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Abstract: The effects of axial ligands
on electron-transfer and proton-cou-
pled electron-transfer reactions of
mononuclear nonheme oxoiron(IV)
complexes were investigated by using
[Fe™(O)(tmc)(X)]"* (1-X) with various
axial ligands, in which tmc is 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetra-
decane and X is CH;CN (1-NCCHy),
CF;COO™~ (1-OOCCEF;), or N3~ (1-N3),
and ferrocene derivatives as electron
donors. As the binding strength of the
axial ligands increases, the one-electron
reduction potentials of 1-X (E,q, V Vvs.
saturated calomel electrode (SCE)) are
more negatively shifted by the binding
of the more electron-donating axial
ligands in the order of 1-NCCH; (0.39)

Rate constants of electron transfer
from ferrocene derivatives to 1-X were
analyzed in light of the Marcus theory
of electron transfer to determine reor-
ganization energies (1) of electron
transfer. The A values decrease in
the order of 1-NCCH; (2.37) >
1-OOCCF; (2.12) > 1-N; (1.97eV).
Thus, the electron-transfer reduction
becomes less favorable thermodynami-
cally but more favorable Kkinetically
with increasing donor ability of the
axial ligands. The net effect of the
axial ligands is the deceleration of the
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electron-transfer rate in the order of
1-NCCH; > 1-O0OCCF; > 1-N;. In
sharp contrast to this, the rates of the
proton-coupled electron-transfer reac-
tions of 1-X are markedly accelerated
in the presence of an acid in the oppo-
site order: 1-NCCH; < 1-OOCCF; <
1-N;. Such contrasting effects of the
axial ligands on the electron-transfer
and proton-coupled electron-transfer
reactions of nonheme oxoiron(IV)
complexes are discussed in light of the
counterintuitive reactivity patterns ob-
served in the oxo transfer and hydro-
gen-atom abstraction reactions by non-
heme oxoiron(IV) complexes (Sastri
etal. Proc. Natl. Acad. Sci. US.A.
2007, 104, 19181-19186).

> 1-00CCF; (0.13) > 1-N; (—0.05 V).
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Introduction

High-valent metal-oxo species play essential roles as reac-
tive intermediates in a variety of enzymatic and catalytic ox-
idation reactions.?! In particular, the activation of C—H
bonds of organic substrates by high-valent metal-oxo spe-
cies is of fundamental importance not only in biological re-
actions but also in industrial processes.”) The key initial
step in the C—H bond activation is considered to be electron
(e7) transfer, hydrogen-atom (H-atom) transfer, or hydride
(H") transfer.’ Electron transfer is often suggested as the
rate-determining step or as a sequential electron- and
proton-transfer pathway in H-atom transfer reactions.*”
There has also been extensive discussions as to whether hy-
dride transfer occurs in a stepwise manner by sequential
electron—-proton—electron transfer (e”+H™* +€7) or one-step
transfer of a hydride ion (H") by a concerted pathway.'**!
Thus, the knowledge of electron-transfer properties of high-
valent metal-oxo species is essential not only in understand-
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ing the electron-transfer reactions, but also in clarifying the
mechanisms of hydrogen- and hydride-transfer reactions.
However, the fundamental electron-transfer properties of
high-valent metal-oxo species have yet to be scrutinized
mainly because of the thermal instability and high reactivity
of high-valent metal-oxo species in nature.'” In this context,
mononuclear nonheme oxoiron(IV) intermediates, the struc-
tural and spectroscopic characterization of which has been
well established recently,"!”) have merited attention owing
to their thermal stability.

