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Abstract: A combined experimental and theoretical investigation of the role of proton delivery in determining
O, reduction pathways catalyzed by cofacial bisporphyrins is presented. A homologous family of dicobalt(ll)
Pacman porphyrins anchored by xanthene [Co,(DPX) (1) and Co,(DPXM) (3)] and dibenzofuran [Co,(DPD)
(2) and Co,(DPDM) (4)] have been synthesized, characterized, and evaluated as catalysts for the direct
four-proton, four-electron reduction of O, to H,O. Structural analysis of the intramolecular diiron(lll) x-oxo
complex Fe,O(DPXM) (5) and electrochemical measurements of 1—4 establish that Pacman derivatives
bearing an aryl group trans to the spacer possess structural flexibilities and redox properties similar to
those of their parent counterparts; however, these trans-aryl catalysts exhibit markedly reduced selectivities
for the direct reduction of O to H,O over the two-proton, two-electron pathway to H,O,. Density functional
theory calculations reveal that trans-aryl substitution results in inefficient proton delivery to O,-bound catalysts
compared to unsubstituted congeners. In particular, the HOMO of [Coz(DPXM)(O,)]" disfavors proton transfer
to the bound oxygen species, funneling the O—0O activation pathway to single-electron chemistry and the
production of H,O,, whereas the HOMO of [Co,(DPX)(O,)]* directs protonation to the [Co,0;] core to facilitate
subsequent multielectron O—O bond activation to generate two molecules of H,O. Our findings highlight
the importance of controlling both proton and electron inventories for specific O—0O bond activation and
offer a unified model for O—O bond activation within the clefts of bimetallic porphyrins.

Introduction The role of a second proximate metal site for achieving

Cytochrome c oxidase (COX) and related heme/copper selective proton-coupled reduction ob @ H,O in synthetic
terminal oxidases are the fuel cells of aerobic organisms. ThesePimetallic catalysts is also yet to be determiféd?® Several
enzymes catalyze the selective and complete four-proton, four-Porphyrin templates bearing a distal metal-binding cap catalyze
electron conversion of oxygen to water without releasing the direct four-proton, four-electron reduction of © H,O at
partially reduced peroxide (or superoxide) intermediates that Physiological pH with high selectivity over the more common
are toxic to celld~7 COX is distinguished structurally from other ~ tWo-proton, two-electron pathway to afford;@.1"-* These
heme-dependent proteins of, Gnetabolism, owing to the
presence of an essential copper metal center proximate to the (9 B’gsx'{gg%"bg-g%?zg‘gzsz'gr' M. A.; Babcock, G.Pfoc. Natl. Acad. Sci.
heme cofactor. The catalytic reaction cycle of @duction by (10) Fabian, M.; Wong, W. W.; Gennis, R. G.; Palmer, Boc. Natl. Acad.
the bimetallic heme/Cyiactive site of COX appears, however, Sci. U.S.A1999 96, 13114 13117.

- | o0 ) Gennis, R. BFEBS Lett.2003 555 2—7.
to proceed through heme-oxygen intermediates that are similar(12) Coollmaem, J.sg.; Boulatov, R.; Sunderland, C. J.; FuChem. Re. 2004
: : 104, 561—-588.
to those observed in monometallic heme enzyfés.The (13) Kim, E.; Chufa, E. E.; Kamaraj, K.; Karlin, K. DChem. Re. 2004 104,
precise role for Cg in mediating Q reduction thus remains 1077-1134. ,
lved (14) Gauvrilova, A. L.; Bosnich, BChem. Re. 2004 104, 349-384.
unresolved. (15) Gauvrilova, A. L.; Qin, C. J.; Sommer, R. D.; Rheingold, A. L.; Bosnich,
+ . B. J. Am. Chem. So@002 124, 1714-1722.
Massachusetts Institute of Technology. (16) Naruta, Y.; Sasaki, T.; Tani, F.; Tachi, Y.; Kawato, N.; NakamuraJ.N.
* California Institute of Technology Inorg. Biochem2001, 83, 239-246.
(1) Babcock, G. T.; Wikstnm, M. Nature 1992 356, 301—-309. (17) Collman, J. P.; Fu, L.; Herrmann, P. C.; Zhang, Stiencel997, 275,
(2) Ferguson-Miller, S.; Babcock, G. Them. Re. 1996 96, 2889-2907. 949-951.
(3) Wikstram, M. Biochim. Biophys. Act200Q 1458 188-198. (18) Collman, J. P.; Fu, L.; Herrmann, P. C.; Wang, Z.; Rapta, M.riBg
(4) Malmstron, B. G. In Electron Transfer in ChemistryBalzani, V., Ed.; M.; Schwenninger, R.; Boitrel, BAngew. Chem., Int. EA.998 37, 3397
Wiley-VCH: Weinheim, Germany, 2001; Vol. 3.1.3, pp-395. 3400.
(5) Brzezinski, P.; Larsson, @iochim. Biophys. Act2003 1605 1—13. (19) Collman, J. P.; Rapta, M.; Briag, M.; Raptova, L.; Schwenninger, R.;
(6) Schultz, B. E.; Chan, S. Annu. Re. Biophys. Biomol. Struc2001, 30, Boitrel, B.; Fu, L.; L'Her, M.J. Am. Chem. S0d.999 121, 1387-1388.
23—65. (20) Boulatov, R.; Collman, J. P.; Shiryaeva, I. M.; Sunderland, Q. Am.
(7) Michel, H.; Behr, J.; Harrenga, A.; Kannt, Annu. Re. Biophys. Biomol. Chem. Soc2002 124, 11923-11935.
Struct.1998 27, 329-356. (21) Ricard, D.; Andrioletti, B.; L'Her, M.; Boitrel, BChem. CommuriL999
(8) Witt, S. N.; Chan, S. I1J. Biol. Chem.1987, 262 1446-1448. 1523-1524.

