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Abstract: The reactivity toward dioxygen of two series of dicobalt cofacial diporphyrins in solution in an aprotic
solvent is described. Some of these compounds are efficient electrocatalysts for the four-electron reduction of dioxygen
when adsorbed on a graphite electrode immersed in aqueous acid. Their electrochemical and spectroseopic (UV
vis, EPR) behavior in solution shows that, contrary to what is observed with cobalt monomers, the neutraldfo

(1) (P stands for a porphyrin ring) form does not react with dioxygen. Uniquely the one- and two-electron-oxidized
forms of the dimer, [PCbC0'P]" (1") and [PCd---Cd'PJ?" (121), respectively, reversibly bind dioxygen, giving

two complexes2 and3, at room temperature and in the absence of a good axial ligand. The stability constants of
the two Q complexes have been measured spectrophotometrically and/or electrochemically, and prove to be remarkably
high. As a whole, the present,®inding processes appear unprecedented as basically different in many respects
from the process classically described in the case of cobalt monomers. Extehdes iolecular orbital (EHMO)
calculations, based on the crystal structure of theFT&4 dimer in its uncomplexed form (€&Co distance 3.42

A), show that, in the absence of very important deformations of its structure, the only possible geometry for the O
complex of the two-electron-oxidized derivative [PE0,—CoPF (3) is theu-n%n?-peroxo structure. The calculated
corresponding electronic diagram affords a rationale for most of the experimentally observed properties. Specifically,
the G complex of the one-electron-oxidized form [P€0,*—CoP]" (2), the reduced form of compleX should be
considered as a species in which theriety is further reduced, at least partially, as compared to its peroxo state

in 3, i.e., consequently in an oxidation state intermediate between peraXoand oxo 2). Preliminary results
indicate that this species reacts with one proton, while the two-electron-oxidizembi@plex 3 is resistant to
protonation. The possible implications of these specific properties of the dicobalt dimers in the four-electron reduction
mechanism of @are discussed, and structural and mechanistic similarities with bioinorganic dinuclear sites appear
significant.

Dicobalt cofacial diporphyriris®> are among the very few has yet remained elusive in spite of the amount of related
molecular electrocataly$ts$ able to promote the direct reduction  researci>13.14 Actually, the four-electron reduction process
of dioxygen to water by a four-electron mechanism in an acidic is only observed when the dicobalt dimers are adsorbed on an
medium. Mononuclear derivatives under the same conditions edge plane graphite electrode (EPGE) immersed in aqueous acid.
reduce dioxygen to hydrogen peroxide by a two-electron Under these conditions, the redox exchanges, their sites on the

proces$. Understanding the catalytic cycle by which this four-
electron reduction of @proceeds and the properties critical for
the catalyst’s efficiency is a challenge of relevance to electro-

catalysis for catalyst design and improvement as well as t0 apdaimunhdi,

bioinorganic reduction of @by dinuclear systems such as
cytochromec oxidase'® non-heme diiron sitek, copper oxi-
dases? etc. However, the exact mechanism for this catalysis

* Author to whom correspondence should be addressed.

TUMR CNRS 6521, Universitele Bretagne Occidentale.

*UMR CNRS 6511, Universitele Rennes 1.

® Abstract published iAdvance ACS Abstractsune 15, 1997.

(1) For a recent review see: Collman, J. P.; Wagenknecht, P. S.;
Hutchison, J. EAngew. Chem., Int. Ed. En§994 33, 1537.

(2) (a) Collman, J. P.; Marrocco, M.; Denisevich, P.; Koval, C.; Anson,
F. C.J. Electroanal. Chenl979 101, 117. (b) Collman, J. P.; Denisevich,
P.; Konai, Y.; Marrocco, M.; Koval, C.; Anson, F. @. Am. Chem. Soc.
198Q 102 6027. (c) Collman, J. P.; Anson, F. C.; Bencosme, S.; Chong,
A.; Collins, T.; Denisevich, P.; Evitt, E.; Geiger, T.; Ibers, J.; Jameson, G.;
Konai, Y.; Koval, C.; Meier, K.; Oakley, R.; Pettman, R.; Schmittou, E.;
Sessler, J. IOrganic Synthesis, Today and Tomorrofrost, B. M.,
Hutchinson, C. R., Eds.; Pergamon Press: New York, 1981; ppt39

S0002-7863(96)01865-3 CCC: $14.00

molecule, the complexation of Dand protonation steps are

(3) (&) Liu, H. Y.; Weaver, M. J.; Wang, C. B.; Chang, C. K.
Electroanal. Chem.1983 145 439. (b) Chang, C. K.; Liu, H. Y,
I.J. Am. Chem. Socl1984 106 2725. (c) Liu, H.-Y.;
Abdalmuhdi, I.; Chang, C. K.; Anson, F. G. Phys. Cheni985 89, 665.
(d) Ni, C.-L.; Abdalmuhdi, I.; Chang, C. K.; Anson, F. @. Phys. Chem.
1987 91, 1158. (e) Chang, C. K.; Abdalmuhdi, Angew. Chem., Int. Ed.
Engl. 1984 23, 164. (f) Chang, C. K.; Abdalmuhdi, J. Org. Chem1983
48, 5388. (g) Chang, C. K.; Abdalmuhdi, Angew. Chem., Int. Ed. Engl.
1984 23, 164. (h) Chang, C. K.; Abdalmuhdi, J. Org. Chem1983 48,
5388.

(4) () Karaman, R.; Jeon, S.; Almarsson;, Bruice, T. C.J. Am. Chem.
So0c.1992 114, 4899. (b) Jeon, S.; Almarsson,;&araman, R.; Blasko
A; Bruice, T. C.Inorg. Chem.1993 32, 2562.

(5) Park, G. J.; Nakajima, S.; Osuka, A.; Kim. Khem. Lett.1995
255.

(6) () Kobayashi, N.; Lam, H.; Nevin, W. A.; Janda, P.; Leznoff, C.
C.; Lever, A. B. P.Inorg. Chem.199Q 29, 3415. (b) Nevin, W. A,; Liu,
W.; Greenberg, S.; Hempstead, M. R.; Marcuccio, S. M.; Melnik, M;
Leznoff, C. C.; Lever, A. B. Pinorg. Chem1987, 26, 891. (c) Hempstead,
R. M.; Lever, A. B. P.; Leznoff, C. CCan. J. Chem1987, 65, 2677

(7) (a) Collman, J. P.; Kim, KJ. Am. Chem. S0d.986 108 7847. (b)
Collman, J. P.; Chng, L. L.; Tyvoll, D. Alnorg. Chem.1995 34, 1311.

© 1997 American Chemical Society



6096 J. Am. Chem. Soc., Vol. 119, No. 26, 1997 Le Mest et al.

practically impossible to determine. The proposed mechanisms
were at first based on the electrochemical response of the EPG
electrode interpreted in terms of the well-known properties and
reactivity toward @ of monomeric porphyrins in nonaqueous
solventst® It was also shown that very small modifications in
the structure of these dicobalt dimer derivatives could induce a
partial to total loss of their efficiency (Figure 1)312 Minor
structural differences in the series cannot account for crucial
differences in the absorption modes. This indicates that the
adsorption mode does not determine on its own the efficiency

of the catalysts, but that the efficiency is controlled by their A, ® ©
structures and the resulting properties and reactivity toward O 2 1 FIF53,1 (b)
Hence, the actual properties of these compounds could constitute 2 2o O

a new basis, alternative to those of the cobalt monomers used
so far, for the interpretation of the EPGE response, and provide
a new insight into the catalytic cycle.

We have undertaken a study of the electrochemical and
spectroscopic properties of the dicobalt compounds in aprotic
solvents. The goal was to emphasize any difference in their
behavior and reactivity toward dioxygen in comparison with
those of the monomeric cobalt porphyrittsas well as differ-
ences between the dimers in the series. It appeared that their
cofacial configuration perturbed their electrochemical properties
so strongly that they could not be interpreted on the basis of
the juxtaposition of two independent monom&s® From an (a) @
electrochemical point of view, it was shown that the dimers Figure 1. Representation of the dicobalt cofacial dimers examined in
must be considered as a single entity, from which or to which the present study: FTFseries and Pacman (DPA DPB) series;
electrons are abstracted or added, and that, even in a moderatel{group 1) FTF6, DPA; (group 2) FTF4, FTF5-2,2, FTF5-3,1, DPB.
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Reactbity toward Dioxygen of Dicobalt Diporphyrins

dioxygen complexes of these dimers could be carried out neither
by their crystal structur@snor by Raman studieX.

