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Abstract: Three series of cobalt(ll) corroles were tested as catalysts for the electroreduction of dioxygen
to water. One was a simple monocorrole represented as (MesPhsCor)Co, one a face-to-face biscorrole
linked by an anthracene (A), biphenylene (B), 9,9-dimethylxanthene (X), dibenzofuran (O) or diben-
zothiophene (S) bridge, (BCY)Co, (with Y = A, B, X, O or S), and one a face-to-face bismacrocyclic complex,
(PCY)Cos, containing a Co(ll) porphyrin and a Co(lll) corrole also linked by one of the above rigid spacers
(Y = A, B, X, or O). Cyclic voltammetry and rotating ring—disk electrode voltammetry were both used to
examine the catalytic activity of the cobalt complexes in acid media. The mixed valent Co(ll)/Co(lll)
complexes, (PCY)Co,, and the biscorrole complexes, (BCY)Co,, which contain two Co(lll) ions in their
air-stable forms, all provide a direct four-electron pathway for the reduction of O, to H,O in agueous acidic
electrolyte when adsorbed on a graphite electrode, with the most efficient process being observed in the
case of the complexes having an anthracene spacer. A relatively small amount of hydrogen peroxide was
detected at the ring electrode in the vicinity of Ei,, which was located at 0.47 V vs SCE for (PCA)Co, and
0.39 V vs SCE for (BCA)Co,. The cobalt(l1l) monocorrole (MesPhsCor)Co also catalyzes the electroreduction
of dioxygen at Ei;, = 0.38 V with the final products being an approximate 50% mixture of H,O, and H,O.

Introduction bisporphyri#1© is able to catalyze the four-electron electro-
reduction of Q in acidic media, and it was of interest to examine
catalytic properties of the related mixed oxidation state por-
phyrin—corrole dyadsla—1d and the Co(lll) biscorrole dyads
3a—3e (Chart 1) under similar experimental conditions.
Metallocorroles have been examined as to their catalytic

Several porphyrir-corrole! biscorrole! and bisporphyrifr8
dyads linked in a cofacial configuration have been synthesized
and examined as to their electrochemical reactivity with small
molecules such as LOor CO. One such compound is the
anthracenyl-bridged porphyrircorrole dyad (PCA)Cg 1
(Chart 1) zvhich gstronliglylobi);lds Oin air g);/iviné a st)ab?e t?s- proqgrties in oxidation reactiotis'>and their affinity for dioxy-
Co(Ill) u-superoxo complex as evidenced by its 15-line ESR genis but nothing has been reported as to their ability to catalyze
spectrun®. A similar dicobalt face-to-face anthracenyl-bridged the eIectroreduc.Uon. of Owhen adsorbed on an electrode

surface. The main difference between the cobalt corroles and

t University of Houston. previously studied cobalt porphyrins is the oxidation state of

¥ California Institute of Technology. the central metal ion. The uncharged cobalt mono- and bispor-

§ Universitede Bourgogne. . . . . .
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another was to examine their use as catalysts for the reductionexcept for benzonitrile (PhCN) which was purified by passage through
of O, at a graphite electrode. All 10 corroles examined in this @ column of activated Lirel 3 A molecular sieves followed by
study are well characterized as to their electrochemistry underdistillation under reduced pressure. All subsequent aqueous solutions

N in a variety of nonaqueous solvelts—17 (MesPhsCor)- were prepared with deionized water of resistivity not less than €8 M

: . . The synthesis and characterization of the cobalt complexes used
Cd'", 2, can be reversibly reduced to its Co(ll) formEi, = em.. Y P
0510 017V s SCEyin Chih, PACN or(T)HFl.“ Slightly in this study [(PCY)Cg (BCY)Co;, and (MaPhsCor)Co] were reported

. - elsewheré®8Thin layers of PhCN separating the polished edge-plane
more negative potentials are observed for the Co(ll)/Co(ll) pyrolytic graphite electrode from aqueous acidic solutions were prepared

process of the biscorroles (BCY)£d'°and porphyrin-corroles  anq utilized according to procedures described in the literature.
(PCY)Ca?™ under similar experimental conditions. Electrochemical Apparatus and ProceduresAll electrochemical

Of more relevance to the present work are the potentials data were collected using a three-electrode cell. The three-electrode
where the three investigated corroles are oxidized to their higher, system consisted of a platinum ringraphite disk working electrode,
formally Co(lV) and Co(IV)z-cation radical oxidation states.  a platinum wire as the auxiliary electrode, and a commercial saturated
These electrode reactions occurEab = 0.47 and 0.82 V for calomel electrode (SCE) as the reference which was separated from
(MesPhsCor)Cd', 2, in PACN 0.1 M TBAP and a;;, = 0.53 the bulk of the solution by means of a salt bridge. The KCI solution in
and 0.73 V in THF giving 2] and ]2* in both solventd4 A the SCE was changeq periodically to maintgin the correct potent!al
splitting of the first redox process @fis observed in ChCl, that was checked using a standard solution for redox potential
due to the presence of diméfshs will be described, both series measurement¥. An aqueous Ag/AgCl/3 M NacCl reference electrode