10.1021/ja049115j CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 10013—10020 = 10013
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Chart 1

DPX

DPXM

catalysts exhibit comparable selectivities for the four-proton,

four-electron pathwayvith or without a second redox-active
metal ion bound in the distal c&p.2% In addition, cofacial
Pacman porphyrins containing two cobalt centéfgpne cobalt
and one Lewis acidic met&#,or one cobalt and one metal-free
subunit® are all effective catalysts for the direct production
of H>O from Q..

DPDM

dibenzofuran) are compared to those of analogues that bear an
aryl group trans to the spacer (DPX# diporphyrin xanthene
methoxyaryl, DPDM= diporphyrin dibenzofuran methoxyaryl).
The results obtained from X-ray structural analysis, electro-
chemistry, and the electrocatalytic reduction gf ogether with
density functional theory calculations, identify critical structural
and electronic features that govern the selectivity for O

Taken together, the results from these biological and synthetic ey ction. We find that installation of a trans-aryl group into

catalysts imply that the selective reduction of ©© H,O over

the Pacman motif leads to an appreciably decreased selectivity

H20, steps beyond the idea of simple redox cooperativity for the four-proton, four-electron pathway by diverting the

between proximate metal centers. Noting that r®duction

requires both proton and electron equivalents, we sought to

interrogate the role of proton delivery in determining O

reduction pathways catalyzed by bimetallic systems. In this
report, we present experimental and theoretical studies of the

proton-coupled @reduction chemistry catalyzed by a family
of dicobalt(Il) cofacial bisporphyrins. The structural and redox

delivery of a proton to the [G®,] core. Our results show that
targeted proton delivery is required for the direct reduction of
O, to H,O catalyzed by cofacial bisporphyrins and provide a
basis for designing systems for selective bond-making and bond-
breaking catalysis by proton-coupled electron transfer (PCET).

properties, catalytic behavior, and electronic structures of Results

bimetallic Pacman porphyrins anchored by xanthene (BPX
diporphyrin xanthene) and dibenzofuran (DRDdiporphyrin

(22) Ricard, D.; Didier, A.; L'Her, M.; Boitrel, BChemBioCher2001, 2, 144—
148.

(23) Ricard, D.; L'Her, M.; Richard, P.; Boitrel, BEhem. Eur. J2001, 7, 3291~
3297

(24) Didier, A.; L'Her, M.; Boitrel, B. Org. Biomol. Chem2003 1, 1274~
1276.

(25) shin, H.; Lee, D.-H.; Kang, C.; Karlin, K. OElectrochim. Acte2003 48,
4077-4082.

(26) Chang, C. K.; Liu, H. Y.; Abdalmuhdi, J. Am. Chem. Sod.984 106,
2725-2726.

(27) Chang, C. J.; Deng, Y.; Shi, C.; Chang, C. K.; Anson, F. C.; Nocera, D.
G. Chem. Commur200Q 1355-1356.

(28) Guilard, R.; Brant® S.; Tardieux, C.; Tabard, A.; L'Her, M.; Miry, C;
Gouerec, P.; Knop, Y.; Collman, J. R.Am. Chem. So&995 117, 11721
11729.

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

(30) Ni, C.-L.; Abdalmuhdi, I.; Chang, C. K.; Anson, F. &.Phys. Chenl987,
91, 1158-1166.
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Synthesis and Structural Chemistry.Dicobalt(ll) complexes
of the four Pacman systems DP¥32DPXM,33 DPD 3234 and
DPDM33 (Chart 1) are obtained by reaction of the corresponding
free base bisporphyrins with CoCin the presence of 2,6-
lutidine 2” Purification by column chromatography in an inert
atmosphere followed by recrystallization furnishes homobime-
tallic complexes CHDPX) (1), Cox(DPD) (2), Cox(DPXM) (3),

(31) Chang, C. J.; Deng, Y.; Heyduk, A. F.; Chang, C. K.; Nocera, On@rg.
Chem.200Q 39, 959-966.

(32) Chang, C. J.; Baker, E. A.; Pistorio, B. J.; Deng, Y.; Loh, Z.-H.; Miller, S.
E.; Carpenter, S. D.; Nocera, D. Gorg. Chem.2002 41, 3102-31009.

(33) Chang, C. J.; Deng, Y.; Lee, G.-H.; Peng, S.-M.; Yeh, C.-Y.; Nocera, D.
G. Inorg. Chem2002 41, 3008-3016.