The outcome of the oxidation pathway under évidenced
by these dimers in benzonitrile (PhCN) (eq 1) is that, even in
their oxidized forms, the dimers remain potentially reactive
toward Q as still bearing cobalt(ll). The purpose of the present
report is the description of the reactivity toward @f the two
series of dimers shown in Figure 1, and for one exampleg; Co
FTF4, the reactivity toward protons of the, @omplexes.
Extended Huakel molecular orbital (EHMO) calculations, based
on the CeFTF4 structuré? advocate for a-r%#2? configuration
for the G complexes (Griffith-bridged coordination modk@)®
this electronic structure affords a theoretical basis for the unique
O, reactivity of these dimers as compared to monorief3.
The possible implication of these properties in the fGur-

electron reduction process is discussed, and comparison is made

with some relevant biological dinuclear sites.

Experimental Section

Since the compounds used in the present work are obtained at very
low yields after long synthetic routes, the available quantities for

J. Am. Chem. Soc., Vol. 119, No. 26, 180897

Scheme 1Oxidation Pathways for Group 2 Dimers in the
Presence of @°
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electrochemistry were very low (a few milligrams for each). This
means that each experiment had to be performed on a very small

. h - : ments connected to the main one through ground joints terminated by
fraction (0.2-0.3 mg) dissolved in minute volumes (ca. 30D) of

frits (Vycor tips from PAR). For voltammetric measurements, a

?mvigf;l ’\;urtgem;ore, the solubility of tfh(;se compou_nds is lowal platinum disk @ = 2 mm) was employed, and the electrolyses were
x ). For these reasons, some of the quantitative measurementsperformed with the same electrode, but rotated, equippddavit mm

were obtained with a limited precision. Owing to the extreme sensitivity diameter disk. For the purpose of comparison, the formal potential of
of these dimers to traces of oxygen and water, all experiments were Fc/Fc' versus SCE is 0.43 V measured in the same medium (PhCN
carried out in a dry nitrogen atmosphere box with carefully deoxygen- 0.2 M BuNPR). A Model PAR 173 potentiostat equipped with a PAR
ated solvents and chemicals. o 179 digital coulometric unit, was monitored by a PAR 175 programmer.
Chemicals. The synthesis, purification, and characterization of the The chart recorder was a T-2Y SEFRAM ENERTEC. Y¥is spectra
diporphyrins of the FTFN serié3and the DPX (X= A or B) “Pacman” were recorded on a CARY 219 spectrophotometer from Varian. A

serie$ have been described in detail elsewhere. All were synthesized jeo| FE3X apparatus was used for the EPR spectroscopy. Spectra
at Stanford. The solvent (mainly benzonitrile (PhCN)) and the \yere recorded from solution® (= 40 uL) at a concentration close to

supporting electrolyte (tetrabutylammonium hexafluorophosphate (Bu 5 . 10-4 M in quartz tubes with a power of 1 mW and frequency
NPFs)) were purified as previously describ&d. Solutions of the close to 9.2 GHz.

supporting electrolyte were prepared in the drybox, stored on molecular
sieves (Linde 4 A), and twice percolated through an activated {@00
under vacuum for 48 h) neutral alumina (Merck) column. The oxidized
forms of the derivatives were generated electrochemically: thus, all ~Reactivity toward Dioxygen. The reactivity toward @of
the spectra were recorded in the presence of the supporting electrolytethe dimers in the different redox states depicted in eq 1 has
To record the spectra, solutions were transferred from the electrochemi-heen monitored by U¥vis and EPR spectroscopies of their
cal cell to EPR tubes or to UWvis cuvettes and sealed prior to removal electrochemically generated solutions underiNoenzonitrile
from the drybox. For measurements of the stability constants of the (PhCN). The influence of gon their electrochemical behavior
O, complexes, saturation of the solutions by/K} mixtures were is d .'b d bel d the th d ic stabilit tant
conducted in the drybox by bubbling directly in the electrochemical or IS described below, an € erm_o ynamic stability constants
UV—vis cells or EPR tubes. Gas mixtures were prepared either by Of theé G complexes were determined. In the case of cobalt-
mixing known volumes of gas in a flask (for lop(O,)) or by using a (1) monomer it has been shown that the presence of a donor
mixing pump (Digamix, H. Wethoff). In any case pure ®@r mixtures axial ligand such as a nitrogenous base, usually designated by
were dried over freshly activated molecular sieves before introduction L, is a prerequisite for ©binding1®> Thus, the effect of the
in the box in a Schlenck flask. presence of such a ligand N-methylimidazole N-Melm) in
Apparatus. The drybox was manufactured by Jaram. The nitrogen the solvent, has been examined. The linding pathways
flow was continuously purified by passage through molecular sieves emphasized by these results are depicted in Scheme 1 for group
at ambient temperature and divided copper BTS catalyst (BASF) at 2 dimers and Scheme 2 for group 1 dimé&ts.
100°C. ghek ellectrocdher?ical cell was Bp;ecifically designed Ito fit th(fe Spectroscopy. The neutral derivatives [P®Cd'P] (1) of
rotating disk electrode (EDI Tacussel) for a minimum volume o - . .
solution in the main compartment. The auxiliary and reference the dimers of both group 1 and group 2 do not reversibly t.)md
(ferrocenium/ferrocene (FéFc)) electrodes were in separate compart- Oz. In the pure solvgnt, after several hours, 'a very'sllg.ht
evolution of the UV-vis and EPR spectra of this species is
observed indicative of an irreversible oxidation to complex
via 1*. In the presence oN-Melm the same oxidation/O
complexation reaction is instantaneously obserRfe@he low-
temperature EPR spectrum bf in the presence dN-Melm,
observed under N characteristic of exchange-coupled dicobalt
system&16 shown in Figure 2a (spectrum 1), disappeared in
the presence of 1 atm of,@o give rise instantaneously at low
temperature to an anisotropic signal (Figure 2b) corresponding
to a 15-line spectrum at room temperatéé® If only a very
small amount of Qis introduced into the solution, the intensity
of the signal of the initial solution decreases and is replaced by

Results
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McElwee-White, L.J. Am. Chem. Sod.986 108 533. (b) Le Mest, Y.;
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9869.
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(25) Kim, K.; Collman, J. P.; Ibers, J. Am. Chem. Sod 98§ 110,
4242,

(26) Griffith, J. S.Proc. R. Soc. London, A956 235, 23.
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(b)

Figure 2. EPR spectra of frozen (130 K) solutions of the diporphyrin
CoFTF4 in PhCN, in its neutral form [P®dCo'P], in the presence of
N-Melm (N-Melm/Co ratio ca. 20): (a) spectrum 1, undes Bpectrum

2, after adding a trace of O(b) under Q, p(O;) = 1 atm.

400
Figure 3. UV—vis spectrophotometry of solutions of the £dF4
diporphyrin, in its one-electron-oxidized form [P@»P]", in PhCN,
0.2 M BuNPFR;, C~ 4 x 105 M: (1) under N; (2) under Q; (3)
after bubbling N.

L s
500 600 nm

ca. an equivalent amount (in terms of integration) of the 15-
line anisotropic signal. This evolution shown in Figure 2a
indicates that no diamagnetic intermediate is involved.

The one-electron-oxidized form of group 2 complexes,
reacts immediately and reversibly with @ pure PhCN, giving
the complex [PCeO—CoPJ", 2. As shown in Figure 3 in
the case of C#TF4, the broad UWvis bands observed for
these derivatives under,Nclose to the spectrum of-radical
cations!”2%are replaced, in the presence of ®y new sharp

(27) The presence of 4@ and traces of aqueous acid increases the rate
of the oxidation+ O, complexation reaction. Under protic conditionst(H
or Hy0) this is probably due to an increased oxidizing power ofb®
stabilization of its reduced forms which was not scrutinized. In the presence
of an axial donor ligand on cobalt(ll), it is ascribable to the lowering of the
oxidation potential of C#/Cd" by stabilization of the Cb redox state.

(28) Chang, C. KJ. Chem. Soc., Chem. Commua977, 800.

Le Mest et al.

