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system. As pointed out by Read and Margerum,? if the donor
is unrestricted and able to move easily out of the first coordination
sphere, the presence of acid has little effect. However, if the
movement of the donor away from the metal ion is hindered in
some way, acid can enhance the rate of dissociation. The re-
strictions holding the donor in the first coordination sphere imposed
by the 6,5,6-membered chelate rings are larger than those imposed
by the 6,6,6-membered chelate rings. Consequently, ring opening
is easier for the 6,6,6-membered rings, making the direct pro-
tonation pathway less important.

For copper(II) complexes of macrocyclic tetraamines, the re-
strictions imposed by the macrocyclic ligand hold the donor atoms
strongly in the first coordination sphere. Consequently, the direct
protonation pathway becomes very important for the dissociation
reactions of these complexes; therefore, the ratio of the rate
constant of dissociation by the direct protonation pathway to the
rate constant by the proton-assisted pathway for the macrocyclic
ligand complex in planar coordination is extremely large.>*

The results tabulated in Table II indicate that the ratios of k,/k;
for the complexes with the 6,6,6-membered ring system are slightly
larger than those with the 6,5,6-membered ring system. This is
attributed to the difference in the distance between the uncoor-
dinated amino group and the metal ion in III (Figure 3). The
additional methylene group in the complex with the 6,6,6-mem-

bered ring system increases the distance between the released
amino group and the metal ion; thus, protonation of the released
amino group (III — VI) is faster for the complex with the
6,6,6-membered ring system.

The values of the ratios k_,/k; and k_,/k, tabulated in Table
IT indicate that these ratios for the complexes with the 6,5,6-
membered ring system are much larger than those with the
6,6,6-membered ring system. This is related to two factors: (1)
the ring strain in linked consecutive rings and (2) the proximity
effect. The ring strains in linked consecutive 6-membered rings
are very large;?’ thus, the formation of the second Cu~N bond
(IIT — V in Figure 3) for the complex with a center 6-membered
ring is much slower than that with a 5-membered ring. In addition,
the proximity effect also favors the formation of the center S-
membered chelate ring.? Consequently, the ratios k_,/k; and
k_,/k, for the complexes with the 6,5,6-membered ring system
are much larger than those with the 6,6,6-membered ring system.
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The oxidation of hydroxide ion and phenoxide ion in acetonitrile has been characterized by cyclic voltammetry at glassy-carbon
electrodes. In the presence of transition-metal complexes MU!L?** [M = Mn, Fe, Co, Ni; L = (OPPh,),, (2,2’-bipyridine);] and
metalloporphyrins M(por) [M = Mn(III), Fe(IlI), Co(II); por = 5,10,15,20-tetraphenylporphinato(2-), 5,10,15,20-tetrakis-
(2,6-dichlorophenyl)porphinato(2-)] the oxidation potentials for “OH and PhO- are shifted to less positive potentials. This is due
to the stabilization of the oxy radical products (*OH and PhO*) via formation of a d~p (d"-"OR) covalent bond. With excess
“OH relative to the metal complex, oxidation of “OH is facilitated by an ECE mechanism [ML("OH) = ML(*OH) oH

ML(O")(OH,) = ML(0>)(OH,)].

The electrochemical oxidation of “OH in aqueous' and aprotic®™
solvents along with the chemical reactivity of "OH with various
substrates (e.g., CCl,,” anthraquinone,® and Fe!"(TPP)* in pyr-
idine”) indicates that “OH is an effective one-electron reductant.
Other investigations have shown that the oxidations of metal—-
catechol®~'° and metal—dithiolate'! complexes are ligand-centered
rather than metal-centered. In the latter investigation ligand
oxidation is facilitated via formation of a d—p covalent bond (from
an unpaired p electron of oxidized ligand and an unpaired d
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electron of the transition-metal center).

These observations have prompted us to examine the electro-
chemical oxidation of “OH and the effect of transition-metal
complexes upon the electron-transfer potential. A specific goal
has been to establish that the activated iron—oxygen intermediates
of cytochrome P-450, peroxidase, and catalase involve 0-valent
and —1-valent oxygen rather than iron(IV) or porphyrin radical
(on the basis of their respective redox thermodynamics).