(34) Deng, Y.; Chang, C. J.; Nocera, D. & Am. Chem. So200Q 122 410-
411.
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Table 1. Crystallographic Data for Fe,O(DPXM) (5) Table 2. Selected Bond Lengths (A) and Angles (deg) for
empirical formula GosH12:ClgFeNgOs Fe20(DPXM) (5)
fw 1987.41 Bond Lengths (A)
temp 183(2) K Fe(1y-N(1) 2.081(5) Fe(2yN(5) 2.091(4)
wavelength 0.71073 A Fe(1y-N(2) 2.084(4) Fe(2)N(6) 2.082(4)
cryst syst triclinic Fe(1}-N(3) 2.085(5) Fe(2yN(7) 2.091(4)
space group P1 Fe(1y-N(4) 2.099(4) Fe(2yN(8) 2.085(4)
unit cell dimensions a=15.1206(6) A Fe(1)-0(1) 1.786(3) Fe(2y0(1) 1.791(3)
b=16.0783(7) A
c= 24.5229(11) A Bond Angles (deg)
o = 72.500(1) O(1)-Fe(1y-N(3) 104.77(17) O(LyFe(2-N(5) 103.88(16)
B = 79'253(17 O(1)-Fe(1y-N(4) 107.40(17) O(LyFe(2-N(7) 108.29(17)
y= 66'396(17 N(3)—Fe(1)-N(4) 83.92(19) N(5)Fe(2)-N(7) 147.80(17)
vol 5195 3'(4) B O(1)-Fe(1y-N(2) 105.79(16) O(LyFe(2-N(6) 106.56(17)
7 2 ' N(3)—Fe(1)-N(2) 87.52(17) N(5)-Fe(2)-N(6) 84.51(17)
density (calculated 1.270 MaAn N(4)—Fe(1)-N(2) 146.82(17) N(7yFe(2)-N(6) 87.67(17)
abs coyegf ) 0.540 mn% O(1)-Fe(1y-N(1) 105.12(17) O(LyFe(2)-N(8) 103.86(16)
F(000) 2088 N(3)—Fe(1)-N(1) 150.11(17) N(5)Fe(2)-N(8) 87.57(17)
cryst size 0.36 mmx 0.11 mmsx 0.10 mm N(4)—Fe(1)-N(1) 87.21(19) N(7yFe(2)-N(8) 83.54(17)
6 range for data collection 2.3725.00 N(2)—Fe(1)-N(1) 84.46(17) N(6)Fe(2-N(8)  149.56(17)
reflns collected 23352

independent refins 1767R(int) = 0.0387]
data/restraints/parameters 17671/14/1144
GOF onF? 1.051

final R indices [ > 20(1)] R1=0.0858
WR2 = 0.2103
R indices (all data) R1=0.1311
WR2 = 0.2496
largest diff peak 1.554eR
largest diff hole —0.787 e A3

and Co(DPDM) (4) in excellent yields ¥90%). The steric
tuning provided by the choice of xanthene or dibenzofuran
spacer or introduction of an aryl group trans to the spacer
provides a homologous series of dicobalt(ll) cofacial bispor-
phyrins spanning a wide range of vertical pocket sizes for further
study.

Installation of a single rigid pillar into the cofacial bispor-
phyrin motif yields face-to-face systems where the motion of
macrocyclic subunits with respect to each other is constrained
to the vertical dimension (e.g., the Pacman effect); this vertical
Pacman flexibility is critical for accommodating reaction
intermediates during catalysis32:35-37 Comparative structural
analysis of biszinc(ll) and bisiron(ll-oxo complexes of DPD
demonstrates that this platform can open and close its bindingas the torsion angle between the two meso-catispacer
pocket by ove 4 A in metal-metal distances in the presence bonds) confirms that the Pacman flexibility of the DPXM system
of suitable ligand$* An analogous intramolecular bisiron(lll)  is confined to the vertical direction. The compound exhibits a
u-0xo complex is also obtained for the DPX template under bent Fe-O—Fe angle of 155.2 The five-coordinate iron atoms
similar conditions’2 are raised 0.56 A out of their respective 24-atom macrocyclic

To test whether the same type of Pacman effect would occur planes, though typical FeN (davg = 2.088 A) and Fe-O (dayg
for cofacial platforms that contain an aryl group trans to the = 1.788 A) distances are observed.
spacer, we prepared and crystallized the intramolecular bisiron- Compound5 completes the structurally homologous series
(1) u-oxo complex FEO(DPXM) (5). Crystallographic data  of open and closed forms of Pacman porphyrins shown in Figure
and selected geometrical measurements for the compound ar®. The structural comparison establishes that the introduction
provided in Tables 1 and 2, respectively. The structurb isf of an aryl group trans to the spacer does not greatly hinder the
depicted in Figure 1. The clamping action of the porphyrin vertical Pacman flexibility of the cofacial platforms relative to
subunits in u-oxo complex 5 is revealed by its reduced their unsubstituted counterparts. More generally, the results of
interplanar angle (IPA) of 25%4and shortened metametal Figure 2 illustrate the ability of the cofacial porphyrins to clamp
distance of 3.489 A compared to the relaxed,(@PXM) their “jaws” down on exogenous substrates for DPX or DPD
compound (IPA= 32.9, Zn—Zn = 5.913 A)33 The small bridges with or without trans-aryl substitution.
torsional twist between porphyrin subunits3n(9.5°, defined Electrochemistry. Electrochemical measurements bf4
verify that the redox properties of the parent DPX and DPD
systems are not appreciably perturbed by introduction of an aryl
group trans to the spacer. Table 3 lists the oxidative redox
potentials of the dicobalt(ll) bisporphyrin systems. Cyclic
voltammograms of C4DPXM) (3) exhibit two reversible one-

Figure 1. Crystal structure 05. Thermal ellipsoids are drawn at the 25%
probability level. Hydrogen atoms have been omitted for clarity.

