protoporphyrinogen spectrum . . . . 320/ 
Protoporphyrin IX 629 

electrochemistry 313-332 
electroreduction and oxygen 

binding characteristics . . . . 330* 
polarography 316 
properties 316 
spectrum 320/ 
structure 315 

PSP 84-87 
Pterin 

cyclic voltammograms 464,465/ 
redox chemistry 466 
reduction peaks 467,469 

Pulse coulometry 12-14 
Pulse polarographic studies of 

cytochrome c3 207,208 
Pyrazole 142 
Pyridine 

adsorbed on silver films 80, 81 
axially ligated to TPPFe (II) . . . 304 
effect on Cu( I ) -Cu( I I ) sites . . 149 
on silver sols in absence of 

chloride, SERS spectrum . . 94 
plus halide ions, SERS studies . . 93, 94 
Raman intensity vs. electrode 

potential at mercury 
electrode 89/ 

ring-breathing modes 71,72 

Pyridine—C ontinued 
scattering from silver and gold 

aqueous sol particle . . . . . . 82 
Pyrimidine, formation 458, 460 
Pyrocatechol-vanadium complex . . 703 
Pyrolytic graphite electrode ( P G E ) 464 
Pyropheo-e^ E N D O R spectra 505/ 
Pyrrole peak separation vs. differ

ence in sigma constants 409/ 
Pyrrole ring-substituted porphyrins, 

p-values 285 

Q 

Quantum yield for charge 
separation 517 

Quenching in porphyrin-quinone 
systems 523-526,528 

Quinone anion radical formation 526-529 
Quinone-iron complexes 688-693 
Quinones in biological systems . 676, 677 
Quinonoid dihydropterin ..458-461,484 

R 

Radical anion of iron(I) 343 
Radical cations of iron ( IV) 353 
Radical character identification in 

porphyrin 345-349 
Radical decay 446,447 
Radical-radical coupling and 

superoxide ion 590-594 
Raman active species, concentration 88 
Raman bands, halide ions effect . . 93, 94 
Raman depolarization ratios . . . 630, 632 
Raman frequencies for cytochrome 

oxidase and derivatives 646* 
Raman intensity vs. electrode 

potential at mercury electrode 
tor pyridine 89/ 

Raman intensity vs. electrode 
potential for piperidine 85, 86/ 

Raman intensity vs. wavenumber 
spectra 75,79/ 

Raman intensity vs. wavenumber 
vs. electrode potential for 
piperidine 85, 87/ 

Raman modes with SERS 91 
Raman scattering intensities of 

cytochrome oxidase 641,642 
Raman scattering intensity, experi

mental parameters 81-90 
Raman scattering, measurement . . 69 
Raman spectra—See Resonance 

Raman spectra and Surface 
enhanced Raman spectroscopy 

Randles-Sevcik, optical analog . . .40,41 
Rate constants 

for adsorption of reduced/oxi-
dized cytochrome c . . . . 173-178 

for C P Z + reaction, dependence 
on buffer concentration . . . 452/ 

for cytochrome c reduction . . . . 168* 
of electrode process 231 
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748 BIOLOGICAL REDOX COMPONENTS 

Rate constants —Continued 
for electron transfer reaction . . . 188 
evaluation for electroreduction 

of protoporphyrin. 324*, 326* 
formal heterogeneous electron 

transfer 24, 25 
heterogeneous electron transfer 

dependence on overpotential 
for cytochrome c 46/ 

for oxidation of ferrocyto
chrome c 45t 

for reduction of ferricyto
chrome c 45* 

spectroelectrochemical 
determination 27/, 29/ 

heterogeneous, relative error . . . 35/ 
for oxidation of ferricyanide .30, 31, 33 
for reactions of CPZ + with 

buffers as function of 
pH 450,451* 

for the reduction of cytochrome c 168* 
for single potential step oxida

tion of ferrocyanide 32* 
Rate of CPZ + decay 447,448 
Rate law for nitrite reduction by 