The nature of axial ligands trans to the iron—oxo moiety
was found to play a significant role in controlling reactivities
of nonheme oxoiron(IV) complexes in oxo-transfer (O-
transfer) processes to PPh; and H-atom abstraction from
phenol O—H and alkyl aromatic C—H bonds recently.?
More interestingly, the oxoiron(IV) complexes showed op-
posite reactivity trends in the O-transfer and H-abstraction
reactions, depending on the axial ligands.?"™%*l For example,
[Fe™(0)(tmc)(X)]"* (1-X), in which tmc is 1,4,8,11-tetra-
methyl-1,4,8,11-tetraazacyclotetradecane and X is CH;CN
(1-NCCH;), CF;COO™ (1-OOCCF;), or N3~ (1-N3), exhibit-
ed the reactivity order of 1-NCCH;>1-OOCCF;>1-N; in
O-transfer reactions, whereas the opposite reactivity order,
that is 1-NCCH; <1-OOCCF;<1-N;, was observed in H-
atom abstraction reactions.”™™ These results indicate that 1-
X exhibits a dichotomic reactivity pattern; in O-transfer re-
actions, 1-X behaves as an electrophile, whereby electron-
donating axial ligands diminish the oxidative reactivity,
whereas 1-X behaves in a contrary manner in H-atom trans-
fer reactions, in which electron-donating axial ligands en-
hance the reactivity of the oxoiron(IV) species.*™ The
latter result is counterintuitive because the more electron-
rich oxoiron(IV) species should be less reactive in electro-
philic C—H activation reactions. Similarly, it has been pro-
posed recently that the role of the thiolate axial ligand of cy-
tochrome P450 and chloroperoxidase is to increase the reac-
tivity of oxoiron(IV) porphyrin m-cation radicals in H-ab-
straction reactions, by reducing the reduction potential of
the high-valent iron center and increasing the basicity of the
oxoiron(IV) group due to the strong electron donation by
the thiolate ligand.”"

Recently, we have reported fundamental electron-transfer
properties (i.e., reorganization energies and one-electron re-
duction potentials) of nonheme oxoiron(IV) complexes, in-
cluding 1-NCCH;, by examining the thermodynamics and
kinetics of the electron-transfer reactions with a series of
electron donors.” As part of our ongoing efforts to under-
stand the axial-ligand effects on the chemical properties of
nonheme oxoiron(IV) complexes, we investigated herein the
axial-ligand effects on the electron-transfer and proton-cou-
pled electron-transfer reactions of the oxoiron(IV) species.
In the former reactions, the driving-force dependence on the
electron-transfer rate of nonheme oxoiron(IV) complexes is
analyzed in light of the Marcus theory of electron trans-
fer, leading us to evaluate the reorganization energies and
one-electron reduction potentials of nonheme oxoiron(IV)
complexes bearing different axial ligands. In the latter reac-
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tions, the axial ligand effects on the proton-coupled elec-
tron-transfer reactions from a series of ferrocene derivatives
to 1-X complexes were investigated in the presence of
perchloric acid (HCIO,), to provide a mechanistic insight
into the relation between the proton-coupled electron-trans-
fer and the hydrogen-atom-transfer reactions. We have
found that there are significant axial-ligand effects on the
electron-transfer and proton-coupled electron-transfer reac-
tions of nonheme oxoiron(IV) complexes, such that the elec-
tron-donating axial ligand retards the electron-transfer reac-
tion, whereas the rate of the proton-coupled electron-trans-
fer is accelerated by the binding of an electron-donating
axial ligand. Thus, the present study provides valuable
mechanistic insight into the axial-ligand effects on the reac-
tivities of nonheme oxoiron(IV) complexes in oxidation re-
actions.