(35) Pistorio, B. J.; Chang, C. J.; Nocera, D.lGAm. Chem. So2002 124,
7884-7885.

(36) Chang, C. J.; Loh, Z.-H.; Deng, Y.; Nocera, D.l8org. Chem2003 42,
8262-8269.

(37) Hodgkiss, J. M.; Chang, C. J.; Pistorio, B. J.; Nocera, DinGrg. Chem.
2003 42, 8270-8277.

J. AM. CHEM. SOC. = VOL. 126, NO. 32, 2004 10015



ARTICLES

Chang et al.

open form

been omitted for clarity.

Table 3. Electrochemical and Electrocatalytic Data for Cofacial
Bisporphyrins 1—4

electrocatalytic O, reduction

Eo/V vs Ag/AgCI Egiex VS Ag/AQCI % H,0 product
1 +0.28,+0.17 +0.38 72
2 +0.33 +0.37 80
3 +0.31,+0.14 +0.24 52
4 +0.33 +0.25 46
(@) (b)
|2 nA |2 uA
T
(]
5
O
1 1 1 1 1 1 1 1 1 1 1 1 1
+0.5 +03 +0.1 -0.1 +0.4 +0.2 0
Eox / V vs Ag/AgCI

Figure 3. Thin-layer cyclic voltammograms for (8)in tolunitrile and (b)
4in nitrobenzene, using 0.1 kttetrabutylammonium perchlorate (TBAP)
as a supporting electrolyte. Scan ratel0 mV/s, potentials reported vs
Ag/AgCI.

electron oxidation waves at0.31 and+0.14 V vs Ag/AgCl

(Figure 3a). The splitting of the oxidation processes arises from

strong interactions between two proximate porphyrin
systemg”-3841 The mixed-valence behavior displayed ®ys
similar to what is observed for the parent complex,(©&X)
(1), at comparable potential€{ = +0.28 and+0.17 V)%’
Conversely, cyclic voltammograms of gBDPDM) (4) give a

closed form

Figure 2. Comparative views of the open and closed forms of the Pacman DPXM platform, A& 2XM) and (b)5, respectively. Hydrogen atoms have

(C) (b)

Disk
]S Disk
Ring - Ring
—_kb—-

c
Q 1 1 1 1 1 1 1 | 1 1 1 Il 1 | 1 |
3| © (d)

Disk Disk

+06 +04 +02 0 +06 +04 +02 O
Vpisk Vs Ag/AgCI

Figure 4. Rotating Pt ring-disk voltammograms for reduction of @t
pyrolytic graphite disks coated with (&) (b) 2, (c) 3, and (d)4. Rotation
rate, 100 rpm; disk curren§ = 10 uA, ring current,S= 5 uA; supporting
electrolyte, 0.5 M HCI@1.5 M TFA saturated with air fol and2, 2 M
HCIO, saturated with air foB and4; ring held at+1.0 V vs Ag/AgCI.

Catalytic Reduction of O,. We next sought to examine the
effect of trans-aryl substitution on the selectivity for four-proton,
four-electron versus two-proton, two-electron reduction gf O
catalyzed by these Pacman maotifs. To this end, complexds
were screened for their electrocatalytic activity forr@duction

single, reversible two-electron oxidative wave at a potential in acidic media. Figure 4 displays currergiotential responses
identical to that of Ce(DPD) (2) (E° = +0.33 V, Figure 3bj/ for catalytic @ reduction at a rotating graphite disk/platinum
establishing that the porphyrinic subunits in the dibenzofuran- ring electrode coated with—4, and the results are collected in

bridged platforms are too far apart to perturb each other Taple 3.
6|eCtr0nica”y. These electrochemical data show that the redox The parent DPX and DPD Comp|exes are selective Cata|y5ts

behaviors of the DPXM and DPDM platforms mirror their
corresponding DPX and DPD counterparts.

(38) Collman, J. P.; Hutchison, J. E.; Lopez, M. A.; Tabard, A.; Guilard, R.;
Seok, W. K.; Ibers, J. A.; L'Her, MJ. Am. Chem. S0d.992 114, 9869-
9877.

(39) Guilard, R.; Lopez, M. A.; Tabard, A.; Richard, P.; Lecomte, C.; Btande
S.; Hutchison, J. E.; Collman, J. P. Am. Chem. S0d.992 114, 9877
9889.