0.1 4

T
600 nm

500

400
Figure 4. UV—vis spectrophotometry of solutions of the O&A
diporphyrin, half-electrolyzed at a potential on the first oxidation wave
(mixture |[PCo CoP] = |[PCo- - -CoP?|), in PhCN, 0.2 M BuNPF;,
C~ 4 x 10°°M: (1) under N; (2) under Q; (3) after bubbling M.

bands, in both the Soret and visible parts of the spectra. This
change is reversible, and bubbling Nr Ar in the solution
completely restores the original spectrum. The spectra of the
oxygenated derivatives of all the group 2 compounds are very
similar with Amax (M) (€ (1072 L-mol~1-cm™Y)) ~ 407 (140),
531 (12), and 565 (13). By EPR, the addition ofi@solutions
of [PCoCoP]" generates at room temperature a 15-line spectrum
as previously reportetl. The corresponding low-temperature
anisotropic spectrum is similar to that shown in Figure 2b. The
spectra obtained for all the derivatives of group 2 are very
similar, [giso = 2.02 Aiso.co= 12—14 G),g; = 2.09gn = 2.00
(Al,co = 15—17 G)], and the presence BfMelm modifies the
characteristics of the spectra only slightly. This kind of
spectrum is usually ascribed touasuperoxodicobalt configu-
ration [PCd' —O»—Cd" P]" in which the dioxygen is bridged
between the two cobalt atoms and the unpaired electron is partly
delocalized on the two cobalt nuclei € 7/2)2b.32.0.21,23,24,28

Concerning the one-electron-oxidized solutions of the less
interactive group 1 compounds &adF6 and CeDPA, the
situation is different as these solutions correspond to a 1:1
mixture of the neutral and two-electron-oxidized forthand
12+ 16 As shown in Figure 4, in pure PhCN, the presence of
O, in solution has an effect similar to that for group 2
derivatives. Itinduces an instant transformation of the original
UV —vis spectrum into one very similar to that of group 2
oxygenated derivatives. This process is reversed by bubbling
N.. The observation is similar in the presencéNefelm. EPR
demonstrates that the formulation of the oxygen complexes is
different for the two derivatives. In the case of the,BBA
dimer, the spectrum is the typical 15-line signal at room
temperature and that of Figure 2b at low temperature, quite
similarly to that of group 2 complexes. Conversely in the case
of the CoFTF6 dimer, the room temperature spectrum of the
oxygenated complex displays eight equivalent lines and at low
temperature the corresponding anisotropic signal. The charac-
teristics of the spectra are the same as for the spectra discussed
above, except thaf\c, = 36 G. This kind of spectrum
corresponds to nonbridged superoxo compléXaswhich O,
interacts with only one cobalt atom: this indicates that the two
cobalt centers of the GBTF6 derivative are too far apart for a
bridged-oxygen conformation. As @eTF6 and CeDPA are
structurally similar in terms of the CeCo distance in their
uncomplexed forms, the formation of a bridged species in the
case of C@DPA can be explained by a closing process of the
two rings allowed by the single linking bridge between the two
porphyrins.

Unprecedentedly, it was found that the two-electron-oxidized
form of the complexes]?t, also reversibly binds dioxygen,

(29) (a) Felton, R. H. InThe Porphyrins Dolphin, D., Ed.; Academic
Press: New York, 1978; Vol. V, Part C, p 53. (b) Fajer, J.; Davis, M. S.
In The PorphyrinsDolphin, D., Ed.; Academic Press: New York, 1979;
Vol. IV, Part B, p 197.
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500 600 nm

400

Figure 5. UV—vis spectrophotometry of solutions of the £dF4
diporphyrin, in its two-electron-oxidized form [PCo- - -C8P] in
PhCN,C~ 4 x 10°°M: (1) under N; (2) under @; (3) after bubbling
Na.

leading to [PCe-O,—CoPF*, 3. On the basis of our previous
assignment of this derivative as an isoelectronic dicobalt(l1l)
configuration [PC# Cd"PJ?+, O, binding could not be ex-
plained?? The reversible formation of the Ocomplex3 is
evidenced by UV-vis spectrophotometry (Figure 5) in the case
of the CoFTF4 dimer. The characteristics of its spectrum are
Amax (NM) (€ (1073 L-mol~1-cm™1)) = 400 (~70), 532 (8),

564 (~8), and 650 sh. The wavelengths of these bands are
closer to those generally observed for cobalt(lll) derivatives,
but their intensities are decreased by a factor of ca. 2 as
compared to cobalt(ll) or cobalt(lll) derivativé%. A weak
shoulder is observed at 650 nm which suggests-@ation
radical?®@ O, binding to [PCo---CoF" is also evidenced by
EPR. The original two-electron-oxidizet#* species is EPR
silent under N. Saturation of the solution with {yenerates a
one-line spectrum witlg = 2.004 (LW = 9 G) typical of a
porphyrin z-cation radicaf® Its intensity decreases on bub-
bling Ny, and re-increases by saturating os®® In the presence

of added HO or of N-Melm in the solution of1?*, no G
binding is observed.

Electrochemistry under O,. The specific reactivity toward
dioxygen of the dicobalt porphyrin dimers in their different
redox states is also supported by the voltammetric behavior of
these compounds. As in most of the usual solvents, it was
verified that in pure PhCN the electrochemical behavior of cobalt
monoporphyrins is absolutely not modified in the presence of
O in the absence of a strong donor ligand (L). Conversely,
even in the absence of L, the cyclic voltammograms (CV) of
the dimers are completely transformed in the presence,of O
The transformation is totally reversible, and bubbling restores
the original CV. Figure 6 shows the effect of p(O;) = 1
atm) on the cyclic voltammogram of the first oxidation proééss
of the CeFTF4 dimer. The Qeffect is qualitatively the same

J. Am. Chem. Soc., Vol. 119, No. 26, 18899

Figure 6. Cyclic voltammetry of the dicobalt diporphyrins: (a) £0
FTF4 and (b) C&~TF6, in PhCN, 0.2 M BiNPFK (Pt elecrode;
reference Ft/Fc, 0.1 V/s); (1) €) under N; (2) (- - -) under Q, p(Oy)
= 1 atm. After (2), (1) is integrally restored through Bubbling.

Table 1. Electrochemical Data for the Dicobalt Porphyrin Dimers

under Q2
porphyrin Ep (21 (AE/mV)Y  E'°(3/2)%V (AE/mV)d
CoFTF4 —0.12 (200) 0.34 (75)
CoFTF5-3,1 —0.10 (400) 0.26 (80)
COFTF5-2,2 —0.03 (400) 0.34 (100)
CoFTF6 —0.04 (70) 0.25 (150)
Co.DPB —0.04 (600) 0.32 (80)
Co,DPA 0.00 (700) 0.35 (100)

2 Obtained from cyclic voltammetry in PhCN Bus,NPFR; platinum
electrode; 100 mV/s; reference'#ec; p(Oz) = 1 atm.? E,a= potential
of the anodic peal€ As defined in Scheme F.AE, = Eya — Epe.

+0,

ENV

by(rea0-5

b(red)
2nd step
ay(red)

1st step

Figure 7. Variation of the cyclic voltammogram for a solution of £0
FTF4 with the partial pressure of.Gncreasing from 0 to 0.05 atm.
Peak a corresponds to the uncomplexed derivatives; peak b corresponds
to the Q complexes (IPP= isopotential points; PhCN, 0.2 M Bu

NPFs; Pt elecrode; reference FEc, 0.1 V/s).

becomes electrochemically irreversible (non-Nernstian) with a
very large peak-to-peak separation (eyE, = Epa — Epc =

for each compound of group 2. The second and third oxidation 300 MV at 0.1 Vs™) dependent on the scan rate. Moreover,
processes of these dimers are very little affected by the presenc&S Shown in Figure 7, the anodic peak of the first step is
of oxygen and are not displayed in Figure 6. Electrochemical 9radually shifted negatively whep(O) is increased (peaks:
data are reported in Table 1. Undes, Nyclic voltammetry of ~ @(0X) — bi(0x)) (0 < p(O;) < 0.05 atm). Critically, the
the dicobalt cofacial dimers, for their first oxidation process, Negative shift and broadening of the cathodic reverse peak
displays two discrete one-electron reversible steps ascribed to(P€aks: @red)— by(red)) increases with the sweep rate. These
the oxidation of ther-rings of the porphyrins as outlined in eq observa}tlons indicate that the.electrochemlcal OX|dat|0n.step (E)
116-18 \When the solution is saturated with dioxygen, the 1~ 1 isfollowed by a chemical step (C), namely; inding
splitting between the two redox steps is largely increased. The Y 1" to give complex2 (EC processj; and that on the reverse

first oxidation step occurs at a more negative potential and scanldecoordination of s observed during the reduction of
ol

The second oxidation step observed underidNreplaced
under Q by a new fully reversible process, at a more positive
potential as displayed in Figure 6 p{O,) = 1 atm, withAE;
~ 60 mV, normal potential, anidd/i,c (~1), each independent