Results and Discussion

Axial ligand effect on the electron-transfer reduction of
[Fe"(0)(tme)(X)]"*: The addition of axial ligands (N5~ and
CF;COOQO™) to a reaction solution of 1-NCCH; resulted in
the change of the absorption spectrum of 1-NCCH;
(Figure 1), which indicates that the CH;CN ligand was sub-
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Figure 1. UV/Vis spectral changes of 1-NCCHj; upon the addition of N5~
to the solution of 1-NCCHj, (6.0x 10 m) at 298 K. Inset shows the spec-
tral titrations monitored at 400 and 820 nm for the formation of 1-N; and
the decay of 1-NCCH, respectively.

stituted by the anionic ligands.”**Y The spectral titration
experiments demonstrate that around one equivalent of the
axial ligands was enough to replace the CH;CN ligand of 1-
NCCH; to give 1-N; and 1-OOCCEF; (see inset of Figure 1),
which indicates that the anionic ligands bind to the iron(IV)
center strongly. Further, when N;~ was added to the solution
of 1-OOCCEF;, the formation of 1-N; was observed (data not
shown). In contrast, we did not observe the formation of 1-
OOCCEF; upon the addition of CF;COO™ to the solution of
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1-N; (data not shown). Thus, the binding strength of axial li-
gands to the iron(IV) center turns out to be in the order of
N;™ > CF;,COO™ > CH;CN.

The electron-transfer reduction of 1-X bearing different
axial ligands was investigated by using a series of ferrocene
derivatives as one-electron reductants in CH;CN. The elec-
tron transfer from ferrocene, [Fe(CsHs),] (Enx=0.37V vs.
saturated calomel electrode (SCE)), to 1-NCCHj; in CH;CN
is in equilibrium, see Equation (1).

[Fe(CsH),]+1-NCCH, ==[Fe(CsH ),

+[Fe™(O)(NCCHj;)(tmc)]* (2-NCCHs;) @
in which the final concentration of [Fe(CsHs),]* produced in
the electron-transfer reaction increases with the increase in
the initial [Fe(CsHs),] concentration. The equilibrium con-
stant, K., in Equation (1) was determined to be 2.0 at
298 K.”?l The one-electron reduction potential, E,4, of 1-
NCCH; was then calculated from the K value and the E,
value of [Fe(CsHs),] (0.37 V vs. SCE), by using the Nernst
equation in Equation (2), to be 0.39 V versus SCE.

Ercd = on + (RT/F)anct (2)

The 'HNMR spectrum of [Fe™(O)(NCCH;)(tme)]* (2-
NCCHj;), generated by the one-electron reduction of 1-
NCCH,, was measured in CD;CN at 298 K.*?! The large line
broadening of the 'H NMR spectrum indicates that there is
only one species as a product (i.e., 2-NCCHj;) and that there
are no peaks due to the corresponding Fe" (S=2) or Fe'v
complex (S=1).??) Based on the chemical shift of the tetra-
methylsilane (TMS) peak in the presence of 2-NCCHj; in
comparison with the TMS peak in the inner capillary tube
(77.3 Hz), the spin state of the resulting Fe™ complex was
determined to be S=3/2 by the Evans method.’>***! This
spin state S=3/2 was also confirmed by the ESR spectrum
of [Fe™(0)(tmc)]* at 77 K.

In contrast to the case of 1-NCCHj, no electron transfer
occurred from [Fe(CsHs),] to 1-N;. When [Fe(CsHs),] was
replaced by a stronger one-electron reductant, octamethyl-
ferrocene ([Fe(CsMe,H),|, E,,=—0.04 V vs. SCE), electron
transfer from [Fe(CsMe H),] to 1-N; became energetically
plausible to oxidize [Fe(CsMe,H),] as shown in Figure 2.
The absorption at 760 nm due to [Fe(CsMe, H),]t increases,
accompanied by the decay in absorption at 400 nm due to 1-
N;, in Figure 2. The time profile of [Fe(CsMe H),]* (see the
inset of Figure 2) obeys first-order kinetics with exhibiting
two-step processes at a 1:1 ratio (1-NCCH,/1-N3), which
consist of the fast step due to 1-NCCH; and the slow step
due to 1-N; (left panel of inset of Figure 2). This indicates
that there is no axial ligand exchange between 1-NCCH;
and 1-Nj at the time scale of electron transfer.

