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POLYVALENT PORPHYRINS. LIGANDS FOR STABILIZATION OF H I G H  VALENT 
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T. G .  T ray lo r ,*  Kevin Nolan. Robert  Hi ldre th ,  and Thomas A.  Evans 

Department of Chemistry. U n i v e r s i t y  of C a l i f o r n i a ,  San Diego, 

La J o l l a ,  C a l i f o r n i a  U.S.A. 9 2 0 9 3  

Abs t rac t -The  i r o n i I 1 1 )  complex of tetra(3,5-di-t-butyl-4-hydroxy- 

phenyl lporphyr in  can be  oxidized by two e l e c t r o n  e q u i v a l e n t s  w i t h  

p e r a c i d s  o r  dioxygen and base  t o  form a s t a b l e  complex. This  

complex o x i d i z e s  phenols.  A l t e r n a t i v e l y ,  i n  t h e  presence  o f  

1-methylimidazole,  t h e  F e i I I I )  complex is autoreduced t o  t h e  hexa- 

coord ina ted  F e ( I I 1  s p e c i e s .  These r eac t ions  b e a r  some resemblance 

t o  t h e  c a t a l y t i c  processes  o c c u r r i n g  i n  ho r se rad i sh  pe rox idase  and 

cytochrome c peroxidase .  

The r e d u c t i o n  of dioxygen o r  hydrogen peroxide i n  b i o l o g i c a l  systems provides  

bo th  energy and b i o s y n t h e t i c  pathways f o r  t h e  oxygenation of o r g a n i c  compounds. 

Common c a t a l y s t s  f o r  t h e s e  r e a c t i o n s  a s  w e l l  as dioxygen t r a n s p o r t  a r e  i r o n  por- 

phyr ins  shown below (P = propionic  a c i d ) .  

Pro te in  Funct ion RI R2 R3 RLI Rs RS R7 RB 

Hemoglobin O2 t r anspo r t  Me Vinyl Me P P Me Me V iny l  
Myoglobin 02 t ranspo r t  Me Vinyl Me P P Me Me V iny l  
Cytochrome c  peroxidase e lec t ron  t r a n s f e r  Me Vinyl Me P P Me Me V iny l  

Horseradish peroxidase H20, reduct ion  Me Vinyl Me P P Me Me V iny l  

Cytochrome P-450 hydrocarbonox idat ion  Me Vinyl Me P P Me Me V iny l  

Cytochrome oxidase reduct ion  of 0, Me Vinyl Me P P CHO Me P h i t y l  



In the oxygen carriers such as hemoglobin, the iron, in the Fe(I1) state, 

simply binds dioxygen reversibly.' The other proteins are in the Fe(II1) resting 

state, but go through other oxidation states during the catalytic cycle. For 

example, cytochrome oxidase contains two hemin groups and two copper atoms per 

potein molecule.' A rough outline of its efficient four-electron reduction of 

dioxygen is shown in equation 

The four electrons are supplied in a very efficient way from the four separate 

reduced metal centers. Synthetic model systems for this reduction would, in 

principle. contain a group capable of supplying three electrons, this group being 

covalently attached to the hemin. (The porphyrin is represented as a square 

figure. ) 

Most attempts to model either the spectroscopic or chemical properties of cyto- 

chrome c oxidase have involved the attachment of a second heme group or a copper 

chelate group to the heme. 4-7  The extra electrons must be supplied electrochem- 

ically or by some external reagent. 

9 Horseradish peroxidases and cytochrome c peroxidase have an imidazole- 

protohemin complex as an active site and both react with hydrogen peroxide to oxi- 

dize their respective substrates. Horseradish peroxidase reacts with hydrogen 

peroxide or peracids to produce a'two-electron oxidized species which is currently 

considered to be an Fe(1V)-porphyrin n-radical species as shown in equation 3. 10 

This species, referred to as "compound I" and often written as the "oxene" form, 
+ 

