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Efforts to use the Marcus model to describe oxidations of the
superoxide radical anion (O, ™) by transition-metal complexes have
failed dramatically, with discrepancies between theory and experi-
ment spanning 13 orders of magnitude. As a result, the prevailing
view is that these reactions involve some complex interactions
that are not yet understood. We now show that once the familiar
form of the Marcus cross relation (MCR) is modified to allow for
the relatively small size of O,~, excellent agreement is obtained
between theory and experiment. This simple finding dispels the
decades of uncertainty surrounding these reactions and provides
a reliable method for determining whether oxidations of O,~ occur
via inner- or outer-sphere pathways. More generally, the modified
MCR is applicable to any homogeneous electron-transfer process
characterized by significant differences in size between electron
donors and acceptors.
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by O,~, obey the logK vs log k relationships required by
the Marcus model. However, while application of the Marcus
cross relation (MCR) to @oxidations of metal complexes
supports an outer-sphere mechanism, this has not been the
case for reductions of metal complexes by ©

The observed rate constarks,, for electron exchange
between @ and Q in water (Scheme 1) was measured by
Lind and Mefayi®® and is 450+ 160 M* s™1. When the
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The superoxide radical anion is one of several reactive MCR is used to estimate, from rate data for reactions of
oxygen species present at low concentrations during theouter-sphere electron-donor complexes with/®in Scheme

cellular metabolism of @ To protect against these toxic

1), calculatedk,, values are consistently—13 orders of

species, metalloenzymes, such as the manganese, iron, anehagnitude too smafi® Because of this consistency, the outer-
copper/zinc superoxide dismutases, catalyze their conversiorsphere nature of these reactions is not questiénByl.

to hydrogen peroxide and,OThis involves direct binding
of O,~ to metal ions in the active sites of these enzymes.
In addition, it has long been thought that Qs converted
directly to G, by outer-sphere electron transfer to transition-

contrast, when the MCR is applied to reactions of likely
outer-sphere complexes with,O(path B), calculated,,
values vary by 13 orders of magnitutie.

In 1993, Mefayi and Lind® argued that smak,, values

metal complexes, and two early reports lent indirect support calculated for reactions afrganicdonors with Q could be

for this mechanism.One hallmark of such processes is their

attributed to differences in size between the donors (ea37

compliance with the Marcus model for outer-sphere electron A in diameter) and @ whose G-O bond length is 1.21 A.

transfer? Indeed, Q oxidations of hydroquinonés and

To explain problematic reactions of superoxide with metal

phenol£? and the reverse reactions, which involve reductions complexes, it has been suggested that ¢D—O bond
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Figure 1. Scale models of representative inorganic complexes and O
Models A—C (in ball-and-stick notation, with approximate H-atom positions
on C and N atoms indicated by sticks) represent (respectivebFeCgCp

= cyclopentadiene}!%2 Co(sep)?* (sep= sepulchrate= 1,3,6,8,10,13,-
16,19-octaazabicyclo[6.6.6]eicosa@bcthe dark spheres are C atoms, and
the lighter ones are N atoms) and Ru(§§3".#1%4 Model D shows the
relative size of @ (O—O bond distance= 1.33 A). Models A-C were
created using published CIF filé%.cd

distance= 1.33 Ap is specifically solvated in water, so that
its effective size is much larger than that of &3¢ Moreover,
guantum-mechanical calculatidnsrgued that the self-
exchange rate constarkb{in Scheme Ffmay be inherently
unsuitable for evaluation by the MCR.