Experimental Section

Equipment. Cyclic voltammetry and controlled-potential electrolysis
were accomplished with a Bioanalytical Systems Model CV-27 and a
Houston Instruments Model 200 XY recorder. The electrochemical
measurements were made with a microcell assembly (10-mL capacity)
that was adapted to use a glassy-carbon working electrode, a platinum-
wire auxiliary electrode (contained in a glass tube with a medium-po-
rosity glass frit and filled with a concentrated solution of supporting
electrolyte), and a Ag/AgCl reference electrode (filled with aqueous
tetramethylammonium chloride solution and adjusted to 0.000 V vs
SCE)!? with a solution junction via a glass tube closed with a cracked-
glass bead that was contained in a luggin capillary. A platinum-mesh
working electrode and a platinum-wire auxiliary electrode were used for
the controlled-potential electrolysis experiments.

Chemicals and Reagents. Acetonitrile (MeCN), “distilled-in-glass”
grade (0.004% H,0) from Burdick and Jackson, was used without fur-
ther purification. Tetraethylammonium perchlorate (TEAP) was vacu-
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Figure 1. Cyclic voltammograms in MeCN (0.1 M TEAP) of (top) 3
mM H,O and 5 mM tetrabutylammonium hydroxide ((TBA)OH) in
methanol, (middle) (TBA)OH in the presence of YII(OPPh,),(ClO,),,
and (bottom) (TBA)OH in the presence of Zn''(OPPh,),(C10,), [scan
rate 0.1 V s7'; glassy-carban electrode (GCE) (area 0.07 cm?); SCE
+0.24 V vs NHE]: curve a, scan for 1.0 mM metal complex; curve b,
first scan after addition of 4 mM (TBA)OH; curve c, scan after complete
precipitation (ca. 2 min).

um-dried for 24 h prior to use. Tetrabutylammonium hydroxide
[(BusN)YOH] was obtained from Aldrich as a 25% solution in methanol,
and its concentration was determined by acid-base titration. A solution
of phenoxide ion was prepared by the addition of an equimolar MeOH
solution of (Buy,N)OH to a solution of PhOH (H,O was produced upon
neutralization). All other solvents and chemicals were reagent grade and
were used as received.

Preparation of Complexes. The complexes M!(OPPh;),(C10,),'*!4
(M = Mn, Fe, Co, Ni, Zn), YI'(OPPh,),(Cl0,),'*!*, MU(bpy);(C10,),'*
(M = Mn, Fe, Co, Ni, Zn; bpy = 2,2’-bipyridine), (TDCPP)Fe!ll-
(CloHtel” [TDCPP = 5,10,15,20-tetrakis(2,6-dichlorophenyl)-
porphyrinato(2-)], and (TPP)Mn!(C10,)*® [TPP = 5,10,15,20-tetra-
phenylporphinato(2-)] were prepared by literature methods. The prep-
aration of (TPP)Fe!(ClO,) used the procedure for the synthesis of
(octaethylporphinato)iron(III) perchlorate.!®

Results

Figure 1 illustrates the electrochemical oxidation of H,O (Ey,
= 42,43 V vs SCE) and "OH (+0.55 V vs SCE) at a glassy-carbon
electrode in acetonitrile.? In the presence of transition-metal
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Table I. Oxidation Potentials of 4-5 mM ~OH in the Presence of
Transition-Metal Complexes

El/Z’ V vs SCE“
“OH! Zn Ni Co Fe Mn

-OH +0.55
MU(OPPh;)2* ¢ +0.63 -0.05 -0.09 +0.08¢ +0.27
M"(bpy),*¢ +0.66 —0.03 +0.02 +0.28 +0.33