(30) The intensity of the EPR signal, integrated against that of the
s-cation radical of ZnTPP as previously descriBédave inaccurate values
between 1 and 2 equiv of electrons= 1.3 &+ 0.6). This may be due to
the low stability of the comple®, reaction with HO, and a mixture of
electronic configurations (e.g., a triplet state).
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of the scan rate. This indicates that no chemical reaction is Table 2. Stability Constantsof Complex2,> Ko,(2) and Complex

detected during the electrochemical oxidation of the@nplex 3 Ko,(3), of the Different Dicobalt Group 2 Dimers
2. Moreover, it is evidenced in Figure 7 that the variation of log Ko,(2) log Ko,(3)
p(Oz) leads for this second oxidation step to a simple intercon- porphyrin spectrophotometry potentiometry  voltammetry
version between the redox system observed undefpBlaks

d that observed @(O;) = 1 atm (peaksf). Thisresult — ooeirs 33+0.3 3001 05£02
&) an _ 2 ' (P : CoFTF4 (HO) 1.3+04
demonstrates the independence with respeqt(@) of the COFTF4 (N-Melm)d 3.0+£0.3
redox potentials. Together with the observation of isopotential CoFTF5-3,1 0.8:0.1 0.8+01  -14402
points (IPP}2 for both the anodic and cathodic peaks, this C®FTF5-2:2 123‘; g-i 2.0+01 :é-gig-g
observation indicates that the oxidized form of comfexdso : : : :
corresponds to ©§complex3. These observations unambigu- aValues expressed in ath except those noted in footnot®

ously establish, as presented in Scheni& that, in the case gbtair:jec;l(_in EUCNSF EUANPE?kO.ZHM&)ZQOCMb Comlplef oand— Cng’\'fX
of group 2 dimers in agreement with the spectroscopic behavior, é";ﬂo?\l'_ﬁe"g}c;:e;n% 1636(0 20) in M-atnr™, |H0 = 0.1 M.
the neutral form of the dimers [PCo CoH) does not bind @ T '

while the one- and two-electron-oxidized forms [PCoP]* rium resulting from the comproportionation between the neutral
(1%) and [PCo---CoFJ" (1?*) react reversibly with @to give species [PCo CoP] and the two-electron derivative [PCo---
complexes2 and 3 which interconvert reversibly. CoPF*, observed under £ and formation of two dioxygen

Concerning group 1 dimers, as recalled in Figure 6b in the complexes2 and 3 (Scheme 2), precluded the determination
case of CeFTF6, under M their first oxidation is a reversible  of the constants.
one-step two-electron exchantfe. As expected from the (i) Spectrophotometry. In the case of the one-electron-
spectroscopic results, the presence gfrChe solutions of this oxidized form1* of group 2 compounds, an increase of the
family of derivatives also has a pronounced effect on their partial pressure of £in the gas saturating the solution generates
voltammograms, still even in the absence of a strong donor a set of spectra corresponding to the conversion of the deoxy
ligand (L). Itinduces a very large splitting into two one-electron form into the oxy form2 of complex1*™. The observation of
steps for this first oxidation process. The subsequent oxidationisosbestic points reflects clearly the equilibrium between these
processes are not altered by the presence of oxygen. Thewo forms of the complex. The valuesigf,(2) calculated from
voltammetric behavior of the two redox systems observed underthese sets of spectra are reported in Tabté 2.
O3 is qualitatively the same as that described for group 2. The  Similar experiments were performed on solutions offJd-4
first system is clearly associated with a chemical reaction with in the presence df-Melm present at different ratiosN-Melm/
broadened peaks and even larger peak to peak separafign ( Co,FTF4 = 2, 50, and 2000. Contrary to what is observed in
~ 500 mV aty = 100 mV-s™1), and dependence of the peak the case of the cobalt monoporphyrins, the presence of the ligand
potentials on scan rate apfO,). The second system is quasi- and its concentration do not significantly affect the value of
reversible, independent efandp(0O,). The same observations the constant in benzonitrile (Table 2). The presence @ kh
are made with CdPA. In accordance with the spectroscopic the solvent considerably lowers the binding constak,(H2O)
observations, these electrochemical results demonstrate that the= 101304 M-atnt 1. Spectrophotometric titration indicates the
presence of dioxygen has the same effect as with group 2 dimersJigation of H,O by the one-electron-oxidized speciesunder
which implies a comproportionation reaction via the intermediate N»:  Kp,o = 101301 M~ for the equilibrium
compoundl™, stabilized as the oxygen compl&XScheme 2).

The existence of @binding for group 1 compoynds iI'Iustrates [PCO'COPT 2‘ [PCO—HZO—COPT @)
once more the unprecedented properties of this family even for

complexes showing weaker intramolecular interactions. Note- The value of this constant compared to that obtained under O

worthy is the fact that one of these two compounds;[RA, under anhydrous conditions

is an efficient catalyst for the four-electron reduction of, O

and the other, G&TF6, is nott™® This observation is very Ko.(H,O)K,, o = 1072~ K, (2)
2 2 2

significant as it is shown above by EPR that,DBA gives a

bridged @ complex, and Cg=TF6 an unbridged one. indicates a competition between dioxygen and water for binding
Determination of the Stability Constants of the G inside the cavity:

Complexes. The stability constants of the dioxygen derivatives
2 and 3, respectively Ko,(2) and Ko,(3) (Scheme 1§ were Ko,(H20) .
determined in the case of group 2 compounds by spectropho- [PCo—(H,0)—CoP]" =——[PCo-0,—CoP]" (3)

tometric and electrochemical methods. In the case of group 1. | . )
compounds, the presence of more than two species in equi|ib_ln0|dental[y this co.rro.borates.the assumptlon t.hat the water
molecule is bound inside the interporphyrin cavity.

(31) (a) Bard, A. J.; Faulkner, L. FElectrochemical Methods, Funda- (i) Potentiometry. Given the kinetic perturbation associated

mental and Applicationslohn Wiley & Sons: New York, 1980. (b) Brown, i ; idati i inati
E R. Large. R. F. InTechniques of Chemistry: Physical Methods of with the first oxidation step underfa direct determination of

Chemistry;  Electrochemical Methods Weisberger, A., Ed.; Ko,(2) from voltammetric. measurements could not be consid-
Wiley-Interscience: New York, 1971; Vol. I, Part IIA, p 530. (c) Scheme ~ ered. A suitable method is potentiometry of an electrogenerated
1 corresponds almost exactly to that proposed by &atvet al. from similar equimolecular solution of the neutral and one-electron-oxidized

observations as a model example. Thermodynamic treatment for the . :
determination of the constants was made following the same procedure. SPECIES for differentp(O2) (0.1 < p(Oz) < 1 atm). The

Lexa, D.: Rentien, P.: Samat, J. M.; Xu, F.J. Electroanal. Chem1985 relationship between the electrode potentials of this solution
191, 253. under a nitrogen atmospheigy,(1), and under a given partial

(32) An IPP (isopotential point) is the equivalent in voltammetry of an
isosbestic point in spectroscopy; it arises when one electroactive species (33) Optical density measurements were performed on each set of spectra
undergoes a transformation to form another. The existence of an IPP impliesof the isosbestic set amax of the Soret band of the oxy form of the
that the transformation is quantitative and the sum of the reactants and complexes (406410 nm range), where the absorbance variations are
products remains constant. If there are any side reactions involving either maximal. The data were computed with the “Micmac” program for nonlinear
set of species, an IPP does not occur. See: Gaudiello, J. G.; Wright, T. C.; least-squares multiparametric refinement of Laouenan et al., which allows
Jones, R. A.; Bard, A. J. Am. Chem. S0d.985 107, 888 and references the direct determination of the equilibrium constants. See: LaaueA.;
therein. Suet, E.Talanta1985 32, 245.
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pressure of dioxygep(Oz), Eyo,(1), is given by
AE= ENz(l) - Ep(oz)(l) = 0.059 log(1+ KOZ(Z)p(OZ))

The values 0Kp,(2) obtained by this method are presented
in Table 2342 The good concordance with the spectrophoto-
metric determination ensures their validity over the whole range
of p(0y), inasmuch as the two methods relate to different
physicochemical properties and operate in two complementary
rangesp(O,) = 010 0.1-0.2 atm and 0.1 to 1 atm, respectively,
for spectrophotometry and electrochemistry. This technique
cannot be applied when 8 or N-Melm is present in the
solution as several redox systems become intermingled.

(i) Voltammetry. The stability constanKo,(3) can be
obtained directly by voltammetric measuremefiésit is shown

above that the redox couple corresponding to the interconversion

of the oxygen complex2 into complex 3 is reversible,
independent ofp(O,), and not affected by kinetic effects.
Therefore, the value of the constant can be directly derived from
the normal potentials of the second oxidation step undgr N
E'°n,(2), and under @ E'°o,(2):

E°0,(2) — E°y(2)
0.059

log Ko, (3) = log Kq (2) —

The values 0Kp,(3) for the different derivatives (Table 2)
appear significantly lower than those of complgxand are
discussed below.

Reactivity of the Oxygen Complexes toward Protons.The
strong pH dependence of the, @lectrocatalytic reduction
process by dicobalt complexes, when adsorbed on EPGE,
emphasized by Collman and Anson et&13is proposed to
be consistent with a protonation step of the @mplex prior
to O—0O cleavage. In the case of biological models, it is often
proposed that an initial one-electron reduction (or nucleophilic
attack) of the @ complexes is followed by protonation prior to
the O-O bond cleavagé~1235 The reactivity of the @
complexes2 and 3 toward protons was investigated for £0
FTF4, which is the most efficient catalyst, and for which a
protonation step following oxygenation in electrocatalysis has
been proposet?!® The added acid was an aqueous perchloric
acid solution in PhCN.