A reasonable starting point for evaluating the above
proposals is to begin with Méngi and Lind’s demonstra-
tion®*<that differences in size (effective radii, Figure 1)

COMMUNICATION

Table 1. Radii and Rate Constadtsfor 14 Electron Donors

effective Kealc Kobs

entry electron don@r radiu® (A) (M-1s? M-1sh
1 RU'(NHg)sphert* 45 54x 103 7.7x 1073
2 RU'(NH3)sisr?*™ 4.5 5.8x 1072 1.1x 101
3 RU'(NHa)s(4-vpyR* 45 1.7x 101 57x 10!
4 0-PW; 2046 5.6 9.6x 10! 1.4

5 0-SiW12040°~ 5.6 25 8.5

6 (X-A|W1204067 5.6 1.4x 102 24

7 Co'(sepy+ 45 13x 17 43

8  RU'(NH3)e2* 34 59 63

9 Cr!(5-Clphen)?* 6.8 9.7x 104 25x 1P
10  Crl(bpy)?t 6.8 3.4x 10° 6.0x 1P
11 Cr'(pheny?* 6.8 49x 106 15x 108
12 Cr'(5-Mepheny?* 6.8 83x 106 22x 10°
13 Cr'(4,4-Mebpy)?* 6.8 8.1x 10F  1.4x 107
14 Cr'(4,7-Mebpy)?* 6.8 8.1x 1(° 2.5x 10’

a Abbreviations: pher= 1,10-phenanthroline; isk isonicotinamide;
vpy = vinylpyridine; sep= sepulchrate; bpy= 2,2-bipyridine.? Except
for the Keggin anions (entrie$—6), these are the “radii equivalent to the
sphere of equal volume” equal to (1/@)d.ds)"/3, whered, d;, andds are
the diameters of the complexes along three orthogonal‘axes.

Equation 2 removes, i ouy andAzzu by subtraction and,
in their place, inserts eq 1. When eq 2 is used to derive the
MCR (see the Supporting Information, Sl), its familiar form,
eq 4, is retained. Now, however, fi, and Wi, (eqs 5 and

play a significant role and to extend these arguments to 6) includeA (but are otherwise unchanged).

reactions of @ .
For this, we derived a general form of the MCR that, by

algebraic addition of a single experimentally accessible term,

quantitatively accounts for differences in size between

electron donors and acceptors. This was then applied to data

for reactions between outer-sphere donors apqpath A

kip = (k11k22K12f12)1/2W12 4)

[In Ky, + (Wy, — wyp)/RT)?

(%)

nf,= A
41n(kyskodZ%) + (w1l + Wy — E)/RT

in Scheme 1) and then to reactions between outer-sphere

acceptors and 9 (path B).

The familiar form of the MCR is obtained by assuming
that the reorganization energy of the cross reactigs,is

W, = exp{—(wl2 + Wy — Wy + W, — %)/2R11 (6)

The observed rate constaft, (450 Mt s71), and eqs

the average of the reorganization energies of the individual 3—6 were used to calculate rate constakis, for 14 reac-

self-exchange reactions, i.e., that = (1/2)(A11 + 122). When
ri #= rp, theinner-sphere componewtf the reorganization

tions between inorganic complexes ang'®The 14 electron
donors and their effective radii are listed in Table 1.

energy of the cross reaction can still be expressed as an The effective radii of the donors;, were used in eq 1 to

average:dizin = (1/2)A11n) + A22¢n). However, the outer-

calculated;1ou values for use in eq 3. Foluw in €q 3

sphere (solvent) reorganization energies are no longer(associated with self-exchange betweera@d GQ-), a value

additive; i.e. A1aouyZ (1/2)A110uy T A2200ut)- This is because
A1200uy 1S @ function of the radiir; andr,, respectively, of
the donor and acceptor (eq 1, wherss the refractive index
andDs is the static dielectric constari).

1 1 1 1 1
e ey B

Forr, = r,, a modified MCR was obtained by first defining

/112(out) =

the reorganization energy of the cross reaction as shown in

eq 2, in whichA is defined as shown in eq 3.

A= (U2)@q; + App + 2A)
_ 4.1 1 \i_1)\_
A= (nez)(Zr1 + 2, 1+ rz)(,72 DJ

1
E(’lll(out) + ’122(0ut9 (3)

)

of 28.5 kcal mof! was obtained fromizyotay = A22¢in) +
/‘LZZ(out) by USing/lzz(totaD = 45.5 kcal/mot2 and ;LZZ(in) =17
kcal/mol? Next, asinglevalueof r, (specific to outer-sphere
reactions of @) was obtained by fitting calculatdd, values
(egs 4-6) to observed rate constants, using the unique value
of r, asthe only adjustablesariable.

