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X ICr5 mol) (synthesized as in ref 9). Isolation and purification were 
performed as for FTF4*; yield 30%; UV-vis (\max nm) 370, 502 (sh), 
536, 566, 644; MS m,e 955 (calcd 954). 

Cobalt insertion into FTF3 and FTF4 was performed in an inert at
mosphere box, with CoCl2 in 1:3 THF-toluene, as previously described 
in ref 9. Co2(FTF4)*: m/e 1097.4 (calcd 1096.4); Co2(FTF3): m/e 
1069.4 (calcd 1068.3). 
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In previous accounts of the unusual catalytic potency of several 
dicobalt cofacial porphyrin molecules for the electroreduction of 
dioxygen to water,1"3 the catalytic mechanism was surmised on 
the basis of limited experimental data. In particular, the reduction 
and oxidation of the catalysts themselves in the absence of O2 were 
difficult to observe above the background response from the surface 
of the pyrolytic graphite electrode on which they were adsorbed. 
The effects of changes in the proton concentration on the catalysis 
were also examined only cursorily although it was shown that the 
course of the reduction was substantially different at electrodes 
deprived of protons.1"3 

We have now found conditions that permit the electrochemical 
responses of the adsorbed catalysts to be observed clearly and 
reproducibly both in the absence and in the presence of O2 and 
over a wide pH range. The rate constant for the first step in the 
catalytic reaction has been measured, and the effect of pH on the 
distribution of reduction products between H2O2 and H2O has 
been determined. The catalytic activities of dicobalt cofacial 
porphyrins with six, five, four, and three atoms in the amide 
bridges have been compared, and the behavior of several new 
heterobinuclear cofacial porphyrins (Figure 1) has been examined. 
The results obtained have provided new insight into the mecha
nisms employed by these catalysts in reducing dioxygen. 

Experimental Section 
Materials. The detailed synthetic procedures employed to obtain the 

metalloporphyrin molecules utilized in this study are presented else-
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where.4 Figure 1 lists the porphyrins employed and the abbreviations 
used to identify them. Pyrolytic graphite electrodes were obtained and 
mounted as previously described,5 Reagent-grade chemicals and solvents 
were used as received. The electrodes were mounted to expose the edges 
rather than the basal planes of the pyrolytic graphite. Such edge-plane 
electrodes cannot be cleaved to renew the electrode surface so their 
surfaces were prepared by polishing with 600-grade SiC paper (3M Co.). 

Procedures. Pyrolytic graphite electrodes were coated with porphyrin 
catalysts by syringing small volumes of stock solutions in dichloroethane 
onto the electrode surface and allowing the solvent to evaporate. Cou-
lometric assays of the resulting coatings performed by measuring the 
areas under cyclic voltammograms recorded in the absence of dioxygen 
showed that they typically contained 2-4 x 10"10 mol cm"2, which cor
responds to a few close-packed monolayers on a smooth surface or to a 
single monolayer on a graphite surface with a roughness factor of 2-3. 
This quantity of adsorbed electroactive catalyst was reproducibly ob-
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Abstract: The mechanisms by which the reduction of dioxygen at graphite electrodes is catalyzed by cofacial dicobalt and 
related porphyrins adsorbed on the electrode surface have been scrutinized. The products of the reduction, the electrode potential 
where the reduction proceeds, and the mechanistic role of protons were among the topics examined. For the best catalyst 
it was possible to relate the electrochemical response of the adsorbed porphyrin to the potential where the catalyzed reduction 
of dioxygen proceeds. The electrocatalytic behavior of several new heterobinuclear cofacial porphyrins is reported as well 
as that of a new cofacial dicobalt porphyrin in which the bridge connecting the two porphyrin rings consists of only three atoms. 
A comparison of the behavior of the various catalysts has led to a more detailed proposal for the mechanisms by which they 
operate in catalyzing the electroreduction of dioxygen. 
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Figure 1. Molecular structures and abbreviations for the 
porphyrins examined in this study. 
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Figure 2. Cyclic voltammogram of Co2(FTF4) adsorbed on an edge-
plane pyrolytic graphite electrode in the absence of O2: supporting 
electrolyte 1 M CF3COOH saturated with argon; scan rate 0.1 V s"1. 
The dashed line is the background response of the pyrolytic graphite 
before the porphyrin was adsorbed. 

tained whether or not larger excesses of catalysts were applied to the 
electrode surface in the adsorption step. Conventional cyclic and ro-
tating-disk voltammetry were carried out with the previously described 
apparatus and procedures. For cyclic voltammetry at scan rates above 
1 V s"1, a digital oscilloscope (Tektronix Model 5223) was employed to 
acquire the voltammetric data, which were subsequently read out with 
an x-y recorder for precise measurements of peak potentials and currents. 
Potentials were measured and are quoted with respect to a saturated 
calomel reference electrode (SCE). 

Results 
Behavior of Co2(FTF4) in Acidic Electrolytes. The most im

pressive catalysis of the reduction of dioxygen is achieved by the 
dicobalt cofacial porphyrin in which four atoms comprise the two 
bridging groups that link the porphyrin rings, Co2 (FTF4) (Figure 
1). We have therefore concentrated most of our attention on the 
behavior of this molecule. The pair of prominent cyclic voltam
metric waves exhibited by this catalyst when it is adsorbed on a 
pyrolytic graphite electrode and examined in the absence of O2 

are shown in Figure 2. The wave appearing near 0.6 V is easily 
distinguished from the background current, but the wave near 0.3 
V falls close to that of a component of the background response 
(dashed curve in Figure 2) believed to arise from the presence 
of reducible quinone-like functional groups on the graphite surface. 
The position of the latter wave depends upon pH while the catalyst 
waves show no pH dependence below pH 6. This feature permits 
the background wave to be shifted away from the catalyst waves 
so that the formal potentials corresponding to both waves of the 
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Figure 3. Comparison of the background-corrected voltammetric wave 
of Co2(FTF4) at +0.27 V (solid line) with the calculated Nernstian 
response (dashed line). The solid points represent the calculated response 
when a nonideality parameter is introduced into the Nernst equation as 
described in ref 6. The best fit resulted with rrT = -0.7.6 

0.4 O 

E vs SCE.volt 
Figure 4. Cyclic voltammogram for the reduction of O2 at a graphite 
electrode on which Co2(FTF4) is adsorbed: supporting electrolyte 1 M 
CF3COOH saturated with O2; scan rate 0.1 V s_1. 

adsorbed catalyst can be measured under conditions where the 
background reactions do not interfere. The resulting values are 
Ef = 0.62 and 0.27 V. 