Mo-catechol species 723 
Rate parameters from reductive 

potential step experiments with 
ferricytochrome c 164/ 

Rate of surface step in electrode 
reaction 179,182/ 

RDE 110 
Reaction chemistry of superoxide 

ion in aprotic media 585-600 
Reaction entropy 53,61,64,66* 
Reactions 

of chlorpromazine cation radical 
with nucleophiles 443-456 

of electron-deficient aliphatic 
sulfides 419-423* 

of iron ( I ) porphyrin with oxygen 342 
for linking Μ ο 0 2

2 + — MoO3* and 
M o 0 3 + - M o 0 2 + 726/ 

Redox biochemistry of thioethers 430, 431 
Redox characteristics of Cu(II)-

Cu(I) couple complexed in 
ligands 116*, 117* 

Redox characteristics of dinuclear 
copper cryptâtes 124* 

Redox chemistry 
dioxygen reduction potentials . . 564/ 
DTBC, DTBQ, DTBSQ ....678-693 
Mo-catechol complex 719/ 
pterin, 7.8-dihydropterin, and 

5,6,7,8-tetrahydropterin . . . 466/ 
5,6,7,8-tetrahydropterin 

(THP) 457-587 
Redox and formation reaction for 

Mn-DTBC-DTBSQ-DTBQ 
system 687* 

Redox measurements on mononu
clear copper complexes 114* 

Redox potential 
Cu(I)-Cu(II) dinuclear 

complexes 
side chain effect 133,134/ 

Redox potential—Continued 
Cu(I)-Cu(II) dinuclear 

complex—C ontinued 
effect of ligand size and num

ber of sulfur hetero-
atoms 120,121* 

nitrogen substituents effect . . 121* 
cytochromes b 379* 
effect of phenyl substituent .377-416 
hemes in cytochrome c3 210 
indigotetrasulfonic acid 536 
mononuclear and dinuclear 

copper cryptâtes 109-137 
oxomolybdenum enzymes 726* 
porphyrin ring oxidation and 

reduction of TPPZn(II) 
complexes 394 

Redox reactions 
3,5-di-*-butylcatechol complexes 687* 
DTBC2-vanadium complex . . . . 701* 
DTBQ-DTBSQ-DTBCH 2 system 683* 
FeTMPyP 607* 

Redox thermodynamics for horse 
heart cytochrome c . .58-61, 65*, 66/ 

Redox tuning of iron 
porphyrins 279-311 

Redox, aqueous, materials 540,541 
Reduced iron porphyrins 343-345 
Reduced pterin cofactors, electro

chemistry 457-487 
Reduction 

cytochrome c at mercury 
electrodes 186 

3,5-di-*-butyl-o-benzoquinone . . 687* 
dioxygen 214,563-583,661 
first adsorption layer 222-224 
high spin Fe(III), cathodic 

peak potentials 390* 
oxo anions 720-724 
polylayers 224-228 
by superoxide ion 588 

Reduction potentials 
and binuclear copper complexes 143* 
for dioxygen 587/ 
formal, determination 5-7, 9 
of horse heart cytochrome c . . . 10/ 
for iron and cobalt macrocyclic 

compounds 618* 
methyl substituents on pyrazolate 

bridges 149 
related to pKa 304 
temperature dependence 51-68 
of TPPFeX vs. Gutmann donor 

number 292,294/ 
Reduction waves of Cu(II) com

plex with ligands 114/ 
Reduction-oxidation of cytochrome 

c at various electrodes . . . . 162—165 
Resistivity of protein films 222 
Resonance expression 641 
Resonance forms for mixed-valence 

Fe(III)-Fe(II) compound . . 351 
Resonance hybrid of iron(I) and 

iron (II) 344,345 
Resonance mechanisms in 

metalloporphyrins 630 
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INDEX 749 

Resonance Raman indicator bands 
of cytochrome oxidase 635/ 

Resonance Raman (RR) frequen
cies of bis (imidazole )Fe( II) . 634* 

Resonance Raman spectra 
cytochrome oxidase 625-659 
heme complexes 638/ 
resting cytochrome oxidase . . . . 652/ 

Respiratory electron transfer 661 
Rho dependence on number of 

d-electrons 286,287* 
Rhodopseudomonas sphaeroides . . 516 
Rhodospirillum rubrum 160, 516 
Rhombic magnetic anisotropy term 

vs. summation <r 405/ 
Rhombicities of octaethylporphyrins 264 
Rhombicity of iron porphodi

methenes 263 
Ring oxidation of FeCl (TPP) 348 
Ring oxidation and reduction of 

porphyrins 402, 403 
Ring redox vs. metal redox 341 
Rotating disk electrodes ( R D E ) . . 110 

studies of cytochrome c 176-184 
Rotating gold disk electrode, methyl 

viologen-modified 165 
Rotating ring-disk electrode 

( R R D E ) 617 
Rotation speed dependence of limit

ing current 180,181/ 
RRS—See Resonance Raman spectra 
RSI—See Raman scattering intensity 