The best fit, and excellent agreement in Table 1 and Figure
2, was obtained by setting = 2.5 A. This agreement not
only confirms Mefayi and Lind’s suggestidfi® regarding
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Table 2. Radii of Electron Acceptors and Relative Magnitudes of Work Tetmg, andA/2 for Their Oxidations of @

effective Wi1 Wio A2 Kealc Kobs
entry electron acceptbr radiug (A) (kcal mol1) (kcal mol1) (kcal mol1) M-1sh M-1sh
4 Cd"(sepy+ 4.5 1.46 —1.04 2.95 2.7 8.% 101
a Féll (edta)(HO)" 3.0 0.49 0.35 2.95 5.2 10¢ 2.0x 10¢
8 RU" (NHg)e3* 3.4 2.28 -1.35 2.19 1.7 108 2.0x 10°
b Fe'Cp* 5.0 0.00 —0.56 3.30 3.8x 108 8.6 x 10°
2 RU"(NH3)sisn?* 4.5 1.46 —1.04 2.95 1.1x 108 2.2x 108
1 RU'" (NHg)sphers* 4.5 1.46 —1.04 2.95 1.7% 10° 3.5x 10°

aWork terms not listed are zer® Abbreviations: edta= ethylenediamine tetraacetate; pcyclopentadienyl¢ Effective radii are calculated as in
Table 111

. . . Figure 3. Observed (red diamonds) and calculated (circles) rate constants
Figure 2. Observed (red diamonds) and calculated (circles) rate constantsfor reactions of G-(aq) with the electron acceptors listed in Table 2.

for reactions of aq) with the 14 one-electron donors in Table 1. Complex o . ; ; :
8 is highlighted (structure and arrows) because its outer-sphere charactercomplex8 is highlighted for the reasons given in the caption of Figure 2.

and kinetic parameters are well established. ) ) o
reactions of charged species. The correctitnis linearly

the importance of the donor size but also, for the first time, combined with the Coulombic work termsj,, wi,, and
provides a reliable method (eqs-8) for accurately predict- W21 Hence, bothW (an inverse exponential function of

ing rates of outer-sphere electron transfer jol®addition, ~ these sums) anidare significantly altered by inclusion &

the effective radiug, (=2.5 A), is consistent with previously ~ (Table 2).

calculated value%+® In conclusion, once differences in size are taken into
Next, the effective radius; (2.5 A), was used in eqs-3 account, rate constants for reactions between outer-sphere

to calculate the rate constants;, for reactions of outer-  electron-acceptor complexes and,"Ocomply with the
sphere inorganic complexes withhyO All other parameters ~ Marcus model. This simple finding dispels the decades of
(including kx, = 450 Mt s~1)%a were taken directly from  uncertainty surrounding these reactions and provides a
the literature’ No adjustablevariables whatsoeer were reliable method for determining whether oxidations of O
included. occur via inner- or outer-sphere pathways. Moreover, the
Of the 14 complexes listed in Table 1 and Figure 2, rate excellent agreement obtained usingiagle value of rz in
constants for reactions between four of these (i.e., the both Figures 2 and 3 implies that the hydrodynamic radius
oxidized forms of1, 2, 7, and 8) and Q~ have been of O, (at pH values well above thekp of HO,) may not
determined experimentalfyThese obviously outer-sphere be substantially larger than that ob.QMore generally, eqs
complexes were used, along with two otHgentries aand  3—6 apply to any homogeneous electron-transfer process
b; see Table 2), to give the results in Figure 3. characterized by significant differences in size between
Given the problematic nature of reactions between metal donors and acceptors.
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Inspection of the functional dependencekgf.on A (eqs ~ NtP-//pubs.acs.org.
5 and 6) shows why relative size is particularly important in 1C701885Q
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