. (—40 mV vs SCE) was employed for thin-layer experiments.
of biscobalt complexes and 3 can serve as catalysts for the All electrochemical experiments were conducted at ambient labora-

four-electron electroreduction of dioxygen in an air-saturated tory temperature (22 2 °C). Cyclic voltammetry and rotating disk
aqueous acidic solution contaiginl M HCIO,. The onset  experiments were carried out using a Pine Instrument model AFMSR
potentials of the catalytic reduction for both biscobalt complexes rotator linked to an EG&G Princeton Applied Research (PAR) model
are comparable to the potentials for the formal Co(IV)/Co(lll) 263A potentiostat/galvanostat. The potentiostat was monitored by an
processes of the catalysts in nonaqueous media. This result igBM-compatible PC microcomputer controlled by the software M270
consistent with the binding of £by the Co(lll) form of the (EG&G PARC). A RDE4 bipotentiostat (Pine Instrument) was em-
compounds and is also consistent with the previously describedPloyed with a HP 7090A three-channel digital plotter for rotating fing
J-superoxo species that are formed in the reaction between O disk electrochemical experiments. The rotating tidisk electrode

and (PCA)Ca. (RRDE), purchased from the Pine Instrument Co., consisted of a
' platinum ring and a removable graphite disk.
Experimental Section The equations used to calculate the average number of electrons

transferrech and the percentage of,8, formed at the electrode are
Chemicals and Corroles Unless otherwise noted, all chemicals were = 41,/(I, + 1/N) and % HO, = 100(2r/N)/(Ip + Ir/N), respectively,
obtained commercially and used without further purification. High-  wherely, is the faradic current at the disk ailis the faradic current
purity N2 gas was purchased from Matheson-Trigas. Organic solvents at the ring?! The intrinsic value of the collection efficiency was
and mineral acids were of reagent grade and were used as supplietjetermined to b&l = 0.24 using the Fe(CNy "4 redox couple in 1
M KCI. Just before it was coated with the catalyst, the edge-plane

(14) Eaﬂi{f-‘,?g,Kc“ﬁgn?';%%’g,ﬁ?ﬂb%;}(;ié’%o P.; Bolze, F.; Barbe, J.-M.; Guilard, pyrolytic graphite disk4 = 0.282 cnd) was polished to a rough finish

(15) Kadish, K. M.; Ou, Z.; Shao, J.; Gros, C. P.; Barbe, J.-Mode, F.;

Bolze, F.; Burdet, F.; Guilard, Rnorg. Chem.2002 41, 3990-4005. (18) Barbe, J.-M.; Burdet, F.; Espinosa, E.; Gros, C. P.; Guilard, Rorphyrins
(16) Guilard, R.; Jmme, F.; Barbe, J.-M.; Gros, C. P.; Ou, Z.; Shao, J.; Fischer, Phthalocyanine®003 7, 365-374.

J.; Weiss, R.; Kadish, K. Minorg. Chem.2001, 40, 4856-4865. (19) Shi, C.; Anson, F. CAnal. Chem1998 70, 3114-3118.
(17) Guilard, R.; Gros, C. P.; Bolze, F.;rdene, F.; Ou, Z.; Shao, J.; Fischer, (20) Light, T. S.Anal. Chem1972 44, 1038-1039.

J.; Weiss, R.; Kadish, K. Minorg. Chem.2001, 40, 4845-4855. (21) Lefevre, M.; Dodelet, J.-FElectrochim. Acte2003 48, 2749-2760.
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with 600 grit SiC paper, rinsed with water, and wiped off to remove
any free graphite particles. The molecular catalyst was irreversibly

adsorbed on the electrode surface by means of a dip-coating procedure;

the freshly polished electrode was dipped%cs in a 0.1 mMsolution
of the catalyst in CHG| transferred rapidly to pure CHClor 1-2 s,
and then dried? After coating, the ring-disk electrode was introduced
into air-saturated aqueous ddi M HCIO;. Particular care was exercised
to ensure high reactivity of the Pt ring toward®;. Immediately prior
to use, Pt was cleaned with auBa alumina slurry (Buehler MI-
CROPOLISH 11 polishing suspension) on a polishing cloth (Buehler
MICROCLOTH), rinsed successively with water and methanol, dried,
and activated by cycling between 1.20 ar6.24 V in 1 M HCIQ,
until reproducible voltammograms were obtaifé#.During polishing
of the Pt ring, the graphite disk was removed to avoid contamination
of the Pt with graphite particles and to preserve the integrity of the
graphite surface.