The electron transfer from [Fe(CsMe,H),] to 1-Nj is also
in equilibrium as shown in Equation (3). The final concen-
tration of [Fe(CsMe,H),]* increases with the increase of the
initial concentration of [Fe(CsMe,H),] (Figure 3). The equi-
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Figure 2. Spectral changes observed in the reaction of 1-N; (6.0x107°m)
with [Fe(CsMe H),] (2.0x107°m) in deaerated MeCN at 298 K. Inset:
Time profiles of absorption changes at =760 nm for the formation of
[Fe(CsMe, H),]* in the reactions of a mixture of 1-NCCH;/1-N; 1:1 (left
panel) and 1-Nj (right panel).
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Figure 3. Plot of absorbance at 760 nm due to [Fe(CsMe,H),]™ produced

in the electron-transfer equilibrium between [Fe(CsMe,H),] and 1-Nj

(1.7x107*m) in deaerated MeCN at 298 K versus initial concentration of
[Fe(CsMe,H),].

librium constant (K,,) in Equation (3) was determined to be
1.0 at 298 K (Figure 3, —).

[Fe(CsMe,H),] + 1'N3<K——ﬂ’[Fe(CsMe4H)z]+

RO N (me)2Ny)
The E..4 value of —0.05 V versus SCE for 1-N; was then cal-
culated from the K, value and the E, value of [Fe-
(CsMe, H),] (—0.04 V vs. SCE) by using the Nernst equation
in Equation (2). This value agrees well with the value
(—0.05 V) obtained from the negative shift (—0.44 V) of the
one-electron reduction peak potential of 1-N; as compared
with that of 1-NCCHj (see Figure S1 in the Supporting In-
formation).”® Although there was no appropriate one-elec-
tron reductant available for the redox titration of 1-
OOCCEF;, the E, .4 value was evaluated to be 0.13 V versus
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SCE from the negative shift (—0.26 V) of the one-electron
reduction peak potential of 1-OOCCF; as compared with
that of 1-NCCHj; (see Figure S1 in the Supporting Informa-
tion). Thus, the coordination of electron-rich anionic axial li-
gands, N3~ and CF;COOQO7, results in a negative shift of the
one-electron reduction potential of 1-NCCHj.

The rate of electron transfer from [Fe(CsMe,H)] to 1-N;
was determined from the decrease in the absorption band at
850 nm due to 1-Nj; or the increase in the absorption band
at 760 nm due to [Fe(CsMe H),]*. Similarly, the electron-
transfer rates were determined with other ferrocene deriva-
tives (e.g., [Fe(CsMes),]) and oxoiron(IV) complexes bear-
ing different axial ligands, such as 1-NCCHj;, 1-OOCCF;,
and 1-N;. The electron-transfer rates obeyed pseudo-first-
order kinetics when a large excess of [Fe(CsMe,H),] was
used. The pseudo-first-order rate constants (k) increased
linearly with increasing concentrations of ferrocene deriva-
tive. The second-order rate constants (k) were determined
from the slopes of linear plots of k., versus concentrations
of ferrocene derivatives. The k. values thus obtained are
listed in Table 1, together with the E,, values of ferrocene
derivatives, the E,4 values of oxoiron(IV) complexes with
different axial ligands, and the driving force of electron
transfer (—AG,=e(E,.«—E,) in eV).

The driving-force dependence of the rate constants of
electron transfer from ferrocene derivatives to oxoiron(IV)
complexes with different axial ligands in MeCN at 298 K is
shown in Figure 4, in which the logk,. values are plotted
against the —AG,, values. Each curve is well fitted by the
solid line in Figure 4 in light of the Marcus theory of adia-
batic outer-sphere electron transfer [Eq. (4)].

ko = Z expl—(4/4)(1 + AG. /1) /ky T] 4)
in which Z is the collision frequency taken as 1x 10" M 's™!,
A is the reorganization energy of electron transfer, kg is the
Boltzmann constant, and T is the absolute temperature.!'""'!
The A values thus obtained by Equation (4) are listed in

Table 1. Oxidation potentials (E,,) of ferrocene derivatives, reduction potentials (E,4) of oxoiron(IV) com-
plexes, rate constants (k.,), and driving force (—AG,,) for electron transfer from ferrocene derivatives to oxoir-

on(1V) complexes with different axial ligands in deaerated MeCN at 298 K.