The shapes of the waves for the reduction of the adsorbed 
complex resemble those expected for a one-electron, surface-
confined couple that exhibits small deviations from the Nernst 
equation. For example, Figure 3 shows how the experimental wave 
differs from that calculated from the Nernst equation for the same 
peak potential and quantity of adsorbed reactant. A reasonable 
fit of the experimental curves results if a nonideality parameter 
is introduced into the Nernst equation6 as shown by the solid points 
in Figure 3. 

The presence of two waves for the adsorbed Co2(FTF4) mol
ecule is expected on the basis of its cyclic voltammetry in nona
queous solution where two waves are also obtained.7 Both waves 
result from the reduction of the virtually identical cobalt(III) 
centers to cobalt(II). The reductions appear at different potentials 
because of the repulsive interactions between the cobalt centers 
that are held in close proximity (~4 A) by the structure of the 
ligand. The splitting of cyclic voltammetric waves by such in
tramolecular interactions in reactant molecules has been discussed 
in several previous studies.8 

(6) Brown, A. P.; Anson, F. C. Anal. Chem. 1977, 49, 1589-1595. 
(7) Denisevich, P. Ph.D. Thesis, Stanford University, 1979. 
(8) Polycyn, D. S.; Shain, I. Anal. Chem. 1966, 39, 370-375. Myers, R. 

L.; Shain, I. Ibid. 1969, 41, 980. Ammar, F.; Saveant, J. J. Electroanal. 
Chem. Interfacial Electrochem. 1973, 47, 215-221. 



2712 J. Am. Chem. Soc, Vol. 105, No. 9, 1983 Durand el al. 

Table I. Half-Wave Potentials and Limiting Levich Current 
Densities for the Reduction of O2 at Rotating Graphite Disk 
Electrodes Coated with Co,(FTF4)a 

pH6 , V vs. SCE Aim> mA cm" 

0 
1 
2 
3 
4 
7 

10.8 
14 

0.47 
0.40 
0.33 
0.27 
0.23 

-0.07 
-0.17 
-0 .21 

-0.15d 

1.3C 

1.3 
1.2 
1.2 
0.9d 

0.9 
0.8 
0.55 

a The electrode was rotated at 100 rpm in dioxygen-saturated 
solutions. b Phosphate buffers were used for pH 7 and 10.8. 
Other solutions were not buffered. c The calculated Levich cur
rent density for the four-electron reduction of O2 is 1.3 mA cm"2. 
d Two waves present, see text. The value of I^m is the total pla
teau current on the second wave. 

The peak potentials of the waves in Figure 2 are shifted only 
slightly when the scan rate is increased to 100 V s"1, showing that 
the catalyst can be reduced and reoxidized rapidly at potentials 
close to its formal potential. 

Catalyzed Reduction of O2 in Acidic Electrolytes. The reduction 
of dioxygen at an electrode surface on which Co2(FTF4) is ad
sorbed is shown in the cyclic voltammogram in Figure 4. The 
first reduction peak for the adsorbed catalyst can be seen followed 
by the large current resulting from the catalyzed reduction of O2. 
The peak potential for the reduction of O2 (0.42 V) is near the 
foot of the second reduction wave for the catalyst with a peak 
potential of 0.27 V (Figure 2). This indicates, as proposed pre
viously on the basis of less well-resolved voltammograms,1-3 that 
reduction of the second cobalt center in the adsorbed catalyst to 
cobalt(II) produces the dicobalt(II) species that is active toward 
the reduction of dioxygen. 

The effect of changes in the proton concentration on the re
duction of dioxygen was investigated at a rotating-disk electrode 
coated with Co2(FTF4). At low rotation rates (~ 100 rpm) the 
limiting disk currents obey the Levich equation9 and the half-wave 
potentials depend on the pH of the supporting electrolyte in the 
way shown in Table I. Between pH 0 and 3, the half-wave 
potential shifts by about 60 mV per pH unit even though the peak 
potential for the reduction of the adsorbed catalyst shows no pH 
dependence in this range. The sensitivity of the catalyzed reduction 
to the proton concentration must arise from a step in the catalytic 
cycle subsequent to the reduction of the catalyst. 

The magnitudes of the Levich currents9 for dioxygen reduction 
show a small decrease between pH 0 and 3 but remain close to 
the value expected for a four-electron reduction (Table I). At 
higher pH values the Levich current decreases toward the value 
corresponding to a two-electron reduction, from which it may be 
concluded that the dioxygen is being reduced to a mixture of 
hydrogen peroxide and water. Tests showed that Co2(FTF4) is 
not a catalyst for the reduction or the disproportionation of hy
drogen peroxide so that these Levich currents indicate that direct 
reaction pathways for both two- and four-electron reductions of 
O2 must be accessible. 

Behavior of Co2(FTF4) at High pH. When a catalyst-coated 
electrode that yields voltammograms such as those in Figure 2 
is transferred to a dioxygen-free solution at pH 14, the voltam
mogram shown in Figure 5A is obtained. The pair of waves 
observed at low pH is replaced by a single wave at a much more 
negative potential. The area under the single wave is no greater 
than that under either of the waves in Figure 2, and the single 
wave does not have the narrower width expected for a two-electron 
Nernstian process.6 Thus, it does not appear that the waves present 
in acidic media have merged to form the single wave at pH 14. 
The diminished response is not the result of loss of catalyst from 
the surface because both of the original waves reappear with the 

(9) Levich, V. G. "Physicochemical Hydrodynamics"; Prentice-Hall: En-
glewood Cliffs, NJ, 1962. 
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Figure 5. Cyclic voltammograms of Co2(FTF4) adsorbed on graphite: 
supporting electrolyte IM NaOH saturated with argon; scan rates (A) 
1, (B) 10, (C) 20, (D) 100 V S-1. The dashed curves show the result of 
reversing the direction of potential scan before the second reduction peak 
is traversed. 

same magnitudes if the electrode is returned to acidic supporting 
electrolytes. 

The single reduction wave shown in Figure 5A develops a 
satellite wave at scan rates above ca. 1 V s"1 that grows at the 
expense of the original wave as the scan rate increases (Figure 
5, B, C, and D). However, only a single oxidation wave is present 
under the same conditions, and its magnitude is influenced by both 
of the reduction waves when two are present (Figure 5, curves 
C and D). Increasing the solution temperature to 80 0C eliminates 
the satellite wave while decreasing the temperature to 5 0C causes 
the satellite wave to appear at lower scan rates. Decreasing the 
pH from 14 to 12 (at 25 0C) diminishes the magnitude of the 
satellite wave. Once the peak currents of the satellite wave and 
the original wave become about equal, their relative magnitudes 
are insensitive to further increases in scan rate. 