For (MePhsCor)Co- and (PCA)Cgcatalyzed dioxygen reduction,
the slopes of the KouteCkyLevich plots were determined by linear

regression analysis of data acquired at 100, 400, 900, 1600, 2500, andrapye 1.

3600 rpm (rpm= revolutions per minute). The diffusion-limiting
currents for the reduction of n aqueous solution at the rotating disk
electrode were calculated using the following parameters: kinematic
viscosity of HO at 25°C, 0.01 cnd s~%; solubility of O, in air-saturated

1 M HCIO,, 0.24 mM; diffusion coefficient of @ 1.7 x 1075 cn?

s 122 The solubility of dioxygenn 1 M HCIO, was calculated by using
the Setschenow equation {imo,%mo,} = ks x m) and the Pitzer
equatiord® (k(HCIO4) = 2Ao,n+ + 2Lo,cio,”) Wherem is the molality
(mol kg 1) of HCIO,, mo,° is the molality of Q in pure waters Ao, n+

= 0.0353, andlo,cio,- = —0.007%"

Results and Discussion

Redox Properties of Complexes 1a, 2, and 3a and Catalytic
Reduction of O,. A detailed discussion is given for compounds
1la, 2, and3a, and this is followed by data on the other linked
derivatives in the two series of biscobalt complexes.

A) 80 B
(A) 8o 0.40 B) Disk

40 (b)
g
=z (a)

0 -
0.40 [ 7pA
0.67
40 — 04 02 00 g(yysscE)

0.8 0.6 0.4 02 00 0.2 -0.4 \_ [2m

E (V vs SCE) Ring

Figure 1. (A) Cyclic voltammograms otaadsorbed on an EPG electrode.
Supporting electrolyte: 1 M HCIg)a) saturated with argon and (b) saturated
with air. Scan rate: 50 mV-3. (B) Reduction of @ at a rotating ring
(Pt)—disk (EPG) electrode in air-saturdtd M HCIO,. The potential of

the ring electrode was maintained at 1.1 V. Rotation rate: 100 rpm. Scan
rate: 5 mV st

Electroreduction of Dioxygen by Adsorbed Dicobalt
Porphyrin—Corroles and Biscorroles in Air-Saturated 1 M HCIO4

cmpd Ey? Einb n
a (PCA)Ca 0.40 0.47 3.9
1b (PCB)Ca 0.38 0.46 3.7
1c (PCX)Ca 0.38 0.45 3.7
1d (PCO)Ce 0.34 0.41 3.5
2 (Me4sPhsCor)Co 0.36 0.38 2.9
3a (BCA)Co, 0.36 0.39 34
3b (BCB)Cao, 0.35 0.37 2.4
3c (BCX)Co, 0.34 0.37 29
3d (BCO)Cao 0.33 0.35 3.4
3e (BCS)Ca 0.33 0.35 3.1

apeak potential of the dioxygen reduction wave (V vs SCHjalf-
wave potential (V vs SCE) for dioxygen reduction at rotating disk electrode
(w = 100 rpm).¢ The apparent number of electrons transferred per dioxygen
molecule () at Ey, is calculated frorm = 4lp/(Ip+1r/N) wherelp andir
are disk and ring currents, respectively, atd= 0.24) is the collection
efficiency of the ring-disk electrode!

The three series of cobalt complexes were applied to an edge-

plane pyrolytic graphite (EPG) electrode by irreversible adsorp-
tion from a dilute chloroform solution. Cyclic voltammograms
recorded at a graphite disk coated with comfdleare illustrated

in Figure 1A. In the absence of dioxygen, the response of the

oxidation of HO, to O,. As seen in the figure, the disk current
begins to increase at about 0.60 V, and the plateau is reached
at 0.30 V. At about 0.26 V, the current begins to decrease
slightly and then rises again as the potential is scanned to more

modified graphite electrode is characterized by a redox processnegative values. A similar behavior was previously observed

centered aE;», = 0.38 Vin 1 M HCIQ; (Epc = 0.36 V, Epa =
0.40 V). When the solution is saturated with air, a larger cathodic
peak is observed at almost the same potenti&cf 0.40 V.
The reduction of @ at an uncoated graphite electrode occurs
at E, = —0.34 V which indicates that compleka catalyzes
the electroreduction of dioxygen when adsorbed on graphite.
A catalytic reduction wave of dioxygen is also observed at a
rotating platinum ring-graphite disk electrode modified by
adsorption of complexda on the disk as illustrated in Figure
1B. This RRDE voltammogram was obtained by scanning the
disk potential from 0.70 to 0.00 V vs SCE at a rotation speed
of 100 rpm while holding the ring potential at 1.10 V so that
any HO, formed at the disk could be detected at the ring. Under
these conditions, the anodic ring current results from the

(22) Shi, C.; Anson, F. Cinorg. Chem.1998 37, 1037-1043.