(40) Le Mest, Y.; L'Her, M.; Saillard, J. YInorg. Chim. Actal996 248 181—

191

(41) Le Mest, Y.; Inisan, C.; Laouenan, A.; L'Her, M.; Talarmain, J.; El Khalifa,
M.; Saillard, J. Y.J. Am. Chem. S0d.997 119, 6095-6106.
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for the direct reduction of @to H,O over the more commonly
observed pathway to produce®. CaoyDPX) (1) reduces @

at a potential of+0.38 V vs Ag/AgCl, with 72% selectivity for
the four-proton, four-electron pathway te®I (Figure 4a), and
Coy(DPD) (2) catalyzes @reduction at+0.37 V, with direct
production of HO at 80% selectivity (Figure 413).In contrast,
DPXM and DPDM complexes bearing a trans-aryl group display
markedly lower HO/H,O, product ratios than their parent DPX
and DPD counterparts while exhibiting similar selectivities
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compared to each other. §DPXM) (3) catalyzes @reduction
at+0.24 V, with 52% proceeding along the four-proton, four-
electron pathway to produce,@ (Figure 4c); Ca(DPDM) (4)
catalyzes @reduction at+0.25 V, with 46% going directly to
H,O (Figure 4d). The catalytic studies clearly show that
installation of a trans-aryl group into the Pacman motif results
in decreased selectivity for the direct reduction eft® H,O,

with a comparable effect for both xanthene- and dibenzofuran-

bridged scaffolds. Because the structural flexibility and redox
behavior of the cofacial bisporphyrin systems are largely

cycles are 0.31 and 0.20 A, respectively. The nonplanar
distortions result in appreciably less effective charge transfer
from the cobalt bisporphyrin fragment to the reduced O
substrate for [CE{DPXM)(O)]" (—0.237 e) compared to the
parent DPX counterpart{0.284 e) and also lead to stronger
O—0 bonding in the former. The Mulliken overlap populations
for the O—O units in [Ce(DPXM)(0O2)]" and [Ce(DPX)(O)]
are+0.175 and+0.159 e, respectively.

The electronic and structural character of the highest occupied
molecular orbital (HOMO), which is the site of proton transfer

unperturbed by trans-aryl substitution, more subtle electronic in acid—base reactions, is of greatest pertinence toe@uction.

and proton-coupled effects are inferred for this change in
catalytic selectivity.

Electronic Structure Calculations. Density functional theory

Figure 5 illustrates significant differences between the HOMOs
of the [Ca(DPX)(02)]" and [Ca(DPXM)(0,)]" species. The
singly occupied HOMO of the DPX superoxo species consists

(DFT) was applied to the parent (DPX) and trans-aryl-substituted of localized molecular orbitals with significant(Co—0) and

(DPXM) derivatives of the [Cg{bisporphyrin)(Q)]* in order

to probe the origin of the diminished catalytic selectivity for
O, to H,O reduction by trans-aryl-substituted Pacman porphy-
rins. The object of these calculations was a Co(lll)/Co(lll)

1*(0—0) character on the [GO®;] core, as well as a-delo-
calized system ofay, symmetry on one of the porphyrin
macrocycles. The pronounced electron density on the superoxo
indicates it to be basic and to be the target of proton transfer.

superoxo intermediate because experimental studies implicateConversely, the singly occupied HOMO of [§DPXM)(Oy)] *

this O,-carrying species as the critical entry point into the
catalytic Q reduction cycle?8443

Geometry optimization of [CEDPX)(O,)]" with a doublet
spin state affords a structure with the bridging @dduct
adopting an end-on geometry. To avoid complications arising
from predisposed structural modélsjo constraints were placed
on G; binding in an end-on or side-on arrangement; in fact, the
end-on structure is also obtained from an initial input geometry,
using an idealized side-on [@0;] core. The Co centers are
displaced slightly out of the Nporphyrin mean planedfyg =
0.07 A), giving a Ce-Co distance of 4.35 A, with GeO bond
lengths averaging 1.83 A. The calculatedtO bond length of
1.35 A is characteristic for a superoxo-bridged bimetallic unit
(1.26-1.36 A), resulting in a [CH#,—(O,")] configuration for
the Pacman [C;] core. Mulliken population analysis reveals
that the total spin density on the [&o] core is 1.068 e,
suggesting that the majority of the unpaired spin density is
localized on the [CgD,] unit. The results are in good agreement
with the experimental observation of a 15-line EPR spectrum
for [Cop(DPX)(O)(1,5-dicyclohexylimidazole)™ 27 and related
u-superoxodicobalt(lll) complexes of cofacially strapped FTF4
and pillared DPB bisporphyrini$:4

The optimized geometry of [GEDPXM)(O,)]* is similar to
that of its DPX analogue. A doublet spin state produces a
complex with an end-on £adduct bridging the two Co centers.
The Co-Co distance (4.50 A) and average-€0 (1.88 A) bond
length for the DPXM monocation species compare favorably
to values observed for the DPX analogue. The@bond length
(1.32 A) and unpaired spin density localized on the fG#$
fragment (1.082 e total) for [G(DPXM)(O)]" also support
its assignment asgasuperoxodicobalt(l1l) complex. In contrast

consists solely of a porphyrim system ofa;, symmetry, with

no electron density observed on the superoxo. This electronic
structure disfavors the targeted delivery of proton equivalents
to the [CaO,] core.