FULL PAPER
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Figure 4. Driving-force dependence of rate constants (logk,,) for ET from
ferrocene derivatives (1: ferrocene, 2: n-amylferrocene, 3: 1,1’-dimethyl-
ferrocene, 4: octamethylferrocene, 5: decamethylferrocene) to oxoiro-
n(IV) complexes (@: 1-NCCHj;, m: 1-OOCCF;, o: 1-N;) bearing different
axial ligands in deaerated MeCN at 298 K.

Table 2, together with the E,., values of oxoiron(IV) com-
plexes.

The data in Table 2 clearly show that as the E, 4 value is
more negatively shifted (i.e., X=CH;CN (0.39) > CF;COO~
(0.13) > N3~ (—0.05V)), the 4 value of 1-X becomes smaller
(i.e., X=CH;CN (2.37) > CF;COO™ (2.12) > N;~ (1.97 eV)).

Table 2. Reduction potentials (E.,.4) of oxoiron(IV) complexes and reor-
ganization energy (4) for electron transfer from ferrocene derivatives to
oxoiron(IV) complexes with different axial ligands in deaerated MeCN
at 298 K.

Oxoiron(IV) complex E. s [V vs. SCE] AleV]
1-NCCH, 0.39£0.011 2.37+0.041
1-OOCCF; 0.1340.01" 2.124+0.04
1-N; —0.0540.011 1.97+£0.04

[a] Determined from the spectral redox titration. [b] Determined from
CV. [c] Taken from reference [22].

Thus, coordination of a strongly
binding and electron-donating

Electron donor E. [V vs. SCE] Oxoiron(IV) complex

Ereq [V vs. SCE]

axial ligand lowers the one-

1 ferrocene 0.37 1-NCCH; 0.39
1-OOCCF; 0.13
1-N; —0.05
2 n-amylferrocene 0.31 1-NCCH; 0.39
1-OOCCF; 0.13
1-N; —-0.05
3 dimethylferrocene 0.26 1-NCCH; 0.39
1-OOCCF; 0.13
1-N; —-0.05
4 octamethylferrocene  —0.04 1-NCCH; 0.39
1-OOCCF; 0.13
1-N; —-0.05
5 decamethylferrocene  —0.08 1-NCCH; 0.39
1-OOCCF; 0.13
1-N; —-0.05

ke( [Milsil] 7AGel [GV] . .
14x10 002 electron reduction potenpal
_a] 024 and decreases the reorganiza-
ol -0.42 tion energy of the oxoiron(IV)
3i9]X10 0.08 species. The latter phenomenon
T 78;2 is interpreted from the fact that
1.0x10? 013 the st.rong F)m(.ilng of an elec-
_lal ~0.13 tron-rich axial ligand may result
L -0.31 in the smaller structural change
2.7x10* 0.43 in the electron-transfer reac-
3210 0.17 tions of nonheme oxoiron(IV)
3.7x10? —0.01 K K
6.3x10° 0.47 species. Such a decrease in the
1.3x10* 0.21 reorganization energy in elec-
1.6x10° 0.03

tron-transfer reactions has pre-

[a] No reaction.
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electron-transfer oxidation of iron(III) porphyrins in the
presence of a strong axial ligand, which causes significant
acceleration of the rate of the electron-transfer oxidation.?”!
In the case of the electron-transfer reduction of the oxoiro-
n(IV) complexes, the strong binding of the axial ligand
makes the electron transfer more difficult thermodynamical-
ly due to the negative shift of the one-electron reduction po-
tential, but the intrinsic kinetic barrier of electron transfer is
lowered by the decrease in the reorganization energy of
electron transfer.