(23) Conway, B. E.; Angerstein-Kozlowska, H.; Sharp, W. B. A.; Criddle, E.
E. Anal. Chem1973 45, 1331-1336.

(24) Hsueh, K.-L.; Gonzalez, E. R.; SrinivasanE&ctrochim. Actal983 28,
691-697.

(25) Millero, F. J.; Huang, FJ. Chem. Eng. Dat2003 48, 1050-1054.

(26) Millero, F. J.; Huang, F.; Laferiere, A. IGeochim. Cosmochim. Ac2902
66, 2349-2359.

(27) Clegg, S. L.; Brimblecombe, R5eochim. Cosmochim. Actt99Q 54,
3315-3328.

for (FTF4)Ca?82° (FTF4 = face-to-face porphyrin dimer with
a linking group of 4 atoms) and biscobalt “Pacman” type
bisporphyringl?-3%:310nly a relatively small amount of hydrogen
peroxide is detected at the ring electrode in the vicinitfegs
when the reaction is carried out in air-saturated HQ[Cable
1). The value of the disk current &/, corresponds to an
apparent number of electrons transferrechef 3.9. From the
data in the figure, we cannot say which of the two cobalt centers
is reduced first in (PCA)Cpo(that of the corrole or that of the
porphyrin), but there is no doubt that the redox proceds at
= 0.38 V in HCIO, under argon corresponds to the electro-
reduction of Q to give O atE, = 0.40 V under air.

The electrochemical and electrocatalytic properties of the
monocorrole2 in HCIO, differ from that of the dicobalt
porphyrin—corrole 1a under the same solution conditions. The

(28) Collman, J. P.; Marrocco, M.; Denisevich, P.; Koval, C.; Anson, RJ.C.
Electroanal. Chem1979 101, 117-122.

(29) Collman, J. P.; Denisevich, P.; Konai, Y.; Marrocco, M.; Koval, C.; Anson,
F. C.J. Am. Chem. S0d.98Q 102 6027-6036.

(30) Liu, H.-Y.; Abdalmuhdi, I.; Chang, C. K.; Anson, F. G. Phys. Chem.
1985 89, 665-670.

(31) Chang, C. J.; Deng, Y.; Shi, C.; Chang, C. K.; Anson, F. C.; Nocera, D.
G. Chem. Commur200Q 1355-1356.
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Figure 2. Cyclic voltammograms of2 adsorbed on EPG electrode. Ring

Supporting electrolyte: 1 M HClgsaturated (A) with argon, (B) with air.
Scan rate: 50 mV g,
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Figure 3. (A) Cyclic voltammograms oBaadsorbed on an EPG electrode.
Supporting electrolyte: 1 M HClgXa) saturated with argon and (b) saturated
with air. Scan rate: 50 mV-3. (B) Reduction of @ at a rotating ring
(Pt)—disk (EPG) electrode in air-saturdtd M HCIO4. The potential of

the ring electrode was maintained at 1.1 V. Rotation rate: 100 rpm. Scan
rate: 5 mV st

Figure 4. Reduction of Q at a rotating ring (Ptydisk (EPG) electrode
coated with2 in air-saturatd 1 M HCIO,. Collection efficiencyN = 0.24.

The potential of the ring electrode was maintained at 1.1 V. Rotation rate:
100 rpm. Scan rate: 5 mv-&

except that more $0- is produced at th&;/, of 0.39 V (30%)

than in the case of the porphyritcorrole mixed oxidation state
derivative where only 5% of 4D, was observed. The biscorrole
3ais thus less selective than the porphyroorrole dyadla

but more selective than the monocorrde(55% HO,). In
comparison with the dicobalt porphyrittorrole 1a and bis-
corrole3a, the half-wave potentidt;, of the dioxygen reduction
wave is less positive for the monomeric cobalt com@€Xable