Fe=O.  reacts rapidly with phenols and other organic compounds to transfer sequen- 

tially two electrons, returning to the starting Fe(I11) 
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Model compounds1'''* which show spect roscopic  and c a t a l y t i c  a c t i v i t y  s i m i l a r  

t o  h o r s e r a d i s h  pe rox idase  a r e  exempl i f ied  b y  chela ted  protohemin whose c a t a l y t i c  

o x i d a t i o n  of t r i - t -bu ty lpheno l  is shown b e l ~ w . ' ~ ~ , ~  

I n  t h i s  c a s e  t h e  u n s t a b l e  intermediate i s  r a p i d l y  t r apped  by t h e  phenol.  Less  

r e a c t i v e  s u b s t r a t e s  such a s  o l e f i n s  cannot  compete wi th  heme d e s t r u c t i o n  and no 

o x i d a t i o n  p roduc t  i s  produced. Tetraphenylhemin d e r i v a t i v e s  have been ox id ized  

a t  low temperature  t o  produce bo th  a two-electron13 ox id ized  and a one-e lec t ron 

ox id ized  hemin.14 These in t e rmed ia te s  show some of t h e  chemical  and spec t ro -  

scop ic  p r o p e r t i e s  o f  h o r s e r a d i s h  peroxidase  in termedia tes  I and 11. 

Cytochrome P-450 c o n t a i n s ,  i n  i t s  r e s t i n g  s t a t e ,  protohemin a t t a c h e d  t o  a 

P r o t e i n  t h i o l a t e  l igand.15 I t  i s  enzymat ica l ly  reduced, adds dioxygen, and then  

ano the r  e l e c t r o n  t o  produce a very  r e a c t i v e  in termedia te  which can o x i d i z e  hydro- 

carbons t o  a l c o h o l s ,  benzenes t o  phenols,  o r  o l e f i n s  t o  epoxides.16 These same 

o x i d a t i o n  p rocesses  can be  accomplished by t r e a t i n g  t h e  F e l I I I l  p r o t e i n  wi th  



peracids or iodosylbenzene," in a manner similar to the natural process of horse- 

radish peroxidase. 

02 
P-450Fet A P-450Fe d P-450Fe-0, 

( lo) le ' ,  H+ 

RC-OOH 1 (11)  [ P -~~oF~Lo ]  I 

Although oxidized intermediates comparable to compounds I and I1 of horseradish 

peroxidase have not been identified in cytochrome P-450 or cytochrome oxidase, 

the general behavior of these enzymes has led to the postulate that all three en- 

zyme types, peroxidases, cytochromes P-450, and cytochrome oxidases, proceed 

through the same type of "oxene" intermediates, [ F e k o ] ,  discussed above.'* The 

type of substrate oxidation would then depend upon the availability of the site 

for substrate attack. This idea is supported by the observation that the same 

oxidized tetraphenylhemin carries out either electron transfer1' or epoxidation. 
13 

Such a ubiquitous intermediate deserves further study. 

The current view of the "protoporphyrin Fe(V)" complex is that the iron is 

in the Fe(1V) state and the porphyrin is a n-cation radi~al.'~"~ It would be of 

Some interest to explore the effect of electron donation or withdrawal upon the 

electronic state and reactivity of this species. Conceivably, by proper adjust- 

ment of the porphyrin orbitals, this species could be converted from the normal 

Fe(1V) n cation to either an Fe(V) porphyrin or an Fe(II1) n dication or its 

equivalent. 

a+++= R-Fe-R -- 0 ;:o R -R 
00 00 

-A= 
0 0  

Fe(V) po rphy r i n  Fe(IV) n c a t i o n  F e ( I I 1 )  n d i c a t i o n  
(R e l ec t r onega t i ve )  (R s t r o n g l y  e l e c t r o n -  

donat ing)  

We have therefore prepared tetraphenylporphyrins with strong electron- 

withdrawing or electron-donating groups in an effort to better understand this 

two-electron oxidized hemin. The electronegative tetraphenylhemins, having CF3 

Or 51 groups on the phenyl rings, are much less subject to destruction by oxidants 

than is tetraphenylhemin itself .19 These compounds will be discussed elsewhere. 