Discussion

The selective conversion of &0 H,O by heme/copper
terminal oxidases is made possible by their ability to effectively
balance proton and electron inventories. In particular, the
bimetallic heme/Cgl active site of COX mediates these PCET
events through hemeoxygen intermediates that are analogous
to those observed in monometallic heme protéfngiewed
within a PCET frameworK?> the complete reduction of Qo
H»0 requires four protons and four electrons for the cleavage
of two formal O-0 bonds, whereas the partial reduction of O
to H,O, requires two protons and two electrons for the cleavage
of a single formal G-O bond. Specific activation of the second
O—0 bond, which is the key determinant in producingCH
instead of HO, is thus predicated on the proper delivery of
additional proton equivalents to substrate bound within the
reducing active site. In COX, spectroscopic and kinetics studies
of partially and fully reduced enzymes establish that theGD
bond is broken upon the addition of three electrons and one
proton#6-49 We propose that this crucial proton and electron
stoichiometry for G-O bond cleavage is preserved in the O
reduction reactivity displayed by cofacial bisporphyrins.

Scheme 1 presents a mechanistic model for the PCET
activation of the G-O bond by Pacman porphyrins. Previous
experimental studies have shown that the one- and two-electron
oxidized cofacial platforms are capable of binding @hereas
the fully reduced [Cg(bisporphyrin)] complex is unreactive to

to the DPX superoxo species, however, trans-aryl substitution the G substraté®4142For the Pacman porphyrins reported here,

results in significant nonplanar distortions of the porphyrin
subunits within the DPXM superoxo cleft. For [§DPXM)-
(Ox)]", one porphyrin exhibits a ruffled-type conformation,
whereas distortion of the other macrocycle is dominated by

(44) Babcock, G. TProc. Natl. Acad. Sci. U.S.A999 96, 12971-12973.

(45) Chang, C. J.; Chang, M. C. Y.; Damrauer, N. H.; Nocera, DBiGchim.
Biophys. Acta2004 1665 13—28.

(46) Hansson, Q Karlsson, B.; Aasa, R.; \fangard, T.; Malmstim, B. G.

EMBO J.1982 1, 1295-1297.

saddling. The average mean plane deviations for these macro<{47) Blair, D. F.; Witt, S. N.; Chan, S. . Am. Chem. Sod.985 107, 7389~
7399

(42) Chang, C. KJ. Chem. Soc., Chem. Commu®77, 800-801.
(43) Proniewicz, L. M.; Odo, J.; Goral, J.; Chang, C. K.; NakamotoJ KAm.
Chem. Soc1989 111, 2105-2110.

(48) Morgan, J. E.; Verkhovsky, M. I.; Palmer, G.; WiksttpM. Biochemistry
2001, 40, 6882-6892.

(49) Blomberg, M. R. A.; Siegbahn, P. E. M.; Babcock, G. T.; Wikstrav.
J. Am. Chem. So@00Q 122 12848-12858.
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Figure 5. Singly occupied HOMOs of (a) [GEDPX)(0O2)]* and (b) [Ce(DPXM)(O2)]*. The structures on the left depict a side view, perpendicular to the
bridge plane, whereas the structures on the right display a top view, perpendicular to the porphyrin planes.

EPR studies establish that the one-electron oxidizeti"Go regulatory function for oxygen activation by using a proton to
cofacial porphyrin provides entry into the catalytic cycle. The mediate the transfer of the additional two electrons needed for
[Coy(bisporphyrin)(Q)] ™ adduct formed from C8", and Q O—0 bond cleavage. In the absence of a proton, a single electron
is stable to superoxide release and is poised for further reaction.transfer yields the peroxide (a net two-electron transfer). In
Our results show that it is the basicity of the superoxo complex addition, the proton has the dual function of weakening the2O
that is the key determinant of the selectivity fop @duction. bond upon protonation. The general model proposed in Scheme
We propose that targeted proton transfer to the(@pcore of 1 also clarifies the perplexing observations of synthetic con-
[Coa(bisporphyrin)(Q)]™ triggers a multielectron transport  structs that show similar or enhanced reactivity when the second
process, bypassing one-electron processes to formal- [Co coordination site is empt§0 or replaced by an appropriate
(bisporphyrin)(Q)] peroxo-type intermediates that would favor Lewis acidic metal ior#8 The role of the second functional site,
H.O, production. Protonation followed by a two-electron whether that be another porphyrin, metal complex, or metal-
transfer provides the necessary equivalents to result-#©O  free coordination sphere, is to adjust thi€,mf the oxygen
bond cleavage. In this case, an oxo-hydroxy species, similar toadduct. Because a cooperative redox activity is not required,
the O—O bond cleavage product of COX5-48 would result; the site may be redox inactive or completely absent.
subsequent reduction by an additional electron produces the fully
reduced product. We note however that &'Qixo species may
not be stable, and the system may drive through to the fully ~We have investigated the effect of proton delivery on the
reduced product. If the superoxo is not sufficiently basic, catalytic selectivity of a homologous set of cofacial Pacman
inefficient proton transfer to [Ggbisporphyrin)(Q)]™ would porphyrins. Our findings indicate that targeted proton transfer
result in either reversible loss of;ubstrate or one-electron s critical for selecting the four-proton, four-electron pathway
reduction to the peroxide level, with subsequent generation of to H,O over the more common two-proton, two-electron
H.O,. Thus, the key to the selective reduction of oxygen to pathway to HO,. The Q-carrying [Ce(bisporphyrin)(Q)]*
water is the protonation state of the [Qaisporphyrin)(Q)]* species of Pacman systems DPX and DPD targets proton transfer
monocation species; targeted proton delivery to the superoxoto the reducing [CgD,] core, favoring complete ©0 cleavage
is essential for favoring multielectron over single-electron to produce two HO molecules. In contrast, the superoxo adduct
chemistry for specific @0 activation and cleavage. of trans-aryl DPXM and DPDM analogues disfavors protonation
The proposed scheme displayed in Figure 1 is appealing fromof the [CaO;] unit, resulting in a stronger ©O bond and
several perspectives. As mentioned above, the proper stoichi-increased production of 40,.
ometry of one proton and three electrons needed fe©®ond The combined experimental and theoretical findings have
cleavage is satisfied. The superoxo provides an importantimportant implications for the design of catalysts for specific