1). Also, in the case d?, H,O, is detected at the ring electrode
as soon as dioxygen reduction occurs (Figure 4). Under these
conditions, the value af calculated from the disk and the ring
currents is 2.9 at 0.38 V (Table 1). As compl@xis not
catalytically active toward the reduction of,®, (vide infra),

this value ofn requires that a portion of the dioxygen that
reaches the electrode surface be reduced by four electrons to

cyclic voltammogram of adsorbed on a graphite disk in the H,0. The catalytic behavior o2 is_ thus_similar to yvhat has
absence of dioxygen shows three reversible processes locate@€€n reported for cobalt porphyrins with unsubstituted meso

at E;, = 0.38, 0.20, and-0.08 V (Figure 2A). The three
reactions can be related to similar reactions for the same
compound in CHCI, which occur atE;;, = 0.62, 0.45, and
—0.15 V1417 The electrochemical response a0.15 V was
assigned to the Co(lll)/Co(ll) couplé.In comparison with the
same process of a structurally related porphyrin, (OEPCo
(E12 = 0.41 V) where OEPR= octaethylporphyrin, the smaller
ring size of the macrocyclic cavity of 2 shifts the formal
potential of the Co(lll)/Co(ll) couple by 490 mV to lower values
in accordance with the fact that a corrole macrocycle stabilizes
the Co(lll) oxidation state whereas porphyrins stabilize cobalt
in a+2 oxidation staté:3334The two processes &, = 0.38

and 0.20 V for complex2 suggest reduction via a dimeric

positions such as (OEP)&wr Co(ll) porphine® In both cases,
a formation of dimers on the surface of the graphite electrode
was proposed to explain the catalytic electroreduction 0tfoO
H-0.

Kinetics of O, Reduction Catalyzed by (MaPhsCor)Co,
2, and (PCA)Co, la. Figure 5A shows a set of current
potential curves for the reduction of dioxygen at a rotating disk
electrode coated with the cobalt monocorr@kend porphyrin-
corrolelain 1 M HCIO,4. The corresponding Levich plot of
limiting current vs the square root of the rotation rate)(?
and the lines calculated from the Levich equation for the
diffusion-convection-limited two- and four-electron reduction
of dioxygen are shown in Figure 5B. The Levich plot for

species as is also observed in a nonaqueous solvent such a@onocorrole2 shows that the steady-state limiting currents

CH,Cl,.2417 The first reduction peak &, = 0.35 V in Figure
2A thus probably corresponds to formation of a monooxidized
dimer, [(2)2] ", which is catalytically active toward the reduction

exceed the calculated values corresponding to the two-electron
reduction of Q. The nonlinearity of the Levich plot in Figure
5B suggests that the catalytic reaction is limited by a rate-

of dioxygen as seen in Figure 2B by the substantially enhanceddetermining step that precedes the electronic transfer (CE

peak currents &, = 0.36 V in the presence of O

Shown in Figure 3 are the cyclic voltammograms and rotating
ring—disk electrode voltammograms responses obtained for
(BCA)Co,, 33, adsorbed on an EPG electroaeli M HCIO;.
Results for the biscorrol8a parallel what is observed fdra

(32) Song, E.; Shi, C.; Anson, F. Cangmuir1998 14, 4315-4321.

(33) Erben, C.; Will, S.; Kadish, K. M. IThe Porphyrin Handbogkkadish,
K. M., Smith, J. R. L., Guilard, R., Eds.; Academic Press: Boston, 2000;
Vol. 2, pp 233-300.

(34) Licoccia, S.; Paolesse, Btruct. Bondingl995 84, 71—-133.
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mechanism). This nonlinearity was previously observed for
several cobalt(ll) porphyrin complexé&$2:3641 and the

(35) Shi, C.; Steiger, B.; Yuasa, M.; Anson, F.I6org. Chem1997, 36, 4294~
(36) Alljzugrg'nd, R. R., Jr.; Anson, F. Q. Electroanal. Chem1982 134 273—
37) 2A?120n F.C.; Ni, C.-L.; Saveant, J.-Nl.Am. Chem. So&985 107, 3442-
(38) %(tsa%a, M.; Steiger, B.; Anson, F. @.Porphyrins Phthalocyanines997,

1, 181-188.
(39) D'Souza, F.; Hsieh, Y.-Y.; Deviprasad, G.Ghem. Commuri998 1027
1028.
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Table 2. Rate Constants (k) for the Electroreduction of Oz by
Adsorbed Catalysts in Air-Saturated Aqueous Acidic Solution

(pH =0)
catalyst 105k M st refa
(PCA)Ca (1) 0.2 T.W.
(MesPhsCor)Co @) 5.7 T.W.
(FTF4)Co 3.0 42
(diethylesterMegEt,P)Co 1.4 42
(DPA)Co; 0.2 30

aT.W. = This work.
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Figure 5. (A) Current-potential curves for the reduction of,Gn 1 M
HCIO, at a rotating graphite disk electrode coated with 2..071° mol
cm2 of 2 (left) and 11.0x 1071° mol cn2 of 1a (right). Values of the
rotational velocity ) of the electrode in rpm are indicated on each curve.
The disk potential was scanned at 5 nm\L.gB) Levich plots of the rotating
limiting currents ) of (A) (O) vs square root of rotational velocity}2
The lines refer to the theoretical curves for the 2ed 4e processes, as
indicated in the figures. (C) Koutetkyt evich plots corresponding to B.