“Ey;; = Eyjp + 0.03; Bard, A. J; Faulkner, L. R. Electrochemical
Methods; Wiley: New York, 1980; pp 236-243. *E,, for 1.5 mM
“OH is +0.35 V vs SCE; the difference is due to increased levels of
water and uncompensated iR. °1 mM metal complex and 4 mM
(Bu,N)OH. 41 mM metal complex, 10 mM OPPh;, and 4 mM
(Buy,N)OH.
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Figure 2. Cyclic voltammograms in MeCN (0.1 M TEAP) of (TBA)OH
in the presence of M (OPPh,),(ClO,), complexes (M = Mn, Ni, Co, Fe)
[scan rate 0.1 V s7!; GCE (area 0.07 cm?)]: curve a, scan for 1.0 mM
metal complex; curve b, first scan after addition of 4 mM (TBA)OH;
curve c, scan after complete precipitation (ca. 10 min.). For the Fell-
(OPPhy),2* experiment excess OPPh; (10 mM) was also added to reduce
the rate of precipitation.

complexes with filled d subshells (Y"(OPPh;),** or Znll
(OPPh;) ) the oxidation of “OH occurs at a slightly more positive
potential than that for free “"OH (Figure 1 and Table I). Curve
a (dotted line) of Figure 1 illustrates the cyclic voltammogram
for 1.0 mM Y™(OPPh;),** prior to addition of “OH. The initial
cyclic voltammogram (curve b, dashed line) immediately after
the addition of excess base (4 mM) exhibits a well-defined oxi-
dation peak at a more positive potential than the cyclic voltam-
mogram of free "OH (E,;, = +0.63 V vs SCE). Within 2 min
the metal complex precipitates completely, which is confirmed
by an oxidation for residual free "OH (curve c, solid line).
The oxidation of "OH in the presence of transition-metal
complexes with partially filled d subshells [Mn''(OPPh;),2*,
Fe''(OPPhy),2*, Co''(OPPh,),**, and Ni''(OPPh,),**] is illustrated

(20) The SCE is +0.24 V vs NHE.
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Figure 3. Plots of the anodic voltammetric peak current for “OH as a
function of [(TBA)OH] in MeCN (0.1 M TEAP) [scan rate 0.1 Vs7);
GCE (area 0.07 cm?)]: (O) free (TBA)OH; (@) (TBA)OH in the
presence of 1 mM Fel'(OPPh,),(ClO,); and 10 mM OPPh;; (X)
(TBA)OH in the presence of 1 mM Fell(bpy);(ClO,), and 9 mM bpy.
Excess ligand was used to slow down the precipitation process and im-
prove resolution of the oxidation peak.

by Figure 2, with curve a for the metal complex in the absence
of "OH. Curve b [recorded immediately after the addition of
excess "OH (4 mM) to the metal complex (1.0 mM)] indicates
that "OH is oxidized at much less positive potentials than is free
“OH. Subsequent voltage scans yield voltammograms with a
decrease in the peak current for the less positive oxidation peak;
precipitation of the metal hydroxide is complete within 10 min.
When the ligand is 2,2’-bipyridine, similar behavior is observed.
Table I summarizes the peak potentials for the oxidation of “OH
in the presence of both series of transition-metal complexes. In
the presence of iron(IT) complexes the anodic peak current for
metal-associated “OH increases linearly with its concentration
(Figure 3). The slopes for oxidation of free “"OH and for “OH
in the presence of 1 mM Fe!l(OPPh;)?* are essentially the same
and twice that for "OH in the presence of 1 mM Fel'(bpy),2*.

Metal Porphyrins. Figure 4 illustrates cyclic voltammograms
for Zn'(TPP) and for its 1:1 and 1:3 combinations with “OH. The
1:1 combination exhibits a new irreversible anodic peak (E,,, =
+0.51 V vs SCE). With further addition of "OH another anodic
peak appears that is due to free “OH (Ey;, = +0.24 V). Although
Zn''(TPP) is not completely soluble in MeCN,?! the addition of
“OH to Zn'(TPP) yields a clear solution.

The voltammetry for Col'(TPP) and for its 1:1 and 1:3 com-
binations with “OH is illustrated in Figure 5. Because Coll(TPP)
is insoluble in MeCN,?! the cyclic voltammogram of Co''( TPP)
has been obtained by the addition of excess "OH to induce its
dissolution. Subsequent neutralization with HCIO, yields dissolved
Coll(TPP).