Complex2 reacts with one proton. On addition of protons
to a solution of the complex, the initial UWis spectrum of
complex2 is converted into a new spectrum also with a clear
isosbestic point in the Soret region. The product obtained by
reaction with the proton displays a spectrum witky (nm) (e
(1073 Lmol~t-cm™1)) = 416 (160), 532 (12), 564 (13), and
670 (sh). Worthy of notice is the appearance of the weak
shoulder band at 670 nm usually observed withadicals?®2
reminiscent of that observed, but at 650 nm in the case of the
O, complex3. A similar observation is made by EPR. Addition
of protons results in the concomitant disappearance of the 15-
line spectrum and development of a 1-line spectrum typical of

(34) (a) In pure PhCN, the values Kb,(2) estimated by potentiometry
were derived from the measurement of the electrode potential of an
equimolar solution of the neutral and one-electon-oxidized species under
N2 (En,) and under several measurements gas mixtures with diffp(@a}
(Ep(o,), With 0.1 < p(O2) < 1 atm). This is the range in which the potential
variations are the largest. The estimated valudég®) are constant within
this range, and the averages are presented in Table 2. (b)The cdfigtant
(3) could not be determined by UWis spectrophotometry: the very high
affinity of the [PCo---CoPJ" redox form of the dimers for yO precludes
the preparation of pure solution of the oxygen complexes after somewhat
long saturation of solutions by gas containing residual traces of Water,
and consequently the observation of isosbestic sets of spectra.

(35) (&) Solomon, E. I.; Hemming, B. L.; Root, D. E. In ref 12a. (b)
Tyeklar, Z.; Karlin, K. D. Ibid. (c) Solomon, E. I.; Baldwin, M. J.; Lowery,

M. D. Chem. Re. 1992 92, 521. (d) Sorrell, T. NTetrahedron1989 45,
3.
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asr-radical withg = 2.004, similar to that of complel. The
integration of this signal is not accurate and gives a number of
spinn, 1 < n < 2. Both by UV-vis spectrophotometry and
by EPR spectroscopy, the transformation is complete for the
addition of 1 equiv of proton/mol of complex. The “proton-
evolved” species is different from a simple oxidation product
of complex2: its UV—vis spectrum is different from those of
complex3 and of the oxidized formi2" in anhydrous medium

or in the presence of #,16-18 both by the position of the Soret
and by molar absorptions, which are higher in this case by a
factor of ca. 2. The @complex3 is not affected by the presence
of protons since neither its UWis nor its EPR spectra are
noticeably modified on addition of protons.

Preliminary voltammetric experiments confirmed the reactiv-
ity toward protons of the cobalt dimers, already detected by
spectroscopy. Actually the presence afHand aqueous acid
modifies the electrochemistry of the cobalt dimers. A complete
description would require a thorough re-examination in the
presence of kD, Ht, and Q. The addition of protons in
substoichiometric quantity (0-20.5 equiv) to a solution of the
neutral compound in the presence of £Qives rise to complex
2 through a combined oxidatiercomplexation process by&’

The addition of 1 equiv of proton leads to the same observation
as that made above for compl&prepared electrochemically.
The addition of an excess oftHn the presence of {yenerates

a catalytic reduction wave at the potential of the reduction wave
of complex2 after reaction with one proton, while an oxidation
wave close to that of th&/2 redox process is still present. This
behavior resembles that described in aqueous acid with the
catalyst adsorbed on EPGE (condition of the © H,O
electrocatalysis)21® The product of the catalysis (B versus
H,0,) in the present aqueous/organic medium could not be
determined.

Comparison of the Present @ Complexation Processes
to That Observed for Cobalt Monomers. The present results
highlight a remarkable behavior toward dioxygen of the dicobalt
cofacial dimers compared with cobalt monomets. The
generally accepted scheme for, @teractions with cobalt
monoporphyrins and other macrocyclic derivatives involves
dioxygen binding by neutral cobalt monoporphyrins {€pin
the presence of a donor ligand (L) whereby a superoxo
[LPC0" O] or au-peroxo [LPCH' —O—0O—Cd'"LP] derivative
is formed. The latter may be oxidizable toasuperoxo
derivative, [PLC8' —O*—0O—C0d"LP]*, and further oxidation
produces C8 and Q. The formation of the:-peroxo form in
protic solutions very often leads to an irreversible oxidation of
Cod' into Cd" with hydrogen peroxide release. Therefore, a
reversible behavior for the oxygenation process necessitates in
most cases the use of low temperature to stabilize the superoxo
while preventing decomposition through theperoxo. Thus,
the oxygen reactivity of these dimeric complexes is unprec-
edented. (i) First of all, contrary to what is observed fol Co
monomers, the neutral form of the dimers [P@0'P] does
not give rise to @complexation. UV-vis spectrophotometry,
EPR spectroscopy, and electrochemistry clearly demonstrate this
point. (i) Instead it appears that it is the electron-deficient forms
of the dimers [PCaCoP]" and [PCo---CoF]" that behave as
oxygen carriers. This was especially surprising in the case of
the latter, which is isoelectronic with a dicobalt(lll) derivative
(Scheme 1). (iii) These two derivatives strictly behave as true
oxygen carriers; i.e., they can adsorb and desorb dioxygen, with
no noticeable decomposition, even at room temperature. More-
over, the two cobalt centers participate in the oxygen binding
reaction. This is remarkable if it is recalled that monomeric
oxygen carriers often require low temperature to prevent
decomposition through the action of a second cobalt atom in a
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Table 3. Comparison ofPy* for Dioxygen Binding to Dicobalt Face-to-Face Porphyrins, Cobalt Porphyrins, and Models of Hemoproteins

P]_/za/TOIT

compound conditions complex complex3 ref
CoFTF4 PhCN, BuNPF;, 20°C 0.4 240 f
CoFTF5-3,1 PhCN, BiNPF;, 20°C 120 19 000 f
CoFTF5-2,2 PhCN, BiNPF;, 20°C 8 30 300 f
Co,DPB PhCN, BuNPF;, 20°C 10 4800 f
CoMbP pH 7 (0.1 M phosphate buffer), 2& 51 36
CoTpivPPN-Melm)© toluene, 25C 140 36
CoPPIXDMEN-Im)4 toluene, 25C 17 800 36
Mbe pH 7—7.4, (0.1 M phosphate buffer), 2& 0.3710 36

2Py, = 1/Ko,. ° Sperm whale or horse myoglobifPicket fence” porphyrind Cobalt(ll) protoporphyrin dimethyl estet Myoglobin. f Present
work.

Scheme 3 superoxo and peroxo complex¥s. This model is amply
end-on side-on documented, and especially the preponderant role of the axial
0 ligand corresponds to attivation of the dz orbital not observed
0 M\l in the present case. Until recently there were very few examples
monanxdear - M—0 of O, complexes in the Griffith mode of coordination and
_ o0—M O especially in the bridgeg-1%»n? configuration with the late
brdged -y _o” "’k(L/M transition metals.
Attempts to isolate the £complexes of the present dimers
Pauling Griffith as crystals for structural characterization have been so far
model model

unsuccessfét and their characterization in solution as by Raman
not feasible due to the lack of the adapted equipment. Therefore,
peroxo-bridged fashioff. (iv) The oxygen complexation does  the possible electronic structures of thed@mplexes have been
not require the presence of a donor ligand (L) demonstrated to considered from a theoretical aspect by means of calculations

be a prerequisite in the case of the monomienshile the  pased on the X-ray structure of one of the dimers, namely, Co
presence of bas&l{Melm) does not greatly modify their oxygen  FTp425

affinity as shown in Table 2. (v) Nevertheless, these derivatives  Molecular Orbital Calculations. Assuming that the whole
have a remarkably high affinity for dioxygen as seen in Table gioxygen unit is coordinated inside the cavity of the diporphyrin,
3, even at room temperature. In the case of com@eke the only possible coordination mode is the symmetrical side-
affinity is higher than that of any other synthetic derivative, on ;,-52:52 configuration. Indeed, the rather rigid skeleton of
and only comparable to that reported for natural hemogl#bin.  the face-to-face diporphyrin precludes any other geometry in
For complex3, the stability remains on the same order of \yhich both oxygen atoms would be inside the cavity. We have
magnitude as that for cobalt monoporphyrins, still even in the analyzed the electronic factors susceptible to stabilize the
absence of an axial donor ligand. (vi) From Scheme 1, it conformation by the means of EHMO calculatidfis The
appears that, to account for a classical formulation of the oxygen model for the diporphyrinic host, namely, [CofGboH12)]-, was
complexes, namely, the-superoxo structure proposed formerly  assumed to have tHsq symmetry. It was generated from the

for complex2 and a putative:-peroxo form for comple, the  idealization of the experimental structure of aEBF4 deriva-
binding of G should involve very complex-ting <> cobalt tive5 by replacing the various substituents and links by
oxygen intramolecular electron transfé¥s. (vii) More puzzling hydrogen atoms. The two porphyrinic rings were considered