A less prominent satellite wave develops at high scan rates when 
the Co2(FTF5) catalyst, with five atoms in the struts separating 
the porphyrin rings, is substituted for Co2(FTF4). With Co2-
(FTF6), with six atoms in the bridges, no satellite wave is observed 
at scan rates up to 100 V s"1. The same is true for both Co2-
(FTF3), with three atoms in the bridges, and the monomeric cobalt 
porphyrin, I (Figure 1). Co2(FTF4*), in which the four atoms 
in the bridges have been rearranged so that the carbonyl group 
of amide linkage is directly attached to one porphyrin ring, gives 
voltammograms in which the satellite wave appears at scan rates 
as low as 0.1 V s"1. 

To account for the behavior of the adsorbed Co2(FTF4) catalyst 
at high pH, we suggest equilibria such as those depicted in Scheme 
I in which /it-oxo and ^-hydroxo bridges are assumed to form within 
the cavity of the catalyst. In writing Scheme I we have assumed 
that the cofacial porphyrin molecules adsorb on the electrode 
because of strong interactions between one of the porphyrin rings 
and the graphite surface. We have no direct evidence for the 
orientation of the adsorbed molecules, but the maximum ob
tainable coverages are consistent with a monolayer of porphyrin 
rings adsorbed in a flat orientation and it is known that flat 



Cofacial Metalloporphyrin Reduction of O2 

Scheme I 
OH OH 

H 3 O + ^ ^ + H 2 O 
3 r iH 

OH 
OH2 

molecules with aromatic centers show high affinities for graphite 
surfaces.10 This implies that the axial ligand site on the cobalt 
ion in the adsorbing ring may be inaccessible to ligands other than 
those that are present on the graphite itself." The lower ring 
in the molecules shown in Scheme I is assumed to be bound to 
the electrode surface. 

If the oxo- and hydroxo-bridged dicobalt(III) complexes in 
Scheme I were reduced at different potentials, the double waves 
in Figure 5 could be understood. As the distance separating the 
two cobalt centers increased such bridging would become less likely 
and this could account for the decrease in the magnitude of the 
satellite wave with Co2(FTF5) and its disappearance with Co2-
(FTF6). The relative magnitudes of the waves for the reduction 
of the /u-oxo and jt-hydroxo species would depend on the rate with 
which these two forms could be interconverted. 

The lack of the satellite peak in the voltammograms of Co2-
(FTF3) could reflect the absence of intercavity bridging when the 
separation of the cobalt centers becomes too small. The ap
pearance of the satellite peak at lower scan rates with Co2(FTF4*) 
than with Co2(FTF4) might be the result of a somewhat smaller 
separation between the cobalt centers in Co2(FTF4*) arising from 
conjugation of the carbonyl groups in the amide bonds with the 
porphyrin rings. One result might be a somewhat smaller ring-
to-ring separation in Co2(FTF4*) than in Co2(FTF4). The rate 
of interconversion between the two bridged complexes proposed 
in Scheme I might also be altered, and this could account for the 
appearance of the satellite peak at lower scan rates with Co2-
(FTF4*) than Co2(FTF4). 

At sufficiently high potential scan rates the magnitudes of the 
peak currents for the two waves in Figure 5 should become in
dependent of scan rate and provide a measure of the equilibrium 
concentration of each form of the complexes. These predictions 
are in qualitative accord with the behavior shown in Figure 5, 
although quantitative features such as the relative magnitudes 
of the two peak currents at pH 12 and 14 are not. The origin 
of this discrepancy remains uncertain. 

The cobalt(III) center in the half-reduced form of the catalyst 
shown in Scheme I is proposed to be converted to a dihydroxo 
complex. If the reduction of this species were kinetically much 
slower or had a formal potential that lay at inaccessibly negative 
values, the lack of a second catalyst reduction wave would be 
explained. Previously we have observed that the reduction wave 
of the adsorbed monomeric cobalt porphyrin, I, remains clear and 
undiminished at pH 14.5 This is the anticipated result if the 
formation of the trans-dihydroxo form of the monomer were 
blocked by its adsorption on the electrode surface similar to the 
lower rings in the dimeric porphyrins of Scheme I. 

There is only one form of the half-reduced catalyst in Scheme 
I so that only one oxidation wave is expected even at scan rates 
where the reduction wave is split into two parts. This accords 

(10) Brown, A. P.; Koval, C; Anson, F. C. / . Electroanal. Chem. Inter-
facial Electrochem. 1976, 72, 379-387. Brown, A. P.; Anson, F. C. Ibid. 
1977, 83, 203-206. 

(11) Koval, C; Anson, F. C. Anal. Chem. 1978, 50, 223-229. 
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Figure 6. Reduction of O2 at a graphite electrode on which Co2(FTF4) 
is adsorbed; supporting electrolyte 1 M NaOH saturated with O2; scan 
rate 0.1 V s"1. 

with the behavior shown in Figure 5. Scheme I would also predict 
that the reduction of O2 would proceed to H2O2 instead of H2O 
in alkaline media if each end of the O2 molecule must be coor
dinated to a cobalt center as the O2 is reduced in order to avoid 
the release of H2O2. This also corresponds to the observed result 
(vide infra). 

Although Scheme I manages to accommodate most of the 
experimental observations, we regard the mechanistic implications 
to which it leads as reasonable possibilities, not demonstrated facts. 

Catalyzed Reduction of O2 at High pH. The reduction of 
dioxygen from pH 14 solutions at electrodes coated with Co2-
(FTF4) is a reversible process that yields hydrogen peroxide 
quantitatively. Figure 6 shows a typical cyclic voltammogram. 
The magnitude of the cathodic peak current matches that cal
culated from the Randles-Sevcik equation12 for a two-electron 
nernstian reduction, and the equal magnitude of the anodic wave 
confirms that hydrogen peroxide is the only reduction product. 
The response obtained is indistinguishable from that exhibited 
by the monomeric cobalt porphyrin, I, under the same conditions.5 

This suggests that at high pH Co2(FTF4) catalyzes the reduction 
of O2 by a pathway that does not involve the participation of more 
than one of the cobalt centers in the catalyst molecule. 