Addition of “OH to (TPP)Fe!'[(CIO,) in MeCN causes most
of it to precipitate. However, its reduction by electrolysis to
Fell(TPP) prior to the addition of “OH permits anodic voltam-
mograms to be recorded. This problem does not occur with the
octachloro derivative [(TDCPP)Fe'(C10,)]; the electrochemical
oxidation of "OH in its presence is illustrated in Figure 6 [the
irreversible reduction of Fe(IT) to Fe(I) for (TDCPP)Fe(ClO,)
occurs at —1.01 V vs SCE]. The addition of 1 equiv of “OH causes
the Fe(1IT) /Fe(II) couple to shift to a more negative potential
and results in the appearance of a new irreversible oxidation (£,
= +1.09 V vs SCE). With the addition of excess "OH, the anodic
voltammogram exhibits two new peaks (E,;; = —0.10 and +0.40
V).

The electrochemistry of (TPP)Fe!'[(ClO,) and of its 1:1 and
1:3 combinations with PhO~ is illustrated in Figure 7. The
addition of 1 equiv of PhO™ causes the Fe(IIT)/Fe(II) couple to

(21) Solvents with better solvating properties were not used because they
were more susceptible than MeCN to hydrolysis by "OH.
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Figure 4, Cyclic voltammograms in MeCN (0.1 M TEAP) of (top) 0.7
mM Zn!'(TPP); (middle) 0.7 mM Zn!'(TPP) +1 equiv of (TBA)OH,
and (bottom) 0.7 mM Zn"(TPP) + 3 equiv of (TBA)OH [scan rate 0.1
V s7'; GCE (area 0.062 cm?)].

T T T T T T T T

co''TPP

Co''TPP + 1 OH"

Y

Current

Co"TPP + 3 OH”

+

. i

L " 1
+15 +10 +05 ] 05 -10 -15 -20

E, Vvs. SCE
Figure 5. Cyclic voltammograms in MeCN (0.1 M TEAP) of (top) 0.6
mM Co'(TPP) + 3 equiv of (TBA)OH + 3 equiv of HCIO,, (middle)
0.6 mM Col'(TPP) + 3 equiv of (TBA)OH + 2 equiv of HCIQO,, and
(bottom) 0.6 mM Co'(TPP) + 3 equiv of (TBA)OH {scan rate 0.1 V
s7!; GCE (area 0.062 cm?)].

shift to a more negative potential and results in a new anodic peak
(E,;; = +0.91 V vs SCE). Further addition of PhO" results in
the appearance of an anodic peak for free PhO™ (E,,, = +0.09
V vs SCE).
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Table II. Oxidation Potentials of “OH and PhO~ in the Presence of Metalloporphyrins

E ;5 Vvs SCE
"OH PhO~

metalloporphyrins® 1 equiv 3 equiv 1 equiv 3 equiv
free base +0.35 [H,0, +2.43] P¥/P*- +0.06 [PhOH, +1.43]
Zn'(TPP) +0.51 +0.49 (+0.24)® +0.80 +0.14 +0.18 (+0.03)®
Co'(TPP) -0.19 -0.22 (+0.19)* +0.80 c c
(TPP)Fel(C1O,) +0.95¢ -0.21, +0.95 (+0.49)* +1.15 +0.91 +0.93 (+0.09)*
(TDCPP)Fel'(C10O,) +1.09 -0.10, +1.11, (+0.40)¢ +1.32 +1.00 +1.04 (+0.03)°
(TPP)Mn!'(CIO,) e -0.59, +0.12 +1.26 +0.51 +0.53 (+0.01)?