Axial ligand effect on the proton-coupled electron-transfer
reduction of [Fe™(0)(tmc)(X)]"*: As predicted by the posi-
tive value of the free energy change in the electron-transfer
reactions, no electron transfer occurs from 1,1’-dibromofer-
rocene ([Fe(CsBrH,),], E,,=0.70 V vs. SCE) to 1-NCCH;
(E.q=0.39 V vs. SCE) in MeCN at 298 K. Interestingly, ad-
dition of HCIO, to a reaction solution of [Fe(CsBrH,),] and
1-NCCH,; results in electron transfer from [Fe(CsBrH,),] to
1-NCCHj; that leads to the formation of [Fe(CsBrH,),]* and
[Fe™(OH)(NCCH,)(tmc)]** in Equation (5).

[Fe(CsBrH,),] + 1-NCCH, + H*

X4 [Fe(CsBrH,),]* + [Fe (OH)(NCCH;)(tmc)]** ©)

The electron-transfer rates obey pseudo-first-order kinet-
ics in a large excess of [Fe(CsBrH,),]. The pseudo-first-
order rate constants (k) increase linearly with increasing
concentration of [Fe(CsBrHy),]. The kg, values also increase
linearly with an increase in HCIO, concentration (Fig-
ure 5a).

The addition of HCIO, to 1-NCCH; also results in a large
positive shift of the one-electron reduction peak potential
from 0.00V versus SCE in the absence of HCIO, to
+0.18 V versus SCE in the presence of HCIO, (15 mm) at
the sweep rate of 0.10 Vs™! (see Figure S2 in the Supporting
Information). No protonation of 1-NCCHj; occurs in the
presence of HCIO,, judging from no spectral change of 1-
NCCH; in the presence of HCIO,. In such a case, the large
positive shift of the one-electron reduction peak in Figure S2
(Supporting Information) should result from the protonation
of the one-electron-reduced species (2-NCCH,;), affording
[Fe™(OH)(NCCH,)(tmc)]**. Since no electron transfer
occurs from [Fe(CsBrH,),] to 1-NCCHj; in the absence of
acid, electron transfer from [Fe(CsBrH,),] to 1-NCCH; must
be coupled with the protonation of 2-NCCHs;. This is regard-
ed as proton-coupled electron transfer (PCET),”! and the
proposed PCET cycle is depicted in Scheme 1. The existence
of [Fe™(OH)(NCCH,)(tmc)]** was suggested by the step-
wise addition of one equivalent of [Fe(CsMes),] and HCIO,
to 1-NCCH; (see Figure S3 in the Supporting Informa-
tion).” Although there is no spectral change between
[Fe™(O)(NCCH,)(tme)]* and [Fe™(OH)(NCCH,)(tmc)]**,
the ESR spectrum shows the clear appearance of the high-
spin state at g=8.2 due to the formation of [Fe™(OH)-
(NCCH,)(tmc)]** (see Figure S4 in the Supporting Informa-
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Figure 5. Plot of the rate constants (k) of proton-coupled electron
transfer a) from [Fe(CsBrH,),] (3.0x10>m) to 1-NCCHj; and b) from [Fe-
(CsHs),] (3.0x107°M) to nonheme oxoiron(IV) complexes (1.0x107*m),
1-NCCHj; (0), 1-OOCCF; (m), and 1-N; (@), in the presence of HCIO, in
MeCN at 298 K versus concentration of HCIO,.