The adsorbed catalyst is not permanently altered by exposure 
to 1 M NaOH because transferring the electrode used to record 
Figure 6 to an acidic solution saturated with dioxygen produces 
the same, four-electron reduction of dioxygen that is obtained in 
the acidic solution with a freshly coated electrode. 

Rotating-Disk Voltammetry. In a previous report,1"3 cur
rent-potential curves for the reduction of dioxygen at rotating-disk 
electrodes coated with Co2(FTF4) were recorded only in acidic 
electrolytes. Data for a wider pH range are now available, and 
they reveal a pronounced pH dependence in the responses (Table 
I). As noted earlier, at pH O and 1 the Levich currents are 
essentially equal to the current calculated for the four-electron 
reduction of dioxygen. Above pH 3 the Levich current falls below 
this value, signaling an increase in the formation of hydrogen 
peroxide. The Levich current at pH 14 is less than half of that 
at pH O because of the decreased solubility of dioxygen in 1 M 
NaOH. When this factor is accounted for, the current at pH 14 
matches that expected for the quantitative two-electron reduction 
of dioxygen to hydrogen peroxide. 

In unbuffered solutions between pH 4 and 6 the current-po
tential curve exhibits two waves with relative magnitudes that are 
affected by the concentration of protons at the electrode surface 
(Figure 7). At potentials on the first wave, the reduction of O2 

proceeds to H2O as indicated by the absence of ring current in 
Figure 7. When this process consumes all of the available protons, 
the pH at the electrode surface increases substantially and the 
reduction shifts to more negative potentials. The corresponding 
anodic ring current shows that H2O2 is now a significant reduction 
product.13 The data in Table I indicate clearly that the stoi-

(12) Bard, A. J.; Faulkner, L. "Electrochemical Methods"; Wiley: New 
York, 1980. 
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DISK 

Table II. Electrochemical Responses of Cofacial Metalloporphyrins 
toward the Catalysis of the Reduction of Dioxygen" 

RING 

+0.6 +0.4 +0.2 0 -0 .2 

E VS. S C E , VOH 

-0.4 

Figure 7. Disk and ring current vs. disk potential for the reduction of 
O2 at a rotating-disk electrode coated with Co2(FTF4): rotation rate 100 
rpm; supporting electrolyte 0.1 M CF3COONa saturated with air and 
adjusted with CF3COOH to pH (A) 4.0, (B) 4.5, (C) 5.0. The platinum 
ring was maintained at +0.85 V. The values of 5 for disk and ring 
currents are 100 and 10 ̂ tA, respectively. 

+0.45 +0.40 +0.35 +0.30 +0.25 

E VS SCE, VOlt 

Figure 8. Potential dependences of (A) the catalyzed dioxygen reduction 
current and (B) the concentration of doubly reduced Co2(FTF4) on the 
electrode surface. Data for line A (left-hand ordinate) were recorded in 
1 M CF3COOH saturated with air at w = 400 rpm. Curve B (right-hand 
ordinate) was obtained by measuring the area under the solid curve in 
Figure 3 up to each potential of interest. 

chiometry of the reduction of dioxygen as catalyzed by Co2(FTF4) 
is influenced strongly by the hydrogen ion concentration. 

Between pH 0 and 2 the limiting disk currents at low rotation 
rates (e.g., w < 400 rpm) increase linearily with w^2, which shows 
that the currents are controlled by the convective transport of O2 

to the electrode surface. The shape of the rising part of the 
rotating-disk current-potential curves recorded under these con
ditions was analyzed by plotting log I/(Iy,m ~ h ^ - E. A typical 
plot, shown in Figure 8, is linear with a slope of 90 raV per decade. 
To analyze the slopes of such plots, it was desirable to compare 
them with the potential dependence of the quantity of the reduced 
form of the Co2(FTF4) catalyst on the electrode surface. This 
was calculated from the solid curve in Figure 3 and is shown in 
the form of a plot of log (r red/T to t) vs. E in Figure 8 (curve B). 

(13) In a previous report (ref 5), we often experienced difficulties in 
maintaining a constant sensitivity of the platinum ring electrode toward the 
oxidation of H2O2 in buffered supporting electrolytes at pH values above ca. 
2. For this reason we have preferred to use the magnitude of disk currents 
as a more reliable indicator of the stoichiometry of the reduction of O2. 
However, the presence or absence of ring current remains a highly reliable 
qualitative means for detecting H2O2 among the reduction products. 

porphyrin 

Co2(FTF4) 
CoFe(FTF4) 
CoAl(FTF4) 
CoAg(FTF4) 
CoMn(FTF4) 
CoH2(FTF4) 
Co monomer, I 

Ei,b 

V. vs. 
SCE 

0.62 
0.60 
/ 
0.59 
/ 
0.60 
0.54 

Ei,' 
V vs. 
SCE 

0.27 
/ 
/ 
(0.25) 
/ 

E„ 
V vs. 

0.47 
0.25, 
0.22 
0.38 
0.23? 

0.20 
0.20 

d 
3 ' 
SCE 

-0.07 

T e 7IiITi' 
mA cm 2 

1.3 
0.7, 1.2 
0.8 
1.1 
0.8g 

0.8 
0.8 

" AU data refer to 1 M CF3COOH supporting electrolyte. b For
mal potential of the cobalt center in the adsorbed porphyrin. 
Evaluated from cyclic voltammetric peak potentials recorded under 
argon at 100 mV s"'. ° Formal potential of the second metal 
center (if any). d Half-wave potential of the dioxygen reduction 
wave recorded in dioxygen-saturated solution with a coated disk 
electrode rotated at 100 rpm. e Limiting current density for the 
reduction of dioxygen at 100 rpm. f No clear peak evident above 
the background current. g A more positive E112 (0.32 V) and a 
higher current (0.9 mA cm"2) can be obtained by soaking the 
electrode in basic solution (see text). 

The slope of the linear portion of the curve that lies in the potential 
range where the catalyzed reduction of O2 is observed is ca. 85 
mV per decade. The agreement between the two slopes is the 
expected result if the current is controlled by the quantity of 
reduced catalyst on the electrode surface. This observation was 
important in deriving the catalytic mechanism described in the 
Discussion. 