@ Approximately 0.5 mM. ®Due to excess base. Potentials other than +0.35 V for free OH™ and +0.06 V for free PhO™ are due to hydrolytic
interaction between the base and MeCN. ¢Co"(TPP) is insoluble in MeCN; the addition of PhO™ does not enhance its solubility. ¢(TPP)Fel''(ClO,)
was electrochemically reduced to Fe'{(TPP) before “OH was added. Peaks are better resolved in the presence of excess “OH, but the iron porphyrin
is not completely soluble. °Greenish white precipitate forms; the addition of 3 equiv of “OH to (TPP)Mn"(CIO,) gives a soluble species.

1 1 T T T 1
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Figure 6. Cyclic voltammograms in MeCN (0.1 M TEAP) of (top) 0.6
mM (TDCPP)Fel'(ClO,), (middle) 0.6 mM (TDCPP)Fe!'(CIO,) + 1
equiv of (TBA)OH, and (bottom) 0.6 mM (TDCPP)Fe!(C10,) + 3
equiv of (TBA)OH [scan rate 0.1 V s7!; GCE (area 0.062 cm?)].

The addition of 1 equiv of "OH to (TPP)Mn{(Cl0,) yields
a greenish white precipitate, but a clear solution results when a
further 2 equiv of "OH is added. The anodic voltammogram for
the latter solution [after an initial negative scan to reduce man-
ganese(III)] exhibits two new peaks [E,;; = -0.59 V vs SCE
(reversible) and +0.12 V (irreversible)]. The peak current for
the latter increases linearly with "OH concentration for “OH:
[(TPP)Mn™(CIO,)] mole ratios from 1 up to 9.

The half-wave potentials for the oxidation of “OH and PhO-
in the presence of the metalloporphyrins are summarized in Table
IL.

Discussion and Conclusions

A self-consistent set of redox reactions for the oxidation of “OH
and PhO" in the presence of transition-metal complexes is pres-
ented in Table III. The oxidation potential for “OH in the
presence of ZnllL [L = (OPPh;),, (bpy);, TPP?] and YU
(OPPh,),** is slightly more positive than that for free “OH. This
is the anticipated result for the oxidation of “OH in the presence
of a Lewis acid. The positive metal center delocalizes the electron
density of “OH to make removal of an electron more difficult;
hence, there is a more positive oxidation potential.

The redox potentials for the oxidation of “OH, PhO-, and their
adducts with transition-metal complexes are summarized in Table
IV. These data indicate that when "OH is associated with
transition-metal complexes instead of diamagnetic complexes, its

TPPFe"(CIO.)

TPPFe " (CI04)
+1 PhO~

T
o
L
3
&)
TPPFe" (Ci04)
+3 PhO"
}0#/&
i 1 1 1 1 s 1 1 L
+20 +15 +10 405 0 -05 -1.0 -15 -2.0

E, Vvs. SCE
Figure 7. Cyclic voltammograms in MeCN (0.1 M TEAP) of (top) 0.5
mM (TPP)Fel'((CIO,), (middle) 0.5 mM (TPP)Fe™(CIO,) + 1 equiv
of (TBA)OPh, and (bottom) 0.5 mM (TPP)Fe(ClO,) + 3 equiv of
(TBA)OPh [scan rate 0.1 V s7'; GCE (area 0.062 cm?)].

oxidation occurs at less positive potentials than that for free "OH
(despite the Lewis acidities of these complexes). This facilitated
oxidation of “OH is due to stabilization of the oxidized product
(*OH) through the formation of a covalent bond between the
unpaired p electron of *OH and an unpaired d electron of the metal
ion. This phenomenon is analogous to the stabilization observed
in the oxidation of dithiolate-metal complexes via covalent d—p
bond formation.!! The extent of this stabilization can be estimated
from the negative shift of the oxidation potential for “OH oxidation
in the presence of MIL2* [M = Mn, Fe, Co, Ni; L = (OPPh,),,
(bpy),] relative to that in the presence of Zn''L?*. The more
negative the oxidation potential, the greater the stabilization and
the bond strength. The order of M'~(*OH) bond strength for
L = (OPPh;), is Co (17 kcal)?2 > Ni (16 kcal) > Fe (13 kcal)