Concluding Remarks
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cleavage of @O bonds. As discussed by Tauldegofacial Solvents for synthesis were of reagent grade or better and were dried

bisporphyrins fulfill the two general requirements for an according to standard methods. The Pacman porphyrigBRX)
effective four-electron, four-proton Qreduction catalyst: (i)  H«DPD)3* Hy(DPXM),* and H(DPDM)* were synthesized as
the bypass of kinetically available one-electron routes through described previously. All other reagents were used as received.
cooperative reactivity and (i) the protection of peroxo-type  C0(DPX) (1). In a drybox, H(DPX) (120 mg, 0.10 mmol),
intermediates against protonation and release. The substantiaftnhydrous cobalt(ll) chioride (200 mg), 2,6-lutidine (0.2 mL), and THF
body of work on cofacial bisporphyrins as @duction catalysts (120 ML) were loaded in a 250-mL round-bottom flask. The mixture
has clarified thestructuralattributes of an effective architecture, was refluxed under nitrogen for 12 h. The solvent was removed in

includi h " f i buni f vacuo, and the residue was purified by flash column chromatography
Including the restriction of macrocyclic subunits to a face-t0- e g inert atmosphere (alumina, THF). Recrystallation from

face arrangement with minimal lateral displacements, while yichioromethane/methanol gave as an analytically pure purple
allowing sufficient vertical flexibility to bind and activate the  ¢rystalline powder (121 mg, 95% yield). Anal. Calcd forgGer
O, substratés27-51Against this backdrop of expertise, we have Co,NgO: C, 74.24: H, 6.47; N, 8.77. Found: C, 73.86; H, 6.42: N,
now established the importance of a propkrctronicenviron- 8.71. HRFABMS (M) calcd for GoHg,CoNsO mvz, 1276.528; found,
ment for the bound @substrate by directing proton transport. 1276.526.
In particular, we find that targeted proton transfer is required  CoxDPD) (2). In a drybox, a 100-mL flask equipped with a
for selective G-O reactivity and suggest that specific proto- condenser was charged with(BPD) (50 mg, 0.045 mmol), 2,6-lutidine
nation of the @-carrying superoxo adduct bypasses the forma- (0.1 mL), CoC} (100 mg), THF (12 mL), and benzene (12 mL). The
tion of peroxo-type adducts by facilitating multielectron pro- mixture was refluxed _under nitroggr_1 for 12 h. The solvent was removed
cesses. In closing, our results highlight the importance of proton " vacuo, and the residue was purified by flash column chromatography
transport and electronic structure in guiding catalytie O u_nder an inert atmosphere (alumina, THF)._ Recrystallation from
. . . dichloromethane/methanol gaw as an analytically pure maroon
reduction pathways. Along these lines, we are now testing the

L . crystalline powder (50 mg, 91% yield). Anal. Calcd forB7e
ability of monometallic Hangman constructs that control both CoNgO: C, 73.89: H, 6.20: N, 9.54. Found: C, 73.82: H, 6.26: N,

proton and electron inventori#$2-55 to catalyze selective O 8.94. HRFABMS (M) calcd for GeH76CoaNsO miz, 1234.481: found,
activation chemistry. 1234.480.

Experimental Section ~ Co(DPXM) (3). To a solution of H(DPXM) (105 mg, 0.073 mmol)

) ] ) ] in THF (15 mL) and benzene (10 mL) containing 2,6-lutidine (0.2 mL)
Materials. Aluminum oxide 60 (EM Science) was used for column  \yas added CoG(200 mg). The resulting mixture was refluxed for 10
chromatography. Analytical thin-layer chromatography was performed h ynder nitrogen and taken to dryness. The solvent was removed in
using JT Baker IB-F aluminum oxide (precoated sheets, 0.2 mm thick). yacuo, and the residue was purified by flash column chromatography

under an inert atmosphere (neutral alumina, THF). Recrystallation from
(50) Taube, HProg. Inorg. Chem1986 34, 607-625.