Levich plots (/iim vs. u1/2)9 of the limiting dioxygen reduction 
current are shown in Figure 9A for a 1 M CF3COOH solution. 
The increasing deviations from linearity at higher rotation rates 
reflect the intervention of a potential-independent chemical step 
as the current limiting factor. The reaction between the reduced 
catalyst and dioxygen is the most likely such step,1"3 and its rate 
may be estimated from the intercepts of Koutecky-Levich plots 
(hm~] vs- W"'/2)14 such as the two shown in Figure 9B for air- and 
dioxygen-saturated solutions. The reciprocal of the intercepts of 
the lines, /in„ can be related to the rate constant of the current-
limiting reaction, k, via eq 1M where n is the number of electrons 

Ln, = nZkCnJ, O2
1 cat (1) 

consumed in the reduction of dioxygen, i.e., 4, 2? is the Faraday, 
CQ1 is the concentration of oxygen in the bulk of the solution, and 
Tcat is the surface concentration of catalyst (assumed to be uni
formly accessible to the dioxygen). The chemical reaction that 
limits the current is assumed to be first order in dioxygen and in 
catalyst. This was confirmed for dioxygen by noting that the 
values of /int differ by a factor of 5 in dioxygen- and air-saturated 
solutions. The rate constants evaluated from the two lines in 
Figures 9B are 2 X 105 and 3 X 105 M"1 s"1. Using the average 
of these constants and an estimate of the uncertainty in the 
measurement of the quantity of catalyst present on the electrode 
surface, we calculate a catalyst turnover number of (4 ± 2) X 
102 per second in a dioxygen-saturated solution. This number 
compares very favorably with turnover numbers that have been 
estimated for platinum-based catalysts15 and is within an order 
of magnitude of the rates of turnover achieved by some biological 
dioxygen reduction catalysts such as cytochrome c oxidase.16 

Related Heterobinuclear Cofacial Porphyrins. In order to 
compare the catalytic effectiveness of Co2(FTF4) with that ob
tained if a different metal cation (or two protons) were substituted 
for one of the two cobalt ions, we examined the behavior of several 
new binuclear cofacial porphyrins. These included the Co-Fe(II), 

(14) Koutecky, J.; Levich, V. G. Zh. Fiz. KMm. 1958, 32, 1565-1575. 
(15) Ross, P. N., Jr.; Wagner, F. T. Report to Los Alamos National 

Laboratory (Contract No. CRI-7090 W-I), March, 1982. Bett, J.; Lundquist, 
J.; Washington, E.; Stonehart, P. Electrochim. Acta 1973, 18, 343. 

(16) Hartzell, C. R.; Beinert, H.; vanGelder, B. F.; King, T. E. Methods 
Enzymol. 1978, 53, 54-66. Vik, S. B.; Capaldi, R. A. Biochem. Biophys. Res. 
Commun. 1980, 94, 348-354. 
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Figure 9. Levich (A) and Koutecky-Levich (B) plots of rotating-disk limiting currents in air (•) and dioxygen-saturated (A) 1 M CF3COOH. The 
dashed lines represent the calculated responses for the mass transfer limited, four-electron reductions of dioxygen in air- and dioxygen-saturated solutions. 

on the second plateau is closer to that expected for the four-electron 
reduction of dioxygen. 

When the experiment was repeated with a dioxygen-free so
lution of hydrogen peroxide, only the second reduction wave 
remained with a limiting current corresponding to a two-electron 
reduction (Figure 10, curve B). Thus, the two metal centers in 
the CoFe(FTF4) catalyst appear to function independently to yield 
behavior characteristic of monomeric porphyrin catalysts con
taining the same metal cations. Indeed, an electrode coated with 
a one-to-one mixture of monomeric cobalt and iron porphyrins 
produced a current-potential curve very similar to that in Figure 
1OA. 

CoMn-, CoAl-, CoPd-, and CoH2(FTF4). The behavior of all 
four of these catalysts is similar and resembles that obtained with 
the monomeric cobalt porphyrin: Limiting reduction currents at 
catalyst-coated rotating-disk electrodes correspond to the two-
electron reduction of dioxygen with half-wave potentials between 
0.20 and 0.23 V vs. SCE (Table II). Although the identity of 
the second metal has some influence on the potential where the 
cobalt center is reduced, these heterobinuclear cofacial porphyrins 
are catalytically no more effective than the monomeric cobalt 
porphyrin I. The corresponding monomeric porphyrin complexes 
of the second metals show no activity toward the reduction of 
dioxygen. 

As noted in Table II, if the adsorbed CoMn(FTF4) was soaked 
in an alkaline solution and transferred back to an acidic supporting 
electrolyte, some changes resulted in the limiting current and 
half-wave potential. The monomeric manganese porphyrin ex
hibited no changes when subjected to the same treatment. It is 
possible that axial ligands initially coordinated to the Mn center 
are removed by exposure to alkaline solutions, but the phenomenon 
was not studied sufficiently to establish its origin. 

CoAg(FTF4). In contrast to the other heterobinuclear catalysts, 
the cofacial porphyrin containing cobalt and silver ions shows two 
reduction waves when inspected under argon (Figure 1 IA). The 
more positive wave remains at about the same potential as that 
observed with the other porphyrins and seems clearly to arise from 
the cobalt center. The less positive wave probably originates in 
the silver center as it appears at a potential typical for the Agm /" 
couple in porphyrins.18 The reduction of dioxygen at a graphite 
rotating-disk electrode coated with CoAg(FTF4) is shown in 
Figure 1 IB. The reduction proceeds at positive potentials, and 
the limiting currents are well above the value corresponding to 
a two-electron reduction of dioxygen. The slope of the Kou
tecky-Levich plot prepared from curves such as those in Figure 

Figure 10. Rotating-disk voltammograms at electrodes coated with 
CoFe(FTF4): supporting electrolyte 1 M CF3COOH, (A) dioxygen-
saturated solution, (B) argon-saturated solution +~1 mM H2O2; scan 
rate 0.5 V min"1; electrode rotation rate 100 rpm; potential scanned at 
0.5 V min-1. 

Co-Mn(III), Co-Al(III), Co-Ag(II) and Co-H2 complexes. The 
behavior of the Co-Pd(II) complex was reported in our previous 
studies.1"3 Table II lists the formal potentials of the cobalt centers 
in the adsorbed catalysts measured in the absence of dioxygen, 
the half-wave potential of the catalyzed dioxygen reduction wave 
for each catalyst at a graphite disk electrode rotated at a low rate, 
and the corresponding limiting reduction (Levich) currents. The 
responses obtained are clearly quite sensitive to the nature of the 
second cation in the cofacial complexes, which supports the 
previous contention'"3 that interactions of both metal centers of 
the catalyst with the O2 molecule are involved in determining the 
course of the catalyzed reduction reaction. 