(22) Covalent bond energies are approximately equal to (AE)nF; for one-
electron processes, BE (kcal) = AE X 23.1.
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Table III. Redox Reactions for Hydroxide Ion and Its Adducts with Transition-Metal Complexes in MeCN (0.1 M TEAP)
Free "OH [(por)Fe't1(CIO,)
oy 12T t0 88 VVESCE L 4 o _OH (TPPIFe™(CiO,) _;?:‘_ (TPPYFe I (TOH) 285 Y.
07 + Hpo DMEZIDBL 0% 4 o (TPPIFe ™I (C"OH)Y + &
Transition_—MetaI Complexes (M =Mn, Fe, Co, Ni) (TPPIFel("OH) + 2°OH -0.21V
Zn™(OPPhg) 2t —2L ZnTH(OPPhg),( TOH), %"— (TPPIFO TGN OHY + Hy0 + &

I - O - - -
Zn""(OPPhglal OH)X(O ) + H0 + e (TPPIFeT (02" ) OH) + e

-0.08 to +0.27 V
“OH (TPP)Fe

£,,2<-0.091t0+0.27V

11 2+ TOH 11 - -
M OPPhg), 2T —OH MI(OPPhg),(TOH) p .
3’4 a's 2 U010 —2n. (TPPIFe T(TOPR) FO21Y

-Cl04

III,e

I Ay - -
(PhgPO,M™I(O T ITOH) + HO + e CoPmT + e

(TPP)Fe

(PhgPOI M0 ) (TOHY + & T 1.0 V

(TocPPIFe'™(CI10) TC(’)”_— (TOCPPYFe ™™ ("OH)
- - 4
II 2+ OH II - + =0.03to+0.33V
M7 (bpy)g?t —2h M T (bpy)g(toH)t 120310 +0.39 Y . -
s 8 (TocPPIF’ ™ ("OHY + e
hé4 . 2+ -~ OH 11 - .
M7 (bpy)a( OH)" + e —= M (bpy)a( OH) + (1/m)[bpy( OH)], 11, - _ 010V
(TDCPPIFe*™ (TOH) + 2 OH ——n

Metalloporphyrins
111

20t (TPP) (TDCPPIFeIX(0° ™) ("OH)™ + H,0 + o~
i - II, 26 - -
zniree) 2 ZnM(TPRI(OH) ’—"e‘:;—"- (TOCPPIFe™ (02*)( OH)

- - (TPPYMn(CI0,)
ZntNTPPIO" ™) + H0 + e YMn™T(CIO4

H

o) "OH,-0.69 V
-CI04

(TPPYMn™(CI0,) (TPPIMAIE(COH)

znirpp) B0 7o M rppyToPn)T 2218 Y.
(TPPYMRTHO" ) (OHY +

+0.12 V

ZnTI(TPP) + PhO" + €

16"y "OHY + 27 OH

(TPPYMn™II("OH) + O, + H0 + 3e”

coll(TPP) (TPPYMn

“oH - PR
cotliterry —Zn (TPP)COM(TOH)T 2222Y

PRO~
-Ci0g4

+0.51 V
—_—

(TPPYMA™(CIO ) (TPPYMn CoPh)

0. £4/2<-0.22V

(TPPICO™(OH) + e- 2L (TPPICo™ (0" )™ + Ho0

(TPP)Co™ 02"y + &~ (TPPIMn 0Pt + &

Table IV. Redox Potentials for the Oxidation of “OH and “OPh and of Their Metal Adducts in Acetonitrile
electrode reaction
A. [M(OPPh;),]** Complexes