S 

Saturated calomel electrode, tem
perature dependence 53 

Scanning electron microscopy to 
examine SERS metal substrates 78 

Scattering collection geometries . . . 72/ 
Semipermeable thin-layer cell . . 5/, 16-17 
o-Semiquinonato complexes of tran

sition metal ion 675-707 
Semiquinone-iron complexes . .688-693 
Sensitivity of redox potential to 

porphyrin ring substituent . . . 284 
SERS—See Surface enhanced 

Raman spectroscopy 
Silver adatom-ligand complex . . . . 103 
Silver electrodes 

electrode potential 84 
enhancement 102 
SERS signals 77-79 

Silver, SERS spectrum of Co 
adsorbed on 80/ 

Single potential step chrono-
absorptometry 161 

irreversible systems . . . 26-28, 32*, 46/ 
quasi-reversible systems 28-36 

Singlet oxygen 564 
Singlet state quenching 525 
SN2 displacement of halide 594 
SN2 second-order rate constants 

for chloromethanes 585 
Sodium cyanide addition to resting 

horseradish peroxidase 664 
Sodium dithionite 533,534 

Solution potential, measurement of 
enzyme activity as function . . 15-19 

Solvent donicity for TPPFeX, half-
wave potential dependence . . 294/ 

Solvent effect on iron porphyrins 
redox chemistry 290-297 

Solvent effects on transition 
metallophthalocyanine . . . . 245,246 

Solvolysis reactions of aliphatic 
sulfides 422* 

Soret absorption wavelengths for 
cytochrome a and cyto
chrome a3 642 

Soret maximum of oxidized 
cytochrome a 641 

Spin coupling between metal and 
porphyrin ring 354 

Spin densities 
chlorophyll cations and pheo

phytin anions 500* 
pheophytin and chlorophyll 

anion radicals 511* 
unpaired, for M g chlorin 

radicals 498* 
Spectra 

chlorophyll oxidation 496/ 
cytochrome c with D C I P 8/ 
7,8-dihydropterin 474/ 
protoporphyrin and its electro

reduction products 320/ 
5,6,7,8-tetrahydropterin 482/ 

Spectral properties 
CoTMPyP 616* 
cytochrome c3 200,201 
cytochromes b of various 

species 379/ 
Spectroelectrochemical conversion, 

Mo-catechol complex 718/ 
Spectroelectrochemical 

determination 
rate constants 27/, 29/ 
temperature dependence of 

reduction potentials 51-68 
transfer kinetic parameters . . . . 23-49 

Spectroelectrochemical 
instrumentation 73-75 

Spectropotentiostatic techniques . . 5-12 
Spectroscopic properties of 3,5-di-i-

butylcatechol-vanadium 
complex 702* 

Spectroscopic techniques 11,12 
Splitting constant of beta-proton . 497 
Spin states 

cytochrome a3 3 + 648,649 
iron porphyrin 334, 336 
iron porphyrins 400-402 
iron in resting horseradish 

peroxidase 664,665 
Stability constants 

cupric and cuprous complexes . . 119 
reduced to oxidized dinuclear 

Cu(II) complex with 
ligand 130/ 

Stability of diatomic molecule 
adducts 303 

Stabilization of Cu(II) vs. Cu( I ) , 
sidearm substituent effect . 149,150 
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750 BIOLOGICAL REDOX COMPONENTS 

Staircase coulometry 13/, 15 
Standard electrochemical rate 

constant 190 
Standard potential 

cathodic peak current function 
dependence on 212/ 

Cu( I I ) -Cu( I ) and number of 
sulfur heteroatoms 122,123 

peak potential separation 
dependence 211/ 

Stellacyanin 652/ 
Steric constraints of ligand in 

copper complexes 122 
Steric constraints on motion of 

heme substituents 668 
Steric effect of sidearm substituents 

on Cu(II) vs. Cu(I ) centers . 149 
Steric features of iron porphodi

methene 256/ 
Sterically hindered ligands, Fe(II) 

adduct formation with 299,300 
Stripchart recorded spectra, piperi

dine in potassium chloride . . . 76/ 
Structure of cytochrome c3 . . . . 202, 204 
Substituent effects 

Fe(III ) -Fe(II) redox potential 
in TPP complexes 399-402 

porphyrin redox processes . . .281-288 
Sulfoxide formation 432, 433 
Sulfur heteroatoms, effect on 