CoFe(FTF4). A single redox wave for the Co111/11 couple ap
peared near 0.6 V with electrodes coated with this catalyst in the 
absence of dioxygen in 1 M CF3COOH. This potential corre
sponds closely to that observed with the monomeric cobalt por
phyrin I.5 By comparison with monomeric iron porphyrins,17 the 
Fein/ii 

response would be expected to appear at potentials about 
0.5 V negative of the cobalt response, but we were unable to 
observe a clear wave above the background current. In di
oxygen-saturated solutions, rotating disk electrodes coated with 
CoFe(FTF4) exhibited the two-step reduction shown in Figure 
10, curve A. The first step appears at potentials considerably more 
negative than the potential where the catalyst is reduced. This 
behavior resembles the response obtained at electrodes coated with 
monomeric cobalt porphyrins,5 where the catalyzed reduction 
proceeds only to hydrogen peroxide. The second reduction step 
in Figure 10 appears at about the same potential as that where 
adsorbed, monomeric iron porphyrins are active catalysts for the 
reduction of hydrogen peroxide,17 and the total limiting current 

(17) Shigehara, K.; Anson, F. C. J. Phys. Chem. 1982, 86, 2776-2783. 
(18) Kadish, K.; Davis, D. G.; Fuhrhop, J. M. Angew. Chem., Intl. Ed. 

Engl. 1972, U, 1014-1016. 
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Table IV. Rate Constants for the Reaction of Adsorbed 
Porphyrins with Dioxygen 
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Figure 11. (A) Cyclic voltammogram of CoAg(FTF4) adsorbed on 
graphite: supporting electrolyte 1 M CF3COOH saturated with argon; 
Scan rate 0.1 V s"'. (B) Rotating-disk voltammograms for reduction of 
O2 at graphite electrodes coated with CoAg(FTF4): supporting elec
trolyte 1 M CF3COOH saturated with air. A new coating of complex 
was applied before each curve was recorded. Scan rate 0.5 V min"!. 

Table III. Effects of Increasing the Distance between Porphyrin 
Rings on Electrochemical Responses of Dicobalt 
Cofacial Porphyrins0 

porphyrin 

Co2(FTF3) 
Co2(FTF4) 
Co2(FTF4*) 
Co2(FTF5) 
Co2(FTF6) 

0 See Table II for ex 

Et, 
V vs. SCE 

0.64 
0.62 
0.64 
0.60 
0.59 

Et. 
V vs. SCE 

0.34 
0.27 
0.35 
b 
b 

planation of column h 

E Vl' 
V vs. SCE 

0.40 
0.47 
0.44 
0.38 
0.32 

eadings. b 

Aim. mA 
cm"2 

0.8 
1.3 
0.8 
1.1 
0.8 

Wave not 
discerned. 

1 IB corresponds to 2.9 electrons, suggesting that the reduction 
proceeds by two parallel pathways, one leading to hydrogen 
peroxide and the other to water. 

Electrodes coated with a monomeric silver porphyrin or the 
disilver analogue, Ag2(FTF4), showed no catalytic activity toward 
the reduction of dioxygen or hydrogen peroxide. Adsorption of 
a mixture of monomeric cobalt and silver porphyrins produced 
an electrode with a response similar to that obtained from the 
cobalt monomer alone. The CoAg(FTF4) complex resembles 
Co2(FTF5) in its ability to catalyze the reduction of O2. It is the 
most active cofacial porphyrin catalyst we have encountered that 
does not contain two cobalt centers, and the circumstantial evi
dence points strongly to the participation of both metal centers 
in generating the enhanced catalytic activity. 

Variation in the Length of the Bridging Groups in Dicobalt 
Cofacial Porphyrins. Dicobalt cofacial porphyrins with three, four, 
five, and six atoms in the bridging groups have now been syn
thesized and tested as dioxygen reduction catalysts. Table III 
summarizes the results that have been obtained. The optimum 
separation between the porphyrin rings appears to have been 
reached with the four-atom bridge as indicated by the less positive 
value of Ei/2

 a n d smaller limiting currents obtained for both 
Co2(FTF3) and Co2(FTF5). 

The effect of changing the order of the bridging atoms is clear 
from the difference in the behavior of Co2(FTF4) and Co2-
(FTF4*). The magnitude of the limiting O2 reduction current 

porphyrin 

Co monomer, I 
Co2(FTF3) 
Co2(FTF4) 
CoAg(FTF4) 
CoAl(FTF4)a 

CoMn(FTF4)a 

10"5Ar, M"1 s"1 

1.4 
1.2 
3 
2.2 
1.0 
2.0 

0 The quantities of these catalysts on coated electrodes were taken 
to be the same as that measured for Co2(FTF4) because the voltam-
metric responses were not sufficiently well-defined for reliable 
measurements to be made. 

Scheme II 

fast _, \ U ' 
4 r -_ E' 0 \-Ch 

obtained with Co2(FTF4*) points to H2O2 as the primary re
duction product. The half-wave potential of the catalyzed wave 
obtained with Co2(FTF4*) is more positive than any peroxide-
producing catalyst we have encountered. Its behavior is the subject 
of continuing studies. 

Kinetics of the Reaction between Catalysts and Dioxygen. The 
rotating-disk procedure described earlier for measuring the rate 
constant governing the reaction of Co2(FTF4) with O2 was also 
applied to several additional porphyrins. The results, summarized 
in Table IV, show that the reaction rate constant does not vary 
extensively from porphyrin to porphyrin, suggesting a common 
rate-limiting step such as the substitution of dioxygen in the inner 
coordination sphere of cobalt(II). 