E\;;, V vs NHE*

20H— 0"+ H,O+ e +0.59%
(Ph;PO),Zn"("OH), + "OH — (Ph;P0),Zn!'(-OH)(0"") + H,0 + ¢~ +0.67°
(Ph;PO),Nil'("OH), + OH — (Ph;PO),Ni{(O*")("OH) + H,0 + ¢ -0.01°
(Ph,P0),Col'("OH), + “OH — (Ph;P0),Co'(O*")(-OH) + H,0 + ¢~ -0.05%
(Ph;PO),Fe''("OH), + "OH — (Ph;PO),Fe’(O*)("OH) + H,0 + ¢ +0.12%
(Ph;PO),Mn''("OH), + "OH — (Ph;PO),Mn(O*)("OH) + H,0 + ¢~ +0.31%
B. Metal-Porphyrin Complexes
20H— 0"+ H,0+ ¢ +0.59
H,0 — HO* + H* + ¢~ +2.67
(TPP)Zn'("OH)~ + "OH — (TPP)Zn!'(0*)~ + H,0 + ¢~ +0.73
(TPP)Co!'("OH)~ + "OH — (TPP)Co'(O*)~+ H,0 + ¢" +0.02
(TPP)Fel"((OH) — (TPP)Fe("OH)* + ¢~ +1.19
(TPP)Fe''("OH),” + "OH — (TPP)Fe'(O*-)("OH)  + H,0 + ¢~ +0.03
(TDCPP)Fe!'(OH) — (TDCPP)Fe''(*OH)* + ¢~ +1.33
(TDCPP)Fe'''("OH),” + "OH — (TDCPP)Fe"(O*")("OH)~ + H,0 + ¢" +0.14
(TPP)Mn''(-OH),” + "OH — (TPP)Mn{(O*-)(-OH)~ + H,0 + ¢~ -0.35
(TPP)Mn''(O*")("OH)" + 2-OH — (TPP)Mn!!'(-OH) + O, + H,0 + 3¢~ +0.36
PhO™ — PhO" + ¢~ +0.30
PhOH — PhO* + HY + ¢ +1.67
(TPP)Zn''(“OPh)~ — (TPP)Zn!! + PhO* + ¢~ +0.42
(TPP)Fe!"'("OPh) — (TPP)Fe™!(*OPh)* + ¢~ +1.15
(TDCPP)Fe''(OPh) ~~ (TDCPP)Fe!l(*OPh)* + &~ +1.24
(TPP)Mn'¥(~OPh) — (TPP)Mn™(*OPh)* + - +0.75

@ Enne = Esce + 0.24 V. ®Corrected by -0.20 V for the leveling effect of significant levels of residual H,O.

> Mn (8 kcal) and for L = (bpy); is Ni (16 kcal) > Co (15 kcal)
> Fe (9 kcal) > Mn (8 kcal).

When 1 equiv of "OH is added to Fe!'L?* [ = (OPPh,),,
(bpy)s], there is no current response (Figure 5), which indicates
that the "OH is coordinated to the metal center to give a cationic

species [Fel'lL(COH)*]. Because the rate of increase in the anodic
current from the addition of (Bu,N)OH to Fe'l(bpy);2* is half
that for free "OH or for its addition in the presence of Fell-
(OPPh;),** (Figure 3), it represents a one-electron process and
the other two are two-electron processes. In the case of the
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MU(bpy),?* complexes there is evidence”? that the oxidation
product of "OH (*OH) forms an adduct species with bipyridine,
which precludes subsequent proton abstraction and the removal
of a second electron. Thus, the MY(bpy);2*/"OH systems do not
have an ECE pathway available and are one-electron processes
(Table III).

Because Zn''(TPP) is a neutral species and the iron(III) and
manganese(III) porphyrins have a net charge of +1, the elec-
trostatic effect cannot be separated from the stabilization gained
from covalent bond formation. Only Co'!(TPP) can be properly
compared; the —0.7-V shift indicates a d—p covalent bond strength
of 16 kcal,?? which is in close agreement with those of the (0*)
adducts of Co''(OPPh,),2* and Coll(bpy),**. Because attempts
to synthesize (TPP)Sc!(Cl0,) have failed,?*?* a diamagnetic
reference complex is not available to evaluate the extent of sta-
bilization via covalent bond formation for the iron(III) and
manganese(11I) porphyrins. An alternative is to use the H,O
oxidation potential as a reference point for the facilitated oxidation
of "OH in neutral systems, e.g., (TPP)Fel'(OH).