C u ( I I ) - ( C u ( I ) 120,122,123 
Sulfur, electron-deficient 418-430 
Sulfur, orbital energy levels 434 
Superoxide 569,570 

addition to Fe(I) porphyrins . . 342 
in aprotic media, reaction 

chemistry 585-600 
formation from M o ( V ) 0 -

(DTBC)2" 678 
ion 564/ 
iron porphyrin complex 619 

and metal-catalyzed dispro
portionation 597, 598 

and nucleophilicity 594-597 
reaction with esters 596, 597 

reaction with 
carbon tetrachloride 596 
Fe ( I I ) (OEP) 572,573/ 
Fe ( I I ) (TPP) 571,572 

Superoxide dismutase activity of 
Fe( I I I )TMPyP 619 

Superoxide dismutase enzymes . . . 598 
Surface coverage 204 
Surface enhanced Raman 

spectroscopy 69-107 
active chemical species, nature . 98 
background continuum 90,91 
biologically important molecules 96-98 
block diagram of computer inter

faced spectroelectrochem-
ical system 74/ 

characteristics, summary 99 
C O adsorbed on silver 80/ 
electrochemical cell 71,73/ 

Surface enhanced Raman 
spectroscopy—C ontinued 

experimental characteristics . 75, 77-96 
interfacial systems 75,77 
metal substrates 75, 77 
methods for obtaining 70-75 
methyl vibrations 102 
molecules and ions showing . . .91-96 
phenomena, ultra high vacuum . 79, 80 
Raman and IR modes 91 
sensitivity of method 70 
surface pretreatment effect . . . . 77-81 
theoretical models 99-103 

Surface enhanced resonance 
Rama scattering 95, 96 

Surface plasmon 84,102 
Sweep potential, derivative optical 

signal as function 40,41/ 
Symmetry in 3e(w) orbitals of 

porphyrin and meso-tetra-
phenylporphyrins 407/, 408 

Symmetry labels of heme orbitals . 629/ 
Synthesis of binuclear Cu(I ) 

complexes 147,148 
Synthesis of binuclear C u ( I I ) -

Cu ( I ) complexes 141,142 

Τ 
Tautomeric structures of 

quinonoid 476,477 
Temperature dependence 

of E° 
for cobalt phenanthroline 

complex 60* 
for horse heart cytochrome c . 66/ 
for iron phenanthroline 

complex 60/ 
for iron phenanthroline 

couple 59 
of reduction potentials 51-68 
of SCE 53 

Tertiary structure of cyto
chrome c3 202,204 

5,10,15,20-Tetra ( p-cyanophenyl ) -
porphinatoiron chloride 282 

( m-Tetracyano ) tetraphenylpor-
phinatoiron bis ( N-metnyl-
imidazole ) cation 390i, 400 

Tetradeuteronorbomane 580/ 
Tetra ( m-fluoro ) tetraphenylpor-

phinatoiron chloride 385/, 389 
Tetragonal magnetic anisotropy 

term vs. summation <r 405/ 
Tetrahedral coordination of Cu(II) 122 
Tetrahedral geometry around 

copper 144 
Tetrahydropterin cofactor 457-487 
5,6,7,8-Tetrahydropterin 

cyclic voltammograms 480/ 
peak potential vs. p H for volt

ammetric oxidation peaks . . 478f 
redox chemistry 457-487 
spectra 482/ 
voltammograms 479/ 
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I N D E X 751 

Tetrahydropterins 
cyclic voltammetry 480/, 481/ 
first-order rate constants for 

electrochemical oxidation . . 483* 
redox chemistry 466/ 
structure 463 

Tetraphenylporphyrins 280 
complexes 

iron (III) 377-416 
Fe(III)-Fe(II) redox 

potential 399-402 
electrode reactions of m- and 

p-phenyl-substituted 284 
structure 381/ 

Tetrapyrrole system 259 
Thermal junction potentials 54 
Thermodynamic parameters for 

horse heart cytochrome c . . . .51, 61 
Thermodynamic parameters for iron 

and cobalt phenanthroline 
redox couples 62*, 63* 

Thermodynamics of metalloprotein 
electron transfer reactions . . . 52 

Thin-layer cell, semipermeable . . . 5/ 
Thin-layer cyclic voltammogram 

cytochrome c 6,7/ 
oxidation/reduction of ferro-

cyanide-ferricyanide 18/ 
Thin-layer electrochemical cell . . . 2-4 
Thin-layer electrochemical 

techniques 1-21 
Thin-layer fluorescence emission 

spectra of tryptophan-59 in 
cytochrome c 12/ 

Thin-layer pulse coulometry 12-14 
charge-potential curves 14/ 
potential excitation signals 13/ 
Q-E Nernst plot 13 