is the fact that electrochemical interconversion of these two planar, in a parallel and staggered orientation, with an interplane
complexes would correspond to the formation ofi-peroxo  separation of 3.42 A. The €0 unit was considered to bridge
(O2)*” by theoxidationof the u-superoxo (@~. This would  symmetrically the two metal atoms so that the overall symmetry
also require a structural rearrangement inducing important of the model isC,,. Unless specified in the text, the-@
reorganizations of the MO levels if the same formalism is kept. distance is considered to be 1.45 A, implying the four-Co
This does not appear likely in view of the electrochemical (istances to be 1.86 A. Standard atomic param@t&tsere
reversibility of the redox procesd <> 3. (viii) Finally the used throughout the calculations. It has been verified that a
rgactivity of complexe® and 3 toward protons is completely  moderate change of the Gd; paramete® does not modify
different from that of the cobalt monomers. the general conclusions of our EHMO studyidg infra). It
These considerations clearly demonstrate that a “classical”’ has also been determined that a moderate variation of the
formulation of the @ complexe2 and3 does not apply atall.  structural parameters (i.e., bending, staggering, or slippage of
Actually, from the general picture proposed by Yealjed,— the rings; Ce--Co or O-0 distances, etc.) does not significantly
metal bonding in oxygen complexes can be restricted to the change the qualitative EHMO results.
two models often referred as the Paufih@;® or end-on) or The frontier orbital diagram of the calculated model is shown
Griffith 26 (52 or side-on) models, which can be bridged or not in the middle of Figure 8. It is clear that its best closed-shell
(Scheme 3). In the former the bonding interaction takes place electron count corresponds to th€ charge. For this [PCe
between thdilled or half-filled d2 orbitals of the metal and the ~ O,—CoPF" model, a significant HOMO/LUMO gap of 0.63
m* orbitals of O,. The Griffith model involves stronger and eV is computed, separating the occupied bonding and nonbond-

more complex interactions between tamptydz orbitals of ing levels from the vacant antibonding ones. The MO diagram
the metal with ther orbitals of G and back-bonding from at  of this cationic complex can be conceptually derived from the
least partially filled ¢, orbitals of the metal to the* orbitals interaction of the frontier orbitals of the formally charged

of_ O.. For cobalt and_|ron_ porphynns the Pauling mode is t_he (38) (@) Hoffmann, R.J. Chem. Phys1963 39, 1397, (b) Hoffmann,
widely reported bonding interaction, referred as the classical R ; Lipscomb, W. N.J. Chem. Phys1962, 36, 2179. (c) Ammeter, J. H.:
Burgi, H.-B.; Thibeault, J. CJ. Am. Chem. S0d.978 100, 3686.

(39) Albright, T. A.; Yee, K. A,; Saillard, J.-Y.; Kahlal, S.; Halet, J.-F;
Leigh, J. H.; Whitmire, K. H.Inorg. Chem.1991, 30, 1179.

(36) Collman, J. PAcc. Chem. Red.977, 10, 265.
(37) Pauling, L.Nature 1964 203 182.
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0y interacts to stabilize the high-lying vacartt orbital of (O,)2".
It is noteworthy that thes-lone pairs of the (@2~ ligand are
not significantly involved in the complexation. Their main lobes
are pointing away from the cobalt atoms. Related bonding
interactions have been shown to exist also m?n?-
peroxodicopper(Ift~*4 and discussed ip-»%n?-divanadium-
(1452 and -diiror}145b complexes.

To summarize, there are four 2-electron 2-orbital bonding
interactions which are associated with the four-@ bonds,
but also with the G-O bond, since the and o* orbitals of
(Oz)?~ are involved in the complexation. Clearly, this is an
electron-deficient, delocalized bonding. A localized bonding
would imply the participation of the four peroxo lone pairs
through sp hybridization of oxygenij.e., a CoQCo butterfly
arrangement. Such a geometry is not allowed by the rigidity
of the diporphyrin. The computed €® overlap populations

G2+ b1 are significant (0.193). The ©0 overlap population in the
complex (0.298) is weaker than the corresponding value in the
) free ()% fragment (0.351). This is the result of the depopula-
tion of o—o and ofo* population under complexation (by 0.43
and 0.11 electron, respectively). The parallel between the
electronic structures of the [PE®,—CoPF+ model and of the

Ty . o )
CoPF", built on the basis of the interaction between the [PCo ¢€oP] u-n*n*-peroxodicopper(ll) complexes of Kitajima, Moro-Oka,

and Q% fragments (G0 = 1.45 A; Co-O = 1.86 A; Co-Co = and co-workers is strikingt 44 In both cases, the planar
3.42 A). ’ ’ 8-electron 4-center delocalized bonding is, at least partly,

favored by steric constraints. In both cases, two electrons and

[PCo CoPt* and (Q)2~ fragment. The MO diagram of the four.orbitals (twoa.-type and twos-type combinations) are
peroxo unit is simple. In addition to its low-lying (bonding) provided by the dinuclear fragment for bonding. The two
and high-lyingo* (antibonding) levels, it exhibits six mainly formal_ly vacanto-type metalllc orbitals are destabngd by
nonbonding levels which are the in-phase and out-of-phase ©ccupied peroxo levels, while thetype ones behave differ-
combinations of ther-type ands-lone pair orbitals. The frontier ~ €ntly. One is destabilized by a low-lyinglone pair combina-
orbitals of the [PCo CoP} can themselves be easily derived 10N on oxygen, and the other one is stabilizedy-o, housing
from those of a CoMD4, monomer, which are shown on the the metal electron pair involved in the bonding. This different
left side of Figure 8. Such a square-planar mononudizar behavior of thet-type orbitals is responsible for the significant

Figure 8. EHMO diagram for the oxygen compleX [PCo—O,—

unit has four 3d-type nonbonding levels, nameffa;g), X2 — HOMO/LUMO gap computed for the copper compfex*
y? (byg), and xz and yz (ey). It also has two nonbonding S|m|IarI_y, t_he__compute(_j HOMO/LUMO gap of [PC—:QO_Z—
porphyrinic levels of a and a, symmetry. The ligands metal CoPPE" is significant. It is even most probably underestimated

EHMO ordering of these levels in the CoP monomer (left of N our calculations, since the use of standard EH parameters
Figure 8) is certainly not correct. For example, recent DFT tends to overestimate the energy of the porphyrin-localized
calculations on a NiP model lead to the following orderirs: HQMO, with respect to that of the nonbonding metallic levels
(19 < Xz YZ (&) < au (P) < &y (P) < 2 — y2 (by9.%° By (vide supra.

modifying the EH parametrization, it is possible to reproduce a  The one-electron reduction of this dicationic model leads to
level ordering close to the one obtained by DFT theory. the partial occupation of an antibonding level, inducing instabil-
However, we have chosen not to change the standard parameterdly. The partial occupation of the*o-o orbital would cor-
although they lead to an overestimation of the energy of the a respond to some ©0 elongation. However, this is a rather
and a, ligand levels, with respect to the Co levels. This aspect high-lying, not easily accessible level (Figure 8). Therktype

has been discussed receriflyWhen two CoP units are brought ~ antibonding Ce-O orbital might be a better candidate for
together in a staggerebls, conformation to form the dipor-  occupation. It is easily stabilized by shifting the-O unit
phyrinic host, each of the monomer levels generates a bondingalong thex axis, away from the symmetrical bridging position.
and an antibonding combination (Figure 8) which are weakly EH calculations do not allow the full structural optimization of
split since the two monomers are rather far apart (3.42 A). The such a radical complex. However, the rough exploration of the
largest splitting is found for the? combinations, due to the

better overlap afforded by thesetype orbitals. When the Ef'ég Egg ngf;igé’K'thESﬂggwiJ-@mizﬁj?;gbysog?g&grloz_oigly;
[PCo CoPt* unit interacts with the (>~ fragment, only metal  Hashimoto, S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.: Nakamura,JA.
and oxygen orbitals which are lying in the CoOOCo plaire, Am. Chem. S0d.992 114, 1277. (b) Kitajima, N.; Moro-Oka, YJ. Chem.

-t n interact sianificantly. A n n nly the Soc., Dalton Trans1993 2665. (c) Kitajima, N.; Moro-Oka, YChem.
o-type) ca eract signicantly S @ consequence, only the Rev. 1994 737. (d) Kitajima, N.; Fujisawa, K.; Moro-Oka, Y. Am. Chem.

5 L2 ) .
z*- and Xz-type. comblnat!ons of [PCo COP] are involved 'n So0c.1989 111, 8975. (e) The compound of Kitajima et al. has been found
the complexation. The? in-phase and out-of-phase combina- to model accurately the structure of thienulus polyphemusxyhemocyanin

tions interact strongly with the-bonding and in-plane-bond- reported sometime later: (f) Magnus, K. A.; Ton-That, H.; Carpenter, J. E.