Addition of 1 equiv of “OH to (TDCPP)Fe'(ClO,) yields an
adduct with an additional anodic peak (Figure 6; E,, = +1.09
V vs SCE), which is due to the facilitated oxidation of “OH to
*OH. When a further 2 equiv of "OH is introduced, the cyclic
voltammogram includes a new anodic peak (E;/, =—-0.10 V) as
well as an anodic peak for the oxidation of free “OH (E,,, = +0.40
V). The new peak is due to the oxidation of bound "OH to bound
*OH, which is followed by deprotonation via a second “"OH to give
bound O*~. This oxidation peak is broad and its area is ap-
proximately twice that for the one-electron Fe''/Fe!! redox process,
which indicates a two-electron ECE process and that the oxidation
potential of O~ is less positive than that for "OH (E,,, = -0.10
V). The overall process for the oxidation of (TDCPP)Iéem(ClOQ
after the addition of 3 equiv of "OH is outlined in Table III.

Support for ligand-centered oxidation is provided by the
electrochemical data for PhO~ in the presence of metallo-
porphyrins. When phenoxide ion is oxidized to PhO*, there is no
available proton to be removed by a second PhO~, which precludes
a two-electron ECE process. Thus, addition of excess PhO~ to
(TPP)Fe!'(CIO,) yields a solution with one-electron voltammetric
oxidation peaks for the excess free PhO™ (£, = +0.09 V vs SCE)
and for the 1:1 (PhO"):(TPP)Fe'"/(ClO,) adduct (£, = +0.91
V).

A noteworthy point for the oxidation of “OH in the presence
of (TPP)Mn(ClO,) is that the oxidation of excess “OH occurs
at a significantly less positive potential (+0.12 V vs SCE) than
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that for free "OH (or excess "OH in the presence of other me-
talloporphyrins). The absence of any other oxidation process that
is attributable to “OH when 9 equiv of "OH is added and the linear
increase in the +0.12-V peak current with “OH concentration are
consistent with a catalytic process.

In summary, the electrochemical oxidation of “OH in the
presence of paramagnetic transition-metal complexes is facilitated
by formation of a metal d—oxygen p covalent bond; the negative
shift of the "OH oxidation potential is a measure of the covalent
bond energy and the degree of stabilization of the product species
(*OH and O*). Other investigations® !® have shown that the
oxidation of O-donor ligands can occur prior to that for the metal
ion. Analogous to the dithiolate-metal complexes,!! the oxidized
ligand is stabilized by the coupling of the unpaired d electron of
the metal with the unpaired p electron of oxidized ligand to give
a d—p covalent bond.

With a means to stabilize the oxy radical oxidation product,
the oxidation of “OH occurs at modest redox potentials. The iron
porphyrin results provide evidence that the active forms of cy-
tochrome P-450, compounds I and II of peroxidase, and compound
I of catalase have oxidized oxygen species (O?*) rather than the
proposed® high-valent FelV—oxo species. The present results
indicate that the redox thermodynamics are most consistent with
these biological oxidants and O atom transfer agents formulated
as

catalase compound I (Ph0" P27y Fe’ (02"
(Imid) P IFe’(0%)*
l+o'

(Imid)P2-)Fel (02"

peroxidase compound I

peroxidase compound II
Cyt P-450 activated state (RS")(P27)Fe® (02")

Work is in progress to electrogenerate these reactive intermediates
from iron porphyrin/~OH combinations and to determine their
reactivity with organic substrates. Another investigation of the
oxidation of “OH in the presence of (TPP)Mn(ClO,) should
provide insight into the character of the intermediates for the
manganese catalyst for water oxidation in photosystem II of
green-plant photosynthesis.

Acknowledgment. This work was supported by the National
Science Foundation under Grant No. CHE 8516247. We thank
Dean Rafael Gana of the Catholic University, Santiago, Chile,
for the award of a sabbatical leave to Prof. Pablo Cofré, and we
thank Dr. Hiroshi Sugimoto of this department for a sample of
(TDCPP)Fel'(C1O,).

(26) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans,
B. J. J. Am. Chem. Soc. 1981, 103, 2884,





