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Multielectron reductions of small inorganic molecules are

rapidly reduced further. The latter assertion is consistent with the

extraordinarily important in the biosphere. For example, these observation that reduction of CtQs diffusion-limited throughout

processes form the basis for both aerbliad most forms of
anaerobic (e.g., SB, NO;~, CIO)?3respiration. These molecules

the potential range where catalysis is observed. Because none of
the metalloporphyrins catalyzes reduction of Ci@x = 3, 4), the

are thermodynamically powerful but inert oxidants, largely because 4e redox stoichiometry indicates that chlorite disproportionation,
of the unfavorable initial one-electron-transfer step. There are which commonly accompanies reactions of transition metals with

similarities between @and CIG™ as oxidants. First, four-electron,
four-proton (4e/4H) reduction of either species is highly exergonic
(~1.2 and~0.8 V for CIO,~ and Q, respectivel§) but sluggish
without catalysis. Second, partial (2e/2Heduction generates even
stronger oxidants (HCIO and 8, both ~1.3 V). Yet, while
catalytic reduction of @ has been extensively studied, little is
known about molecular catalysis with GlQas a terminal oxidar®
Peroxidase and chloroperoxidases can utilize,CH3 a chlorinating
agent’® Synthetic metalloporphyrin-mediated oxygenatioor
chlorinatiori® of organics with CIG~ has been reported. Heme-
catalyzed dismutation of chlorite to Chand Q is carried out by
several bacterfd and has been utilized for anoxic hydrocarbon
bioremediatiort? A reaction between CI9 and the heme of
hemoglobin is thought to initiate the immunoregulatory effect of a
chlorite-based druéf

ClO,~ % is not significant in our system.

The catalytic rate is first-order both in CjOand, at catalyst
surface coverages below 6:2 nmol/cn? (depending on metal-
loporphyrin), in the catalyst. The apparent second-order rate
constants (Figure 1) were measured in the regimes where the TOF
is potential-dependent (at 0.2 4/and potential-independent (at
—0.25V). The TOF at 0.2 V reflects the efficiency of the catalysts
in mediating electron-transfer (ET) step(s), whereas the TOF at
—250 mV is determined solely by the rate(s) of non-ET step(s)
(e.g., substrate binding and/or product dissociation). The maximum
rate constants of the catalytic GiOreduction by Fe porphyrins
are 2-100 times those reported in the literature for oxidation of
simple ferrous salts by CKD.6 The kinetics of oxidation of Mh
or Cd' by CIO,™ has not been previously studied.

The activity and stability of the catalysts studied are comparable

We have investigated a series of metalloporphyrins (Chart 1) as in reduction of both CI@~ and HO, (Figure 1), including a high-

catalysts for the electrochemical reduction of €l@nder anaerobic
conditions!* The reactivity of these complexes toward @nges
from efficient 4e catalysis (e.g., ImFetji®to 2e reduction of @

to H,0; [e.g., Co(tpp)], to the absence of any catalytic activity [Al-
(tpp) and Mn(tpp)]. Different distal and proximal environments of

potential onset of low-TOF reduction by imidazole-ligatedric
porphyrins. These data are consistent with reduction obCtdd
H.O, proceeding via a similar route, i.e., an oxygen-atom transfer
with formation of oxoferryl speciesg(FeV/Fe'),q7 ~ 0.9 V).162

In addition to CIQ~ (x = 3, 4), the metalloporphyrins do not

these complexes allow probing of the structural requirements for react with IQ~, but catalytic 6e/6H reduction of BrQ~ is

efficient catalytic reduction of CI@. Electrocatalysis was studied
by rotating disk-electrode voltammetty;the water-insoluble

observed. The poor ligating properties of ¢iCand the lower
oxidizing potential of IQ~ may account for the inertness of these

complexes were deposited on a graphite electrode in contact withoxoanions. Relative to CKO or H,O, as substrates, lower TOFs

an aqueous electrolyte buffered at pH 7. No reduction of,Ci®
observed on unmodified graphite within the stability window of
H0.

With the exception of Co(tpp) and Al(tpp), which are inert toward
ClO,, all other metalloporphyrins catalyze clean 4e reduction. The
onset potential of the catalysis indicates thdtisthe catalytically
active redox state, although low-turnover-frequency (TOF)CIO
reduction by imidazole-ligatefiérric porphyrins starts at0.8 V.4
A total of 300-400 CIQ,~ molecules are reduced per molecule of
Fe catalyst before loss of the activity, whereas Mn and Co
porphyrins are inactivated after 280 turnovers.

CI"/CI' scavengers (phenol, Gland 1-amino-1-cyclopropane-
carboxylic acidy*3do not affect the apparent redox stoichiometry

(Figure 1) but greater catalyst stabilities are observed in reduction
of BrOs~. Fe(tpp) is an exception, being equally effective in
catalyzing the reduction of CIO, H,0O,, BrO;~, and is particularly
robust in the latter reaction, retaining its activity fel6 x 10°
turnovers.

The data in Figure 1 allow some conclusions to be made
regarding the effect of the metal and the proximal and distal
environments on the efficiency of CjOreduction. Although M/
potentials are comparable for imidazole-ligated Fe and Co,CIO
reduction by F& porphyrins is>100 times faster than that by Co
(or Mn) analogues. This relative reactivity correlates qualitatively
with the MV (M''(por)/M" (por™)) potentials. The inertness of Co-
(tpp) suggests that the imidazole ligation is important for the

of the catalysis, but at high concentrations phenol increases thecatalytic activity of Co porphyrins. In addition, imidazole-ligated

stability of the Fe catalysd.This suggests that catalyst degradation
may be mediated in part by free'@CI' species, which are either

Fe centers manifest notably higher TOFs at lower overpotentials.
The higher reactivity of imidazole-ligated centers toward@bond

generated in minor side reactions or are intermediates that arereduction is usually ascribed to electron donation from the imidazole

* Address correspondence to this author. E-mail: jpc@stanford.edu.
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to the O-O bond?® a similar phenomenon may be operative in
reduction of CIQ~. The effect of the distal environment is more

10.1021/ja0273061 CCC: $22.00 © 2002 American Chemical Society
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Chart 1. Chemical Formulas and Abbreviated Names of the Metalloporphyrins Used in This Study?
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M(tpp), M = Mn, Fe, Co, Al ImMAc3, M = Fe, Co ImFelms (M' = none, R'=H, R=Pr) Irr'\CoTACNM'.
PP @ ImFelmzCu (M' = Cu) M’ = none, Cu, Co, Zn

ImColmg (M’ = none) R=H
ImColm;Cu (M’ = Cu) a

aThe metat-metal separation in bimetallic catalysts~& A 160

10,4~ (to 1057). The onset of the catalysis correlates with th&/M
potential, indicating rapid catalytic turnover, limited by the
concentration of the catalytically activeMorm.

In summary Mn, Fe, and Co porphyrins were found to be active
catalysts for 4e/4Hreduction of CIQ; this activity correlates well
with that measured in reduction 0£6,. The reactivity-enhancing
" effect of imidazole ligation and the distal metal was observed in
= o) several cases. The metalloporphyrins studied were inert tg CIO
o . (x =3, 4) and 1Q~ but catalyzed 2e/2Hreduction of IQ~; 6e/
6H" reduction of BrQ~ was observed for Fe and Mn porphyrins
and a CoCu derivative.
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