. . : — . . Chem. Re. 1994 94, 727. Magnus, K. A.; Hazes, B.; Ton-That, H.;
Ing combinations of (QZ ! reSpeCtlvely' The CorrESpondmg Bonaventura, C.; Bonavengtg)ra, Jg Hol, W. GPJdoteins: Struct., Funct.,

metal-centered antibonding combinations are the two lowest Genet.1994 19, 302.
unoccupied alevels of [PCe-O,—CoPF*. Similarly, the out- (43) Eisenstein, O.; Giessner-Prettre, C.; Maddaluno, J.; Stussi, D.;

_ ination i ; in. ; _ Weber, JArch. Biochem. Biophy4.992 296, 247.
of-phasexz combination interacts with the in-plameantibond (44) For a recent review on theoretical studies of xygen

ing combination of (@)%, generating a vacant level ofi b complexes see: Bytheway, |.; Hall, M. Bhem. Re. 1994 94, 639.
symmetry. On the other side, the occupiedrbphasexz MO (45) (a) Chandrasekhar, P.; Wheeler, R. A.; HoffmannnRrg. Chim.
Acta1987 129 51. (b) Tatsumi, K.; Hoffmann, Rl. Am. Chem. S04981,
(40) Rosa, A.; Baerends, E. lhorg. Chem.1993 32, 5637. 103 3328.
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Scheme 4 coordination (Figure 8) indicates the stabilization of ap O
complex3 at the+2 oxidation state (form A). The MO diagram

in Figure 8 shows that th#? orbitals are unfilled in this model
which explains that the presence of the axial ligand L does not
have any effect. All the three lowest unoccupied levels in
complex3 are cobal-0O, antibonding. As a consequence when
two electrons are added (reduction®to 1), the cobalt-O;
bonding interaction is considerably weakened; furthermore, it
has also been shown previously that in the neutral fiortine
cobalt metallic orbitals are locked owing to the combination of

CedD o™ ¥ D) ¥ the cobalt-cobalt andzr—s interactions (“cofacial” effect}®

. % . e " These observations explain that ng@ Rinding occurs at the

> oI <> neutral redox stat&, and account for the decoordination of O
1

Scheme 5Proposition for the Possible Formulations for the
0O, Complexes of the Dicobalt Cofacial Diporphyrins

12+ observed by CV when compleR is reduced tol with no
o, oxygenated intermediate detectéd*® In this model of Ce-
O bonding for3, it also is noteworthy that, among the four

<o Coe 2 | Criffith bonding interactions, one results in the population ofathe-o
e . ﬁ formalism antibonding level and one in the depopulation of the o
3 e D bonding orbital. Therefore, this results in a significant weaken-
c A

pemznm? ing of the O-O bond. This is particularly striking if one
considers that the most prominent properties of these compounds
is to reduce @directly to HO through an efficient @O bond
cleavage mechanism. Moreover, the most active compounds
in this process are those possessing the greater stability constant

! '
<> <N CGa> 2+ | Pauling Ko,(3) for complex3, viz., CoFTF4 and CeDPB (Table 2).
de e vclassical" This would indicate that the greater this constant is, the greater
° %é te the Co-O; bonding interactions through then?7? geometry
> <> o >
E D B

1+

o. o,

2 e

"hyperoxo = (02)3-" ? peroxo = (02)2-

formalism and the weaker the -©0 bond.
The orbital diagram proposed for therZn?-O,—dicopper
peroxo = (02)> p-superoxo = (O2)” (020 complexes are quite similar to the diagram presented¥ieté.
- - Interestingly it has been emphasized that thegé2-dicopper
complexes of @are more acidic and electrophilic than tiney*
| Complex 2| [a)mplex il complexes (Pauling binding mod&)3542 This property ex-

plains that this type of complex remains resistant to protonation,
. . ) . o until a nucleophilic attack or an electrochemical reduction step
potential energy surface associated with this distortion indicates ¢ ihe O moiety. Therefore, the Griffith geometry for complex

that it is softer in the case of the monocation than in the case 3 aphears in total agreement with its resistance to protonation.

of the dication. For example, maintaining the-O distance g interpretation is also supported by the observation that
constant, the complete shifting of the peroxo ligand away from ¢, mnjex2, the one-electron-reduced form &freacts with one
its symmetrical bridging position to a conformation in which proton.

one o>(<)ygenvatorr;llles right n thel;nlddle o(/the%ﬁod\./ect_or | On the basis of experimental, geometric, and theoretical
Cr?.StS 3eviot ? mOT‘F’C""“‘r’]”’ #t 09e t%t e dication. In ,ngiqerations, complex cannot be considered as a classical
this unsymmetrical position, the charges on the oxygen atoms o, neroxo derivative D which is the oxidized form of the

are differe_nt. In the monocatipn they ar@.13 and—O._74 for . Pauling peroxo complex E which does not exist. As it is the
the coordinated and uncoordinated atoms, respectively. This .y cad form of a peroxo comple®, complex 2 is best

would render the latter more easily susceptible to proton attack. represented by formulation C (Scheme 5) in which themDiety

is in a redox state intermediate between peroxa)(and oxo

(—2)#° This formulation is electronically equivalent to the
Electronic Structure/Properties Relationship. These EHMO [Fex0O,]3" moiety proposed during the eduction cycle of

calculations strongly support the bridged Griffith mode of non-heme diiron site¥. In form C of complex2, the electronic

binding for the Q complexes of this family of compounds, while  density and consequently the basicity of the i@oiety are

it is clear that the Pauling mode of,®inding is not possible enhanced as compared to those of complex’he G moiety

due to the proximity of the two metals with the twg dearly  in this form reduced beyond the peroxo stage could be

colinear. This configuration, secured by the binucleating ligand,

does not simply allow the minimum overlap between the two

Discussion

(46) An alternative to this dissociation of,Qvould have been the
formation of a dix-oxo compound. In the case of cobalt, it is known that

metal ¢z and the Q r* orbitals as shown in Scheme 4. oxo derivatives are not stabte4? Actually such an intermediate species is
Moreover, the proposed electronic structure is in agreement proposed for the formation of oxo derivatives of early transition metals by
with the very specific properties of the complex2and 3 as reaction with Q,*> and suggested during the homolytie-O bond cleavage
. o in u-n%n?-Cu0, complexes? and FeO, complexes?!
compared to those of the classical complexewii). The two (47) (a) Holm, R. H.Chem. Re. 1987 87, 1401. (b) Mayer, J. M.

possible models for the {binding by the dicobalt dimers are  Comments Inorg. Cheni988 8, 125.
opposed in Scheme 5, using the simplified Lewis representation.  (48) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Cramer, C.

_ ; ; ; ; J.; Que, L. Jr.; Tolman, W. Bl. Am. Chem. Sod.995 117, 8865.
Theu-peroxo in the classical form E of the Pauling formalism (49) Such an oxidation state could tentatively be formally considered as

is not observed; its formation as well as that gf-superoxo ~ a “hyperoxo” oxidiation state of-1.5, in which an extra electron, as
complex D would have necessitated the presence of an axialcompared to the peroxo state, is delocalized in theQObonding. The

ligand L which is not the case. This formalism would also lead proposition of such an electronic structure could explain the particular shape
’ of the EPR room temperature spectrum, different from that of the classical

for complex3 to form B which appears meaning'?SS- Con- ,_superoxo compounds: possible interpretation of this particular shape has
versely, the electronic structure of the bridged Griffith mode of already been discusséd.
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Scheme 6.Proposition of the Mechanism for the Reduction
of O, by Dicobalt Cofacial Diporphyrins
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nation step proposed on the basis of the present results is the
equivalent of that proposed by Collman and Anson et al. on
the basis of the strong pH dependence of the catalysilt

does not seem likely that the-@ bond cleavage has been
realized at this stage. It is proposed that the last one-electron
reduction step of this species, followed by protonations, is
necessary for the ©O bond breakage and.B release This
would correspond to the second and catalytic wave observed
only in the presence of both'Hand Q. This final step aims

at the closing of the catalytic cycle with return to the four-
electron-oxidized form (route A).