This paper describes the preparation and properties of a class of very 

electron-rich hemins in which two-electron oxidation of the porphyrin occurs. 
20 
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The p r o p e r t i e s  of t h i s  c l a s s  of ox id ized  hemin compared t o  those  o f  t h e  Fe(1V)- 

porphyr in  c a t i o n  s p e c i e s  and p o s s i b l e  in t e rconver s ion  of t h e  two t y p e s  of s p e c i e s  

a r e  considered.  

To in t roduce  e l e c t r o n  d e n s i t y  i n t o  t h e  porphyrin o r b i t a l s ,  p e r i p h e r a l  sub- 

+ S t i t u e n t s  having ve ry  nega t ive  o va lues  a r e  required;  extreme examples being 
+ + 

NMe w i t h  o = -1 .7  and -0- w i t h  a o abou t  -3.'l The a b i l i t y  o f  t h e s e  s u b s t i t -  

uen t s  t o  t r a n s f e r  e l e c t r o n  d e n s i t y  t o  t h e  i n t e r n a l  n i t rogens  i s  i l l u s t r a t e d  i n  

F igure  1. 

E l e c t r o n - r i c h  Porphyrins "Polyvalent" Porphyrins 

S t a b i l i z e  high v a l e n t  Supply zero  t o  four charges 
metal ions t o  porphyrin center  

F igure  1 

We r e f e r  t o  porphyr ins  i n  which tautomerism e x i s t s  between an  e x t e r n a l  group 

and t h e  i n t e r n a l  n i t rogen  a s  po lyva len t  porphyrins because  they have t h e  poten- 

t i a l  of supplying ze ro  t o  f o u r  e l e c t r o n  charges  t o  t h e  i n t e r n a l  n i t r o g e n s . 2 0  Two 

types  of such tautomeric  systems can be  envisioned,  an  open t au tomer ic  group and 

a fused  r i n g  system, i l l u s t r a t e d  wi th  two examples below. 



? ?n 
I n  t h e  hydroxyporphyrin c a s e  t h e  a r o m a t i c i t y  i s  l o s t  i n  t h e  ketone form whereas 

i n  the  f u s e d  r i n g  system of equa t ion  1 4  a r o m a t i c i t y  i s  i n c r e a s e d .  

Such po lyva len t  systems have t h r e e  p o s s i b l y  i n t e r e s t i n g  and u s e f u l  proper-  

t i e s .  F i r s t  t h e  tautomerism, d i scussed  above, a l lows va ry ing  numbers of charges  

t o  be in t roduced  i n t o  t h e  c o r e  of t h e  porphyr in ,  making p o s s i b l e  t h e  format ion of  

neu t ra l  complexes w i t h  v a r i o u s l y  charged me ta l s .  Secondly t h e  two i o n i z a b l e  sub- 

s t i t u e n t s  have t h e  k ind  of resonance r e l a t i o n s h i p  found i n  hydroguinone and t h e  

d i s u b s t i t u t e d  porphyr in  might be expected t o  be  e a s i l y  ox id ized  t o  "quinone-like" 

s t r u c t u r e s  ( 4 ) .  

3 -- 4A 

Both t h e  te t rahydroxyporphyr in  ( ? I  and i t s  two-elec t ron ox id ized  form ( 4 )  

have been prepared and The ox id ized  form was shown t o  e x i s t  i n  i t s  

t e t s a k e t o  tautomer (4l) . 24 

The t h i r d  and perhaps most i n t e r e s t i n g  a s p e c t  o f  t h e  po lyva len t  porphyr ins  is 

the  p o s s i b i l i t y  of a l t e r i n g  t h e  o x i d i z i n g  o r  reducing power of bo th  t h e  porphyr in  

and i ts  me ta l  complexes by changes i n  a c i d i t y  of t h e  medium. The i n t e r n a l  oxida- 

t i on  r educ t ion  i n  me ta l  complexes could be  o f  s p e c i a l  importance.  Thus, Sano 

e t  a1.25 have shown t h a t  t h e  i r o n ( 1 1 1 )  complex of hydroxyporphyrin i s  reduced t o  

Fe(I1)  (and perhaps F e ( 1 ) )  by making t h e  s o l u t i o n  b a s i c  ( equa t ion  1 6 ) .  
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Alternatively, oxidized porphyrin complexes have the potential of becoming oxygen 

transfer reagents at high acidity. 