Discussion 
Dicobalt Porphyrins. The catalyst waves shown in Figure 2 

are much more clearly defined than was true in our previous 
reports,1"3 probably because the samples of Co2(FTF4) used to 
coat the electrode in the present study were more abundant and 
more highly purified.4 The two reversible waves observed in the 
absence of dioxygen represent the reduction of the dicobalt(III,III) 
complex successively to the (IH1II) and (H1II) states. The absence 
of a pH dependence of the peak potentials below pH 6 indicates 
that hydroxy complexes of the oxidized and half-reduced catalyst 
are not important in this pH range. When a possible mechanism 
for the catalytic action of Co2(FTF4) in dioxygen reduction is 
proposed, several facets of its behavior must be accommodated. 
These include the relative positions and pH dependences of the 
waves corresponding to the reduction of the catalyst itself and of 
dioxygen, the conversion of the dioxygen reduction product from 
water to hydrogen peroxide as acidic supporting electrolytes are 
made neutral or alkaline, the shape of the current-potential curve 
for the catalyzed reduction of dioxygen, and the intervention of 
a potential-independent step in the reaction mechanism when high 
rates of reaction are demanded by increasing the flux of dioxygen 
reaching the electrode surface. Scheme II presents a mechanism 
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for acidic electrolytes that accommodates most of these points. 
As in Scheme I, it is assumed for each molecule shown in Scheme 
II that the lower porphyrin ring is adsorbed on the graphite surface 
so that the axial ligand site on the corresponding cobalt center 
is blocked. For purposes of exposition, we have depicted the first 
step in the catalytic sequence as the formation of an adduct 
between O2 and a Co(II) center in which the formal oxidation 
states of the two reactants do not change. The actual electronic 
distribution within the adduct could, of course, differ from that 
depicted. 

The reduction of dioxygen is catalyzed by Co2(FTF4) at po
tentials near the foot of the second reduction wave of the catalyst 
(Figure 4) whose formal potential is labeled E2 in Scheme II. The 
first catalyst wave, at potential .E1, is not altered in position or 
magnitude by the presence of O2. This insensitivity of the first 
wave to O2 shows that the equilibrium constants for the formation 
of adducts such as F and G in Scheme II are not large. If 
significant quantities of these species were formed, the peak po
tential of the first catalyst wave would be shifted toward more 
positive values in the presence of O2. The same observation was 
made recently for the monomeric cobalt porphyrin I, whose single 
reduction wave precedes that for O2 and is not affected by the 
presence of O2.5 

The dioxygen group present in F and G is not reducible before 
the second cobalt(III) center in species A or G is reduced to yield 
species B and C, respectively. At this point the catalyzed reduction 
of O2 to H2O ensues via species D and E. The potential, £3, 
required for the reduction of the /i-hydroperoxo group in species 
E is assumed to lie positive of E2 so that the final step of the 
reduction proceeds rapidly at the potential where species B is 
generated at the electrode. The dioxygen complex that is cata-
lytically active in the four-electron pathway is proposed to be C, 
with the dioxygen molecule inside the cavity separating the two 
porphyrin rings, rather than F or H, because of the dramatic 
difference in behavior between Co2(FTF4) and the monomeric 
porphyrin I or Co2(FTF5), with only one additional atom in the 
bridging groups.1"3 Although species such as F and H do not 
participate in the electrochemistry at potentials near E2 because 
they are not reduced there, such O2 adducts are reducible to H2O2 

at more negative potentials.5 This accounts for the appearance 
of H2O2 and the decrease in limiting disk currents when cata
lyst-coated electrodes are scanned to sufficiently negative po
tentials.1"3 Further support for this proposal is provided by the 
behavior of Co2(FTF3) with only three atoms in the amide 
bridging groups. Coatings of Co2(FTF3) catalyze the reduction 
of O2 to H2O2 but not to H2O, a result to be expected according 
to Scheme II if the dioxygen molecule were unable to fit between 
the two porphyrin rings. 

The formation of species E, the (/i-hydroperoxo)dicobalt(III) 
complex, is proposed in order to account for the unique ability 
of Co2(FTF4) to avoid the formation of H2O2. The release of 
H2O2 from species D and E should be slowed down by the need 
to break two cobalt-oxygen bonds. Rapid protonation of D 
produces a hydroperoxo group with both ends coordinated to a 
cobalt center. We propose that this /u-hydroperoxo group is more 
easily reduced than any of its predecessors in the reaction sequence. 
Once formed, it rapidly accepts two electrons from the electrode 
to complete the reduction to H2O and regenerate the catalyst. The 
(iu-hydroperoxo)- rather than the (/u-peroxo)dicobalt(III) complex 
is proposed as the rapidly reducible intermediate in order to 
account for the positive shift in the half-wave potential of the O2 

reduction wave produced by increases in the concentration of 
protons (Table I). Scheme II is compatible with this observation 
if the rate at which the dicobalt(II) form of the catalyst is con
sumed irreversibly by reaction with O2 depends on the proton 
concentration. Indeed, if the formation of species E from species 
B and O2 were fast, irreversible and first order in H+, the observed 
60-mV change in E1J2 for each 10-fold change in proton con
centration could be rationalized.19 

(19) Nadjo, L.; Saveant, J. M. / . Electroanal. Chem. Interfacial Elec-
trochem. 1973, 44, 327-366. 

Scheme II includes the possibility that the hydroperoxide in
termediate formed in the catalytic cycle leading to H2O might 
be isomer E' because analogous (;u-hydroperoxo)cobaltammine 
complexes are known,2<>~23 and in one case24 such a complex was 
shown to be a more reactive oxidant than the corresponding 
^-peroxo isomer. The molecular geometric requirements for the 
formation of E and E' certainly differ, and all of our evidence 
indicates that the catalytic effectiveness of the cofacial porphyrins 
is exceedingly sensitive to the relative configurations of the two 
cobalt centers. For example, although both Co2(FTF4) and 
Co2(FTF4*) have been shown by ESR to form (ju-superoxo)di-
cobalt(III) complexes in nonaqueous media,40 they are not equally 
effective as dioxygen reduction catalysts: Co2(FTF4*) catalyzes 
the two-electron reduction instead of the four-electron reduction 
achieved by Co2(FTF4). The ESR spectra of the two ju-superoxo 
complexes show dissimilarities that suggest less structural sym
metry in the Co2(FTF4*) complex. This apparent structural 
difference has major consequences in the catalytic behavior of 
the two complexes. 

Mixed-Metal Porphyrins. The results obtained with the het-
erobinuclear cofacial porphyrins add support to the mechanism 
depicted in Scheme II in that the metal center present in addition 
to cobalt is catalytically inert unless it is electroactive at potentials 
prior to that where species such as F, G, or H are reduced to H2O2. 
For example, the CoAg(FTF4) catalyst, with two electroactive 
metal centers, yielded currents well in excess of those corresponding 
to the two-electron reduction of O2 and at potentials more positive 
than any catalyst except Co2(FTF4). A reaction pathway leading 
to H2O as the reduction product is apparently accessible with this 
catalyst, and it can be traversed in parallel with the pathway 
leading to H2O2 that is shared by all the catalysts. Since neither 
Ag2(FTF4) nor the monomeric silver porphyrin analagous to I 
shows catalytic activity toward the reduction of O2 or H2O2, the 
apparent activity of the reduced silver center in CoAg(FTF4) may 
reflect its ability to react with the unbound end of the O2 molecule 
in the species corresponding to G of Scheme II to produce a 
hydroperoxo intermediate that is reduced to H2O at the electrode 
in the same potential range where the O2 in the species corre
sponding to F and H are reduced to H2O2. 