(51) Collman, J. P.. Wagenknecht, P. S.; Hutchison, JAiew. Chem., Int. dichloromethane/methanol gadas an analytically pure brick-red
Ed. Engl.1994 33, 1537-1554. powder (110 mg, 97% yield). Anal. Calcd forggEl10NgOsC0,: C,
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73.63; H, 6.37; N, 7.23. Found: C, 73.77; H, 6.53; N, 6.84. HRFABMS

(M™) calcd for GsH10NsOsCo, miz, 1548.632; found, 1548.633.
Coy(DPDM) (4). To a solution of H{DPDM) (52 mg, 0.037 mmol)

in THF (8 mL) and benzene (8 mL) containing 2,6-lutidine (0.1 mL)

was added CoGl120 mg). The resulting mixture was refluxed for 15

were polished with 600 grit SiC paper (3M), sonicated in purified water
(MilliQ Plus), washed with acetone, and dried. Porphyrins were
adsorbed on the electrode surface by means of a dip-coating proce-
dure: the freshly polished electrode was dipped for 1 min in a 0.1
mM solution of the porphyrin in chloroform, removed, washed

h under nitrogen and taken to dryness. The solvent was removed inimmediately with pure chloroform, and dried in air. The dry, coated
vacuo, and the residue was purified by flash column chromatography electrodes were transferred to the aqueous supporting electrolytes and
under an inert atmosphere (neutral alumina, THF). Recrystallation from utilized immediately.

dichloromethane/methanol gadeas an analytically pure blood-red

powder (51 mg, 91% yield). Anal. Calcd forfls:NsOsCo,: C, 73.29;

H, 6.15; N, 7.43. Found: C, 73.60; H, 6.49; N, 6.90. HRFABMSf{M

calcd for G,Hg2NgOsCo, Mz, 1506.586; found, 1506.590.
Fe,O(DPXM) (5). A mixture of Hy(DPXM) (45 mg, 0.031 mmol)

and FeBs (100 mg) in THF (7 mL) and benzene (5 mL) containing

2,6-lutidine (0.1 mL) was refluxed under nitrogen for 5 h. The reaction

The commercial rotating graphite disklatinum ring electrode (Pine
Instruments) was polished with 08n alumina on microcloth. The
collection efficiency of the rotating ringdisk electrode (RRDE)
employed was 0.39, as established by measurements with the E&(CN)
couple. The percentage of oxygen reduction proceeding along the four-
electron pathway to produce water was calculated using the formula
fwater = [N — (ir/ip)]/[N + (ir/ip)] wherefyateris the fraction of oxygen

was opened to air, and the solvent was removed by rotary evaporation.reduced to waten is the collection efficiency of the RRDE, and
The remaining residue was taken up in dichloromethane and vigorously andi, are the ring and disk currents, respectively.

stirred with a 0.5 N NaOH solution (20 mL) for 30 min. The organic
phase was separated, washed with waterx(25 mL), dried over
N&aSQy, and taken to dryness. Purification by column chromatography
(basic alumina, 85:15 chloroform/ethyl acetate) followed by recrystal-
lization from dichloromethane/hexanes afforded analytically pu#S

mg, 92% yield) as a brown crystalline solid. Anal. Calcd for
CosH10NgOsFe: C, 73.16; H, 6.33; N, 7.19. Found: C, 73.01; H, 6.20;
N, 7.06. HRFABMS (M — O]") calcd for GsHioNsOsFe, mi/z,
1542.636; found, 1542.633.

General Details of X-ray Data Collection and ReductionX-ray
diffraction data were collected using a Siemens 3 circle diffractometer
equipped with a CCD detector. Measurements were carried et@@t
°C using Mo Ka. (A = 0.71073 A) radiation, which was wavelength

Computational Methods. Density functional theory (DFT) calcula-
tions were carried out at the local density approximation (LDA) level
of theory using the Amsterdam Density Functional progP&rff. Part
of the calculations were performed on a home-built Linux cluster
consisting of 12 processors running in parallel. Gradient corrections
were introduced by using the Becke exchange function&! @jd the
Perdew-Wang (PW91) correlation functioné.C and H were de-
scribed by a Slater-type orbital doubiebasis set augmented by one
set of polarization functions. Co, N, and O atoms were described by a
Slater-type orbital triple: basis set augmented by one set of polarization
functions. Non-hydrogen atoms were assigned a frozen core potential,
treating as core the shells up to and including 2p for Co and 1s for C,
N, and O. Calculations on the doublet spin state were performed within

selected with a single-crystal graphite monochromator. Four sets of i ynrestricted formalism. Population analyses were carried out using

data were collected, using scans and a-0.3° scan width. All

the Mulliken method. Two minor structural simplifications were made

calculations were performed using a PC workstation. The data frames;q the cobalt bisporphyrin models employed in the calculations: (i)

were integrated tbkl/intensity, and final unit cells were calculated by

using the SAINT v.4.050 program from Siemens. The structures were

solved and refined with the SHELXTL v.5.03 suite of programs
developed by G. M. Sheldrick and Siemens Industrial Automation, Inc.,
1995.

X-ray Structure of Fe;O(DPXM)+4CH,Cl,CgH14 (5). A 0.36 mm
x 0.11 mmx 0.10 mm chocolate-colored crystal of plate morphology
was obtained from slow diffusion of hexane into a dichloromethane

solution of the compound. The crystal was coated in STP oil treatment

and mounted onto a glass fiber. A total of 23 352 reflections were
collected in thed range 2.3725.00, of which 17 671 were unique

ethyl groups on the porphyrin macrocycles were replaced with methyl
groups and (ii) methyl groups on the xanthene pillar were replaced
with hydrogens.
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