Interestingly, the present observations give a possible expla-
nation concerning the catalyst’s efficiency as for the path of
the catalysis, KO (route A) versus kD, (route B in Scheme
6). The dimers of group 2 with the largd&s,(3) give the higher
H,0/H,0, ratio. This is especially evident for the garF4

protonated to give G (Scheme 6) in a transient step. This derivative which is the best catalyst (see Figure 1 and Table 2).
sequence is in agreement with the above-mentioned observationco,DPB, is also a fairly good catalyst, while the two EaF5

that the acidiqu-7%7?-O, complexes are protonated only after
a reduction step.
Proposition of an Electrocatalytic Scheme for Q Reduc-

catalysts yield a mixture (ca. 1/1) of,8 and HO,.12 This
apparent correlation could arise from the fact that the value of
Ko,(3) reflects the ability of the dicobalt dimers to transfer

tion. The present results afford a new insight in the mechanism electron density onto the Gnoiety, through a greaterCo,

for the four-electron reduction of dioxygen by the dicobalt

orbital overlap in the bridged side-on configuration. This

cofacial diporphyl’ins when adsorbed on an EPGE immersed in property could influence the route OfZOeduction by two

aqueous acid. So far the propositions of mechahié#i-1had

concurrent processes: the gredtey(3), (i) the more efficient

been mainly based on the properties and classical mode} of O the Co—0, orbitals overlap in and the easier the-O bond

complexes observed for the monomers in solufiéh.Once it

cleavage and (ii) the more stable the peroxo complard the

has been demonstrated that the properties of the dimers inmore difficult the production to bOZ by protonation_ Conse-

solution are basically different from those of the monomers,

quently it is proposed that noticeable production g0kl is

we believe that the real properties of the dimers constitute a ghserved (route B plus route A) when the dicobalt arrangement

better basis for the interpretation of the ©®duction mechanism
by the dimeric compound$:182%-23 Even if the effect of the

in the dimers departs sufficiently from the subtle configuration
responsible for the strong stabilization of the bridged Griffith

adsorption and immersion in aqueous acid on the behavior of 0, configuration.

the dimers, with regard to their behavior in organic solvent,
are not yet clearly establishéd!4the fundamental properties

of the dimers should be retained under whichever conditions.

(i) Namely, structural parameters such as metaétal or
m-ring—n-ring distances should not be drastically modified.

Moreover, it is shown that the presence of aqueous acid in the

organic solvent does not affect the finding and reaction with

In the case of group 1 compounds, one dimesTiIRA effects
the four-electron reduction of&nd the other G&FTF6 behaves
as a monomer reducing,@ H,O0,, while they display similar
Co—Co distances (Figure 1). It is shown here that both
compounds display a reactivity similar to that of group 2
compounds in regard to oxygen reactivity, butbEDF6 gives
an unbridged @complex, and Cs§DPA a bridged one like group

proton. Thus, their remarkable properties and resulting specific 5 compounds. This significant difference arises very likely by

reactivity toward Q emphasized here should also be at work
during the Q electrocatalytic reduction. (ii) The adsorption

observation of an efficient four-electron procégg# However,

the adsorption mode of structurally very similar compounds is

not likely to be different while their efficiency in the electro-
catalysis is radically different, e.g., four-electron process for
CoFTF4, and ca. three-electron for £d F5-2,2 and Cg-TF5-

3,1 (Figure 1)--313 This observation demonstrates that the route
for the G reduction is determined by the intrinsic properties of
the dimers.
alternative interpretation of the catalytic cycle fog @duction

based on the specific properties of the dimers evidenced in the
present work, which appears yet more consistent with the
observations made when the catalysts are adsorbed on the EP

electrode (Scheme 6)3.13

It is shown that the redox states in which the dicobalt cofacial
dimers behave as oxygen carriers are [PCa'P]" (1) and
[PCd'---CO'P]?+ (12%). It thus appears that the crude form of
the catalyst would be the four-electron-oxidized derivative
[PCd" CO"PJ**. lIts two-electron reduction in the presence of
0O, leads to1?t and formation of theu-peroxo derivative
complex3 by complexation of @ This step could correspond

to the prewave observed on the EPG electrode. The subsequent

one-electron reduction &to 2, followed by protonation, leads

to the transient species G (first protonation step). The proto-

These considerations lead us to propose an

a closing of the two porphyrins allowed for g@PA by the
single anthracene linking bridge. Accordingly, for DFA it

fmay be assumed that the critical geometry for thec@mplex

in regard to catalyst efficiency can be attained via this effect.
Another puzzling observation that the present results would
explain is the noticeable production o,®: observed at the
ring-disk electrode even for the most efficient catalysts when
the potential is swept down to values more negative than the
maximum current of the catalytic wavé. It is shown in the
present report that if the catalyst is reduced to the neutral form
[PCd' Cd'P], O, cannot be complexed inside the cavity of the
diporphyrin. Thus, at a potential sufficiently cathodic to
generate mostly this neutral form, the dimers should behave as

é monomer, producing only 4,: route C in Scheme 6.

Evidently, this proposition of mechanism does not pretend
to be exclusive. For example, heterodimers of the same family,
in which only one cobalt is present, the other being replaced
by an acidic metal, have been synthesiZe@ignificantly some
of these derivatives prove also to be efficient for the four-
electron reduction of @ It has been shown in the present study
that the formation of a2-O, complex results from the acidic
character of the two cobalt porphyrins in their high oxidation

(50) Guilard, R.; Brantg S.; Tardieux, C.; Tabard, A.; L'Her, M.; Miry,
C.; Gouerec, P.; Knop, Y.; Collman, J. P. Am Chem. Sod995 117,
11721.
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state. This acidity signifies vacancy of the twg drbitals by
combination of the oxidation state and cobalobalt interactions
through the @ moiety. This suggests that, in the presence of
an “acidic” metal, a nonbridged? complex might also be
stabilized. While in nonbridged?-O, complexes the 60
bond is also proposed to be considerably weakéhntds type

Le Mest et al.

it is mostly proposed that a one-electron reduction step precedes
its protonation before ©0 bond cleavag® indicating likely

an acidic/electrophilic character of the intermediatee@mplex.

Also the common mechanistic framework for the i©duction
process by some non-heme diiron sitéacludes firstly one-
electron reduction of the ke O, complex before protonation

of coordination in the case of the heterodimers could favor an of the G, moiety.

alternative route for the four-electron reduction of. O
Concluding Comments. From experimental evidence at-

The present propositions for the, @duction cycle clearly
fulfill thermodynamic requirements for an efficient catalyst for

testing an unprecedented reactivity toward dioxygen of the the four-electron @ reduction, assumed by Collman as the

dicobalt face-to-face diporphyrins, we propose tiey%7,?

working hypothesis in the cofacial projéetand later conceptu-

geometry (Griffith mode) as a reasonable structure for their ally discussed in more general terms by TabbeThese
oxygen complexes on the basis of molecular orbital calculations requirements were the bypass of the one- and two-electron routes
and by comparison with related dicopper systems. This modethrough a bimetallic cooperative process, with a very stable
of binding had never been evidenced until very recently in the peroxo intermediate, both thermodynamically and against pro-

case of transition metaf8:*' To our knowledge the electro-
chemical behavior of @complexes in this mode of binding
has not been reported.

tonation, and reducible at a quite positive potential. In fact the
present propositions suggest that not only are the one- and two-

It appears that the correspondingelectron routes bypassed, but also that a three-electron species

calculated electronic structure rationalizes the observed proper-seems to be sufficiently stabilized to permit the four-electron
ties which, on the other hand, were not consistent with the route to be followed almost exclusively for the most efficient

widely described classical Pauling mode of ldnding. From

the present observations, it is proposed that the one-electron-

reduced form of the peroxe-,2r?-Co—0O, complex could be

catalysts.
Finally it must be acknowledged that the present model for
the O-O bond cleavage is derived from the mechanism of

best described as a complex of an oxygen moiety reducedHoffmann et al. based on the properties of vanadium deriva-

beyond the peroxo staté. The stabilization of such a structure
would be the result of a cofacial effect of interaction in this
family of compound$! This mode of metatO, binding
resulting in a consequent weakening of the-@ bond is
proposed to be the factor favoring an efficient diregt®@H,O
reduction process.

Worthy of notice are strong similarities in regard to the

tives#®> Should this mechanism for the bond breakage be
considered as fundamentally similar for a number of bimetallic
sites including those quoted above (i.e., by population of the
0*o0-o0 and depopulation of theso—o through theu-r%7,?
configuration of the (metal)-O, complex), it could thus find
some generality. However, the driving force for the reaction
would be different depending on the metals involved. In the

structure/function relationship between the present dicobalt case of vanadium or other early transition metals, it is the strong

dimers and biological compounds or their models active+#0D
bond cleavage in oxygenation or,@eduction. The most
prominent is the metalmetal distance which is 3.5 A in the
dicobalt dimers. This is almost exactly the distance found in
the only isolated and structurally characterizeg-@icopper
synthetic complex in thew-n%%? mode of bonding and in
oxyhemocyanirt? A close distance is also found in the X-ray
structure of cytochrome oxidase, obtained in a resting oxidized
form, i.e., noncomplexed by3° As this distance is proposed
to favor the Griffith type of bonding, which reciprocally induces
a considerable weakening of the-@ bond, the comparison
of these systems appears significant.

stabilization as terminal oxo derivativ&swhile in the case of
iron it would be the formation of the-oxo species FeO—Fe.

In the present case of the dicobalt complexes, since oxo
derivatives are unstabfé, the driving force for the bond
breakage would be the combined electronation/protonation
reactions with liberation of kD, as could be the case for the
cytochromec oxidase cycle where the stabilization of the
oxoiron should also influence the process.
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