By contrast, the CoFe(FTF4) complex, which also contains two 
electroactive metal centers, is no more active than the monomeric 
cobalt porphyrin because the electroactivity of the iron(III) center 
lies at potentials well beyond those where the O2 in the species 
corresponding to F is reduced to H2O2. 

Catalytic Mechanism in the Absence of Protons. In neutral and 
alkaline solutions the catalyzed reduction of O2 occurs at sig
nificantly more negative potentials and leads to H2O2 instead of 
H2O. In highly alkaline solutions this change could be interpreted 
in the light of Scheme II as resulting from ^-hydroxo or jt-oxo 
groups competing successfully against O2 molecules for the cavity 
in the catalyst, access to which is required for the four-electron 
reduction according to Scheme II. The catalyzed reaction may 
then be forced to proceed via species such as F and H in Scheme 
II, which require more negative potentials for reduction of the 
coordinated O2 and lead only to H2O2. 

In neutral solutions, where the O2 molecules may continue to 
be able to enter the cavity of the catalyst, the four-electron 
pathway may be blocked by the lack of protons necessary to 
convert the ji-peroxo intermediate, D, into species E (or E'), the 
only form of the intermediate that is reducible at the potential 
where it is generated. The coordinated peroxide is therefore 
released from the cavity as depicted in Scheme III instead of being 
further reduced. The resulting H2O2 accumulates in the solution 
because Co2(FTF4) is inert toward the reduction of H2O2 at any 
pH. 

(20) Mori, M.; Weil, M. A. J. Am. Chem. Soc. 1967, 89, 3732-3744. 
(21) Thewalt, U.; Marsh, R. A. J. Am. Chem. Soc. 1967, 89, 6364-6365. 
(22) Davies, R.; Sykes, A. G. J. Chem. Soc. 1968, 2840-2847. 
(23) Hyde, M. R.; Sykes, A. G. J. Chem. Soc. Dalton Trans. 1974, 

1550-1561. 
(24) Davies, R.; Stevenson, M. G.; Sykes, A. G. J. Chem. Soc. A 1970, 

1261-1266. 
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Scheme III 

Conclusions 
The combinations of observations we have made helps to identify 

two of the factors that are most important in the catalytic cycle 
by which the Co2(FTF4) molecule reduces O2 to H2O without 
release of H2O2: (i) the two cobalt centers must be positioned 
so that the proposed ^-peroxo complex can be formed; (ii) pro
tonation of the jt-peroxo bridge is required to render it reducible 
at the potential where it is formed. These two requirements are 
necessary but apparently not sufficient because the dicobalt co-
facial porphyrin with four-atom bridges in the meso position of 
the porphyrin is not an effective catalyst for reduction of O2 to 
H2O.1"3 Furthermore, the electroreduction in acidic media of 
stable, (/a-peroxo)dicobalt complexes of some other macrocyclic 

The reversible hydration of alkyl aldehydes has seen consid
erable investigation.1 This represents perhaps the most simple 
example in the important class of carbonyl addition reactions, and 
the position of the equilibrium and the associated kinetics have 
been studied in detail for a number of simple aldehydes.1"6 

(1) Bell, R. P. Adv. Phys. Org. Chem. 1966, 4, 1-29; and references cited 
therein. 

(2) Greenzaid, P.; Luz, Z.; Samuel, D. J. Am. Chem. Soc. 1967, 89, 
749-756, 756-759. 

0002-7863/83/1505-2718S01.50/0 © 

ligands produces cobalt(H) and H2O2, not H2O.25 Thus, the 
ji-peroxo group in the complex formed by Co2(FTF4) is apparently 
unusually reactive toward protonation and further reduction. The 
combination of steric and electronic constraints imposed simul
taneously on the M-peroxo group and the cobalt centers by the 
cofacial porphyrin ligand with four atoms in its amide bridges 
seems of crucial importance to its unique catalytic action. We 
expect that additional studies of the coordination chemistry of 
Co2(FTF4), Co2(FTF4*), and Co2(FTF3), including X-ray 
structural data, will lead to a more thorough understanding of 
the mechanistic details of their electrocatalytic behavior. 
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Aromatic aldehydes, on the other hand, are known not to be 
hydrated to a significant extent in water, due to the extra resonance 
stabilization in the unhydrated benzaldehyde. Some measurements 
or estimates of the extent of hydration have been reported.7"10 The 
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Abstract: Rate constants have been measured for the approach to hydration equilibrium for seven substituted benzaldehydes 
[4-Cl, 3-Cl, 4-CF3, 3-NO2, 4-NO2, 3-NOr4-Cl, 3,5-(N02)2]. The kinetic method involves the perturbing of the equilibrium 
position by forming hydrate anion in concentrated sodium hydroxide; addition of acid and buffer results in solutions containing 
excess hydrate. Hydration equilibrium constants have been calculated by knowing the rate constants in the two directions 
for the hydroxide ion catalyzed reaction, and a value for the 3,5-(N02)2 system has been obtained by using a trapping technique. 
Literature values are also summarized; hydration has a p value of +1.7 in the hydration direction. General base catalysis 
is associated with Bronsted 0 values around 0.4 and p values near zero in the dehydration direction. The 0 values increase 
with decreased electron withdrawal, while the p values decrease with increased base strength (60/da = -0.06 = dp/dpK^). 
A three-dimensional reaction coordinate diagram is used to show that this behavior is consistent with a class n mechanism—in 
the dehydration direction, equilibrium deprotonation of the hydrate followed by acid-catalyzed expulsion of OH. The water 
rates fit the general base correlations, although rate constants at the diffusion limit are required in one step. Two distinct 
Bronsted plots are observed for general acids, one for RCOOH and a second for RPO3H", including H2PO4". The line for 
the latter is about 1 log unit above that for the former; this is attributed to an electrostatic interaction and not bifunctional 
catalysis. A significant cross correlation is also found here, with da/da = -0.12 = dpf-dpK^. This is shown to be consistent 
with a class e mechanism—in the dehydration direction, equilibrium protonation of the hydrate followed by base-catalyzed 
expulsion of water. 