chemical step was assigned to the formation of a dioxygen
adduct? which is a reducible species. Kinetic analysis of such
systems is facilitated by means of KoutéeKyevich plotg?3 of
reciprocal current densityj;it,)~* vs reciprocal square root of
rotational velocity {)~%2 Typical plots are shown in Figure
5C. These plots are interpreted on the basis of eq 1:
1_1 i 1

jlim B jlev jk

@)

wherejim is the measured limiting current density (mA ti
The Levich currentjey, and the kinetic currenjy, that measure
the rate of the current-limiting chemical reaction, are defined
by egs 2 and 3, respectively.

= 0.6nFD**y~Y°Cr*? )
wheren is the number of electrons transferred in the overall

electrode reactiorf; the Faraday constant (96485 C m¥| D
and C* are the diffusion coefficient (cAh st and bulk

jlev

(40) Steiger, B.; Anson, F. Gnorg. Chem.200Q 39, 4579-4585.

(41) Shi, C.; Anson, F. Clnorg. Chem.2001, 40, 5829-5833.

(42) Durand, R. R., Jr.; Bencosme, C. S.; Collman, J. P.; Anson, B. &m.
Chem. Soc1983 105 2710-2718.

(43) Treimer, S.; Tang, A.; Johnson, D. Blectroanalysi2002 14, 165-171.

concentration of dioxygen (mol drf), respectivelyp is the
kinematic viscosity of water (ctns™1), andw is the angular
rotation speed (rad$) of the electrode.
j, = 10°nFkrC* 3)

wherek (M~1 s71) is the second-order rate constant governing
the current-limiting reaction between the reduced catalyst and
O,, andT (mol cnT?) is the surface concentration of catalyst
on the electrode that participates in catalyzing the reaction. The
quantity of (MgPhsCor)Co present on the electrode € 2.0
x 10712 mol cm2) was obtained by measuring the area under
the cyclic voltammogram recorded in dioxygenete M HCIO,.
The value ofn determined from the slope of the Koutéeky
Levich plot (Figure 5C) shows that a portion of dioxygen is
reduced to water. This is in agreement with the value ef
2.9 determined from the ringdisk experiment at a rotation
speed of 100 rpm (Table 1). The value of thgré@duction rate
constantk, evaluated at pH= 0, from the intercept of the
KoutecKy—Levich plot, is higher than previously reported rate
constants governing the kinetics of the coordination of dioxygen
to adsorbed cobalt(ll) porphyrin complexes (Tablé2).

The rotating disk procedure described above for measuring
the rate constant governing the catalytic reactioR fith O,
was also applied to the dicobalt porphyricorrolela. An EPG
disk was modified with (PCA)Cousing a dip-coating procedure
(vide supra). The surface coverage of the disk was calculated
from integration of the voltammetric peak recorded in a
deoxygenated acidic solution (Figure 1A) and was found to be
11.0 x 10710 mol cm2 of geometric electrode area. The
recorded hydrodynamic voltammograms in the presence of
dioxygen are shown in Figure 5A. The Levich plot in Figure
5B is nonlinear, as expected for a reduction in which a current-
limiting chemical step precedes the electron transfer. The
reciprocal slope of the corresponding Koutéekyevich plot
(Figure 5C) corresponds to an apparantalue of 3.5 which
suggests that £s reduced to a mixture of # and HO,. This
is also consistent with the magnitudes of the anodic ring currents
at potentials on the plateau of the disk curent-potential curve
in Figure 1B. The rate constark, for the catalytic reduction
of O, by (PCA)Cae was evaluated from the intercept of the
KoutecKy—Levich plot (Figure 5C) and found to be 0:2 1P
M~1 s (Table 2). This value is lower than that obtained for
the monocobalt porphyrin (diethylesterpi,P)Co k = 1.4 x
10° M1 s 42 and its related dimer (FTF4)G¢k = 3.0 x 1(P
M~1s1 42 put it is identical to that reported previously for the
electrocatalytic reduction of £in 1 M CRCO.H by a (DPA)-
Co,-coated graphite electrode where DRAanthracenyl-bridged
diporphyrin k = 0.2 x 10° M~1s71) .30