Thus a variation from very basic to very acidic media might afford strongly re- 

ducing or strongly oxidizing metal complexes. 

Although mono- to tetrahydroxyporphyrins and aminoporphyrins have been 

studied in detailZ2 in relation to heme degradation, they have certain properties 

which make them unsatisfactory as catalysts for oxygen reduction or substrate 

oxidation. The hydroxy or amino substituents can be substituted and the ring 

opens rather easily, especially in the oxidized form. 22-25 

We have attempted to avoid these degradations and to obtain stable porphyrins 

which could be oxidized, reduced, protonated and deprotonated by taking advantage 

of the steric protection of hydroxyphenol which allows stable phenoxyl radicals 

to be formed (see equation 6). We have prepared the known tetral3.5-di-t-butyl- 

4-hydroxyiphenylporphyrin 26'27 by both the ~othemund~' procedure and the standard 

acetlc acid method2' from the commercially available aldehyde and pyrrole. The 

porphyrin is best isolated and purified by treating the crude product with base 

and oxygen to produce the purple quinone form, purifying and storing this form 

and reducing it quantitatively to the porphyrin with sodium dithionite (see 

Scheme 1). 



Scheme 1 

A Stable Polyvalent Porphyrin 

0 

OH OH 

5P 6 P  

excess RC03H Stable, crystal1 ine 
destruction compound, no epr 

not reduced by phenols 
Argon 

(Blue anion, epr triplet) 

!P 

The porphyrin can also be oxidized by ferricyanide3' or by the peracid-hemin 

system shown in equations 5 and 6. The peracid reaction is fast and titration 

with peracid revealed a consumption of one mole of peracid for oxidation of one 

porphyrin as shown in Scheme 1. ; 

The oxidized porphyrin shows ketone and hydroxyl resonances in the infrared 

and has no epr spectrum, consistent with the formulation 6P shown. The oxidized 

form GP reacts extremely slowly with m-cresol and is not reduced by cyclohexa- 

diene. In strong base, the oxidized porphyrin forms a blue anion, ZP, which can 

be converted back to the original form by neutralization, The spectra of the 

porphyrin and its oxidized forms are shown in Figure 2. 
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Figure 2. Spectra of p u r i f i e d  ox id i zed  tetra(3,5-di-t-butyl-4-hydroxylpheny1)porphyrin ( 6P )  i n  
CHC13 (absorbance x 4 )  ---, and t h e  porphyr in  obtained upon a d d i t i o n  of excess sodium d i t h i o n i t e  
(5P) -. 

Treatment of the oxidized porphyrin with zinc acetate affords the two-electron 

oxidized zinc complex which displays an epr signal and rather rapidly oxidizes 

p-cres01 or cyclohexadiene. The zinc complex Zn-6P was also obtained by two- 

electron oxidation of the zinc porphyrin Zn-ZP (equations 18 and 19). 

Stable, ep r  t r i p l e t ,  

Oxidizes w3QoH. 0 



The iron(II1) porphyrin, obtained by standard iron insertion, can be cleanly 

oxidized by two electron equivalents with m-chloroperbenzoic acid as shown in 

Scheme 2. 

Scheme 2 
+ 

Fe Polyvalent Porphyrin 

The same oxidized iron species is obtained by treating the iron(II1) porphyrin 

Fe(II1)-2P with base in air followed by neutralization. The spectral changes are 

shown in Figure 3 and the transformations in Scheme 2. 

+ Figure 3. Spectra o f  the Fe(II1) porphyrin (Fe -5P) in 3 ml C H 2 C 1 2  -, after addition of 
1 drop of 30% t-butylammonium hydroxide in air-saturated methanol --- , and after neutralizing 
with 3 drops of glacial acetic acid (~e+-6P) ... 
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Because the spectrum of the oxidized iron porphyrin is almost identical to that 

of the oxidized Zn complex Zn-6P we conclude that the iron has remained as 

iron(111) (see Figure 4 )  

Figure 4. Spectra of the oxidized forms of the zinc porphyrin (Zn-eP) -, and the Fe(II1) 
porphyrin (F~+-PP) --- , both taken after oxidation with 1 molar equivalent of the m-chloroper- 
benzoic acid. Chelated protohemin was used as catalyst for the oxidation of the Zn porphyrin. 