Electron Transfer (ET) s——

FeMO)X)] =— [Fe"(O)X)]

[Fe"(OH)(X)] =—= [Fe'(OH,)(X)]

|

3 S5

g | e |
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I reer, |

|

Scheme 1. PCET cycle of [Fe'Y(O)(tmc)(X)]"*. Charge is omitted for
clarity.

tion).’ Under the pseudo-first-order conditions in the pres-
ence of HCIO,, however, [Fe™(OH)(NCCH,)(tmc)]*T was
not detected in the two-electron reduction of 1-NCCHj; with
[Fe(CsBrH,),] to yield [Fe"(OH,)(tmc)]** and two equiva-
lents of [Fe(CsBrH,),]*.

The effect of axial ligands on the PCET process was also
examined in electron transfer from [Fe(CsHs),] to 1-N; and
1-OOCCEF; in the presence of acid in CH;CN. The results
are shown in Figure 5b. Although electron transfer does not
occur from [Fe(CsHs),] to 1-Nj; in the absence of HCIO, in

Chem. Eur. J. 2010, 16, 354361
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CH;CN at 298 K (vide supra), the addition of HCIO, to a
reaction solution of [Fe(CsHs),] and 1-Nj results in electron
transfer from [Fe(CsHs),] to 1-Nj, as observed in the reac-
tion of 1-NCCH;. To our surprise, the rate of electron trans-
fer of 1-N; with the same concentration of HCIO, is much
faster than that of 1-NCCHj; (Figure 5b). This is in sharp
contrast with the electron-transfer reactions of 1-X, which
were performed in the absence of HCIO,, when the k
values of electron transfer from [Fe(CsMesH),] and [Fe-
(CsMes),] to 1-N; are much smaller than the corresponding
value of 1-NCCH,; (Table 1). However, such enhancement
of electron transfer is observed only when HCIO, is added
last. When HCIO, is added first to the solution of 1-Nj, the
axial ligand is protonated. As a result, the rates of electron
transfer from [Fe(CsHs),] to 1-N; and from [Fe(CsHs),] to 1-
NCCH; become the same. This indicates that the PCET re-
action occurs faster than the protonation of N;~ when the
reaction is carried out in the presence of HCIO,.

The kg, value of PCET from [Fe(CsHs),] to 1-Nj increases
with increasing concentration of HCIO,, exhibiting a satura-
tion behavior as shown by closed circles in Figure 5b. Such a
saturation behavior of k., on [HCIO,] suggests that the ox-
oiron(IV) complex is protonated in the presence of the N3~
axial ligand prior to electron transfer. When the CH;CN
ligand is replaced by CF;COO-, the k,, value of PCET
from [Fe(CsHs),] to 1-OOCCEF; is greater than the corre-
sponding k., value of 1-NCCHj; at the same concentration
of HCIO,, but smaller than that of 1-N; as shown by closed
squares in Figure 5b, in which the k, increases linearly with
increasing concentration of HCIO,.