Thin-layer spectroelectrochemistry 
cobalt phenanthroline couple . . 58/ 
horse heart cytochrome c 64/ 
iron phenanthroline couple . . . . 57/ 

Thin-layer staircase coulometry . . 13/, 15 
charge-potential curves 16/ 
potential excitation signals 13/ 

Thiocyanate anions that exhibit 
SERS 91-93 

Thioethers 
aliphatic, electrochemical and 

spectroscopic properties . . .424*-
429*, 431-433 

conformational analysis 437-439 
peak potential correlation with 

ionization potential 435/ 
Thiolate ion coordination to 

ferrous heme 568, 569 
Threshold values of kinetic 

parameter 34* 
Titration data for oxygen and CO 

binding with Fe(II) 
P-450cam 568/ 

Titration, indirect coulometric . . . . 2 
Tin oxide OTEs, ferrocyanide 

oxidation at 27 

TPEN, binuclear systems derived 
from 151,152 

TPEN, Cu(I) bonding to pyridine 
nitrogens 147,148 

TPH—See 5,6,7,8-Tetrahydropterin 
TPP—See Tetraphenylporphyrin 
Transition group phthalocyanine 

electrochemistry 242-247 
Transition metal ion complexes of 

3,5-di-i-butylcatecholato 
and o-semiquinonato 675-707 

Transition metal phthalocyanines . 243*, 
245, 246 

Transition-state theory 190,191 
Transport flux 187 
Trapping techniques 644 
Triphenylphosphine oxide formation 671 
Triplet state 530 
Tris ( catecholato ) Mo (III) com

plex formation 718 
Tris ( hydroxymethyl ) aminomethane 

cacodylic acid buffer 166 
Tris (1,10-phenanthroline ) com

plexes of iron and cobalt with 
c-type cytochromes 51-68 

Tunable potential range for electro
reduction of (p-R)-
TPPFe(L) 2 305-307 

Tuning of E i / 2 303-308 
Tunneling 102 
Type 1 copper 110 
Type 1 copper centers in laccase 

and stellacyanin 653 
Type 3 copper, characteristics . . . . 110 
Tyrosinase 139,155 
Tyrosine 459 
Tyrosine phenolate 656 

U 

Ubihydroquinone 532/ 
Ubiquinone 509, 516-518,531, 532 
Ubisemiquinone anion radical . . . . 549 
Ultra high vacuum SERS 

phenomena 79, 80 
Unsymmetrical phenyl 

substitution 381-416 
UV-VIS absorption spectroscopy . 11 
UV-VIS spectra 

[FeCl(TPP)]+ 346,347/ 
Fe ( II ) -3,5-di-*-butyl-o-semi-

quinone complex 691/ 
Fe(TPP) complexes 338/ 
[Fe 2(TPP) 20]+ 349-351 

Vanadium-catechol complex . . . 697-703 
electrochemical and spectroscopic 

properties 701*, 702* 
Vanadium(I) complex formation . . 700 
Vanadium ( IV ) one-electron 

reductions 699 
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752 BIOLOGICAL REDOX COMPONENTS 

Vibrational modes in metallo
porphyrins 630,635/ 

Vinylidene carbene complexes of 
iron porphyrins 669, 670 

Vinylidene-carbene complexes . . . 360 
Voltabsorptometry, derivative 

cyclic 40-43 
Voltammograms 

See also Cyclic voltammograms 
5,6,7,8-tetrahydropterin 479/ 

W 

Wave analysis of protoporphyrin 
polarograms 317, 318/ 

X 

X-Ray structure determination . . . . 275 
N a 2 M n ( I V ) ( D T B C ) 3 682 

Ζ 

Zinc porphyrin cation radical 
formation 526-529 

Zinc porphyrin-hydroquinone 
cyclic voltammograms 522/ 
fluorescence properties 523-526 

Zinc porphyrin-quinone 
absorbance spectrum 521/ 
cyclic voltammogram 524/ 
EPR signal in phospholipid 

bilayer 529/ 
EPR signals 527/ 

Zinc porphyrins 402,403 
Zinc tetraphenylporphyrins 

correlations between E i / 2 and 
summation σ 396/, 402 

L U M O s 404/ 
d-orbital configuration 409 
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