Nevertheless, the oxidized iron complex is reduced by p-cresol or cyclohexadiene 

indicating some peroxidase type activity. In all transformations, no hemin loss 

was observed unless the heme was treated with a large excess of peracid. 

Internal Oxidation Reduction. In order to demonstrate the self-reduction of 

the iron(II1) porphyrin, a solution in methylene chloride was carefully degassed 

and treated with N-methylimidazole under anaerobic conditions. The Soret band at 

4 2 8  nm and the visible bands at 536 and 570 nm were observed immediately, indicat- 

ing rapid self-reduction. These were accompanied by the appearance of absorbances 

at 4 8 4  and 6 8 8  nm which are typical of phenoxyl radicals. These phenoxyl bands 

disappeared over a period of several hours. 

Similar results were obtained in the presence of CO except that the spectrum 

of the MeIm-Heme-CO complex was observed. Spectral changes in the presence of CO 

are shown in Figure 5 and the sequence of changes in both experiments are shown 

in Schemes 3 and 4. 



Figure 5. Spectra ob ta ined by adding 
1-methyl imidazole t o  a s o l u t i o n  of  the  
hemin, Fef-SP, which had been purged 
w i t h  CO gas. I m e d i a t e l y  a f t e r  add i -  
t i o n  o f  I-MeIm ( v i s i b l e  absorbance 
x l o )  -, two hours l a t e r  ( v i s i b l e  
absorbance x 5 )  --- . 

Scheme 3 

Base-induced Se l f - r educ t i on  

OH 

HO doH - Hodo- --+ Hopo. 
HO HO 

(anaerobic)  

HO 0. 

484, 688 nm 

MeIm 536, 5 7 0  nm 

MeIm CO 
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Scheme 4 

Trapping Internal Oxidized-reduced Form 

MeIm 
CO 
( fas t )  

426,546,589 nm 

(More oxidizing species trapped by CO) 

s i n c e  c r e s o l  was found t o  a c c e l e r a t e  t h e  disappearance of the phenoxyl absorb- 

ances ,  it seems c l e a r  t h a t  carbon monoxide has t rapped a more s t r o n g l y  ox id iz ing  

s p e c i e s  which was produced by i n t e r n a l  reduct ion o f  F e ( I I 1 ) .  

Dioxygen Reduction. Because CO t r a p s  t h e  i n t e r n a l l y  reduced Fe, s i m i l a r  

t r a p p i n g  shou ld  occur  wi th  dioxygen. 

+ 
Treatment  of an oxygen-saturated s o l u t i o n  of t h e  F e ( I I 1 )  porphyr in ,  Fe -5P. 

wi th  bake r e s u l t e d  i n  immediate ~ r o d u c t i o n  of a b l u e  s o l u t i o n  which, when n e u t r a l -  

i z e d ,  a f f o r d e d  t h e  same green ox id ized  F e ( I I 1 )  porphyrin which was ob ta ined  by 

o x i d a t i o n  w i t h  pe rac id .  



CH2C1 2  
F ~ + - ? P  Anion HOAc F ~ + - $ P  ( " F e ( V ) "  equiva lent )  

(2;) 
m 

A possible mechanism for this reaction is shown below. 

It is also possible that the phenoxide ion could electron transfer with 

dioxygen to yield superoxide ion which would react rapidly with Fe(II1) to pro- 

duce the same dioxygen complex shown in equation 23. 

In strongly basic solutions the product of the dioxygen reaction is the 

+ anion Fe -1P. However, the oxidation also occurs in the presence of weaker bases 

such as 1-methylimidazole or triethylamine, leading directly to the more strongly 

+ oxidizing intermediate Fe -6P. Thus a catalytic oxidation becomes possible. 

Further studies of the chemistry of iron complexes of polyvalent porphyrins 

are underway. 
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