Conclusion

The effects of axial ligands on electron transfer from ferro-
cene derivatives to [Fe™v(O)(tmc)(X)]"* (1-X) (X=CH;CN,
CF,COOQO", or N;7) were investigated to understand the elec-
tron-transfer properties of nonheme oxoiron(IV) complexes,
such as one-electron reduction potentials and reorganization
energies of electron transfer. As the electron-donating abili-
ty of the axial ligands (i.e. X=CH;CN < CF;COO~<Nj;7)
increases, the one-electron reduction potentials of 1-X are
shifted to the negative direction (i.e. E,q=1-NCCH;
(0.39) >1-O0CCF; (0.13)>1-N; (—0.05V)) and the reor-
ganization energies of electron transfer become smaller (i.e.
A =1-NCCH; (2.37)>1-O0CCF; (2.12) >1-N; (1.97 eV)).
The binding of an electron-donating axial ligand (e.g. N;7)
to an iron(IV) center results in the deceleration of the rates
of electron transfer from ferrocene derivatives to nonheme
oxoiron(IV) complexes (i.e. the order of reaction rates in
ET reactions=1-NCCH;>1-OOCCF;>1-N;) and the re-
markable acceleration of the rates of proton-coupled elec-
tron transfer in the presence of acid owing to the enhanced
protonation of the oxoiron(IV) and oxoiron(IIT) complexes
(i.e. the order of reaction rates in PCET reactions=1-
NCCH;<1-O0OCCF;<1-N;). Such contrasting effects of
axial ligands on the ET and PCET reactions of nonheme ox-
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oiron(IV) complexes resemble the counterintuitive reactivi-
ty patterns observed in the O-transfer and H-atom abstrac-
tion reactions.” The reactivity order of 1-NCCH;>1-
OOCCF;>1-N; observed in the O-transfer reactions™ is
the same as that observed in the ET reactions. Such reactivi-
ty orders in the O-transfer and ET reactions are rationalized
by the electron richness of the oxoiron(IV) species that is
governed by the electron-donating ability of the axial li-
gands. Thus, an oxoiron(IV) species with a more electron-
donating axial ligand becomes more electron-rich, thereby
showing a low reactivity in electrophilic O-transfer reactions
and giving a slow reaction rate in ET reactions.

The inverted reactivity order of 1-NCCH; <1-OOCCF; <
1-N; observed in the H-atom abstraction reactions is the
same as that determined in the PCET reactions. The en-
hanced reactivity of 1-X bearing an electron-donating axial
ligand in the H-atom abstraction reactions was previously
rationalized by a decreased triplet—quintet gap with the
more electron-donating axial ligand, which increases the
contribution of the much more reactive quintet state and en-
hances the overall reactivity.****! However, the enhanced
reactivity of 1-X bearing an electron-donating axial ligand
can be also rationalized by an increased basicity of the
oxygen of the oxoiron(IV) complexes,?! which increases the
PCET reactivity if the H-atom abstraction proceeds by the
PCET process. In any case, the present study has clearly
demonstrated that the electron-donating axial ligand enhan-
ces the PCET reactivity of oxoiron(IV) complexes in the
presence of acid despite the retarding effect on the electron-
transfer reduction without an acid.

Experimental Section

Materials: Commercially available reagents, such as ferrocene, n-amylfer-
rocene, 1,1’-dibromoferrocene, p-chloranil, sodium iodide (Tokyo Chemi-
cal Industry), 1,1'-dimethylferrocene (Aldrich), octamethylferrocene
(STREM), and decamethylferrocene (Wako Pure) had the best available
purity and were used without further purification unless otherwise noted.
Acetonitrile (MeCN) was dried according to the literature procedures
and distilled under Ar prior to use.’"! Preparation and handling of air-
sensitive materials were done under an inert atmosphere either on a
Schlenk line or in a glove box. The sodium salt of p-chloranil radical
anion (CI,Q™) was synthesized according to the literature procedure.
Iodosylbenzene (PhIO) was prepared by a literature method.”! Non-
heme oxoiron(IV) complexes, [Fe'(O)(tmc)(X)]"", were prepared by re-
acting [Fe"(tmc)(X)]"* (0.5 mm) with PhIO (1.2 equiv, 0.6 mm) in CH;CN
at ambient temperature.!'%20-22!

Spectral redox titration: Electron transfer from ferrocene to 1-NCCHj;
(1.7x107*m) was examined from the spectral change in the presence of
various concentrations of ferrocene (0.5x107*-6.0x107*m) at 298 K by
using a Hewlett Packard 8453 spectrophotometer with a quartz cuvette
(path length=10 mm). Typically, a deaerated MeCN solution of ferro-
cene (6.0x107*m) was added by means of a microsyringe to a deaerated
MeCN solution containing 1-NCCHj, (1.7x10"*m). The concentration of
the ferrocenium ion was determined from the absorption band at 1,,,,=
615nm (e=5x10’m"'cm™").’¥ The ¢ value of the ferrocenium ion