Thin-Layer Voltammetry . Further insight into the catalyzed
reduction of dioxygen by2 was obtained by dissolving the
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Figure 7. Cyclic voltammograms ola (A) and 2 (B) adsorbed on EPG
electrode. Supporting electrolyte: 1 M HCGJGaturated with argon.
[H207] = 0.5 mM. Scan rate: 50 mVv-4.
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Figure 6. Cyclic voltammograms o2 (0.6 mM) dissolved in a thin layer 40
of acidified PhCN placed on an EPG electrode that was immersed in 1 M @
HCIO.. (A) In the presence of £and (B) after the aqueous phase (and the —~ 0 Bare electrode
equilibrated thin layer of PhCN) was saturated with argon. Scan rate: 3
50 mV sL ~ 40
catalyst in a thin layer of benzonitrile next to the electrode .80
instead of adsorbing it directly on the electrode surface. Shown
in Figure 6 are cyclic voltammograms obtained with an EPG 120 T T T 1
electrode on which was placed a 8fh layer of benzonitrile 1.0 08 06 04 02 00
containing (M@PhsCor)Co. The electrode was immersed in an E(V vs SCE)

aqueous solutionfd M HCIO4. The large cathodic peak current  Figure 8. Rotating disk voltammograms @ (curve a) andla (curve b)
at E, = 0.20 V vs Ag/AgCl (Figure 6A) arises from the adsorbed on EPG electrode. Supporting electrolyte: 1 M HGHurated
reduction of Q catalyzed by2. The rise in the catalytic current ‘é‘”::va;glo“' [HOz] = 0.5 mM. Rotation rate: 100 rpm. Scan rate:
occurs at the same potential where, in the absence ,of O
[(Me4PhsCor)CdV]™ is reduced to [(MgPhsCor)Cd"1%in 1 M
HCIO, (Figure 6B). This implicates the cobalt(lll) corrole as
the catalytically active species. The reversible process observeqqqction of HO, examined at the (M@hCor)Co-coated
at more cathodic potentials£( = —0.30 V vs Ag/AgCl) electrode reveal that cobalt(lll) monocorr@eeduces HO; at
corresponds to the Co(lll)/Co(l1) redox couple. a much lower rate than it catalyzes its oxidation. The RDE
Catalytic Activity of Cobalt Corrole Derivatives toward voltammogram recorded in a deoxygenated solution containing
H20 at pH = 0. As shown Dby the rotating disk electrode ¢ 5 mm H,0, (curve a, Figure 8) shows a slow rise of the disk
voltammograms of (Mg>hsCor)Co (Figure SA), the reduction ¢, rent from ca. 0.60 to 0.00 V. An analogous RDE experiment
of O, proceeds in a single step, and®4 is the major product it 5 (PCA)Co-coated graphite disk (curve b, Figure 8) shows
of the reduction at the plateau. In contrast, the larger disk current 5 relatively similar behavior of the dicobalt porphyfinorrole
with (PCA)Cq (Figure 5A) shows that a portion of the; @ dyad toward the catalytic reduction of,6,. However, the
reduced to HO instead of HO,. However, the catalyst may  agnitude of the cathodic currents recorded between 0.60 and
produce HO; as an intermediate species in the catalytic process. o oq v are higher than that observed for the monocobalt corrole

To test this pos_sibility, the solutior_1 used to _record the cyclic (MesPhCor)Co (curve a, Figure 8). As expected, no oxidations
voltammogram in the presence of dioxygen (Figure 1) was made o reqyctions of HO, were observed at the bare electrode, and
0.5 mM in KO, and deoxygenated with argon for 20 min. The i is also illustrated in Figure 8.

cyclic voltammogram recorded with a (PCA)&ooated elec-
trode in the presence of hydrogen peroxide is shown in Figure
7A. A catalytic oxidation peak of kD, to O, was observed at
0.65 V, whereas the reduction of the dioxygen formed at the
electrode occurred at 0.42 V. No peak corresponding to the
reduction of HO;, to H,O was detected between 0.80 and
0.00 V. The same electrochemical behavior was observed for
(Me4PhsCor)Co (Figure 7B) except that the magnitude of the
oxidation peak current at 0.70 V was relatively higher than that
of (PCA)Ca. For a more quantitative assessment of the catalytic
properties of complexeda and 2 toward HO,, current
potential curves were recorded at a rotating disk electrode in 1
M HCIO, saturated with argon (Figure 8). Both adsorbed
complexes catalyze the electrooxidation efHatE;, = 0.61

and 0.65 V, respectively. The dec_”ne in_ the limiting currents (44) Collman, J. P.; Hendricks, N. H.; Leidner, C. R.; Ngameni, E.; L'Her, M.
observed forla and 2 at potentials higher than 0.80 V Inorg. Chem.198§ 27, 387-393.

corresponds to a gradual loss of catalytic activity due to a
(fossible degradation at the EPG surface. The curves for

Collman et al. observed that a graphite electrode coated with
(FTF4)Ca also catalyzes the two-electron reduction a4
to H,O in acidic medig* The catalytic reduction of D, by
(FTF4)Ce was characterized by rotating disk electrode
voltammograms similar to those recorded for complix
(Figure 8). A similar catalytic activity toward 4@, was reported
by Anson, Chang, and co-workers for a dicobalt cofacial
diporphyrin, (DPA)Ce, that is structurally similar to complex
1a80 The lack of significant catalytic activity of (DPA)Go
toward the disproportionation of J, was also demonstrated.
Both Collman and Anson have stated that the rate of the
electrocatalytic reduction of #D, by (FTF4)Ce and (DPA)-
Co, is very slow compared to the rate of @duction®%44From
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the results shown in Figure 8 it is clear that this is also true for 1). The Ey/; values of3a—3c are close to that observed for
(PCA)Co. (Me4PhsCor)Co Ei2 = 0.38 V), whereas complexedd and
Effect of Different Spacers on Q Catalysis. The dioxygen 3ereduce @ at more slightly negative potentialEi(, = 0.35
reduction catalytic properties of dicobalt porphyricorrole and V). Rotating ring-disk measurements show that the reduction
biscorroles complexes bridged by biphenylene, 9,9-dimethyl- of O, by (BCY)Ca, complexes produces a more significant
xanthene, dibenzofuran, and dibenzothiophene were comparecamount of HO, than that by porphyrircorrole derivatives. In
to those of (PCA)Cpand (BCA)Coe (Chart 1). The electro-  comparison with (PCY)Cpsystems, the decrease of catalytic
chemical data are compiled in Table 1. The structural details selectivity toward four-electron reduction ot @ H,O in 1 M
on complexes with spacers of the type used in this study were HCIO4 observed with (BCY)Cgcoated electrodes suggests that
reported previously®45-47 The rigidity of the anthracene and the partially reduced dioxygen species is less stabilized. This
biphenylene bridges in complexgs, 1b, 3a, and3b minimize decrease of selectivity for the direct reduction of © H,O
ring lateral slippage while maintaining a face-to-face arrange- may be also explained by the difference of electronic properties
ment of both macrocyclésBiphenylene provides a tighter  between the electron-poor aryl-substituted corrole and the
binding cavity than anthracene due to the fewer number of atomselectron-rich alkyl-substituted porphyrin subunits. In comparison
separating the macrocyclic units. However, both single rigid with 1, the presence of a second cobalt(lll) corrole uniBin
linkers afford a small flexibility along the longitudinal axis of may reduce the basicity of the oxygen adduct which strongly
the ligands that allow the molecular clefts to structurally disfavors the four-electron pathway.
accommodate reaction intermediates during multielectron ca-
talysis (“Pac-Man” effed*9), resulting in an efficient catalytic
reduction of Q. The porphyrir-corrole dyads bridged by 9,9- In summary, we have shown that cobalt corroles can be used
dimethylxanthene 1c) and dibenzofuranid) also catalyze  as effective catalysts in the reduction of.Orhe onset of
efficiently the direct four-electron reduction ob@ H,O (Table dioxygen reduction occurs between 0.33 and 0.40 V for the 10
1) despite the structural difference between the two ligands. Theinvestigated catalysts when measured by cyclic voltammetry
xanthene bridge contains the same number of atoms as anin 1 M HCIO,. However, the HO/H,O, product ratios of the
thracene, whereas the five-membered ether ring in dibenzofuranreduction differ in each case, with the most effective catalyst
increases the size of the binding pocket. The presence of anbeing the mixed oxidation state derivati¥a—1d which leads
sp® oxygen in the latter bridge allows the molecular system to almost exclusively to a four-electron reduction of @ Ey» =
open and close its binding pocket by a longitudinal distance of 0.41-0.47 V vs SCE. A four-electron reduction also occurs to
over 4 A in thepresence of exogenous ligands as reported by some extent in the absence of a porphyrin macrocycle; under
Nocera et af® This longitudinal flexibility is also observed in  these conditions ©reduction occurs at ay, of 0.35-0.39 V
the case of complegd since the PCO system displays four- as seen in Table 1. Finally, reduction of hydrogen peroxide in
electron reactivity toward dioxygen (Table 1). 1 M HCIO4 by the dicobalt porphyrirrcorrole 1ais too slow
Coatings of cobalt(lll) biscorroles catalyze; @duction at  to account for participation of free J@, as an intermediate in
more negative potentials than do the (PCY)&gstems (Table  the four-electron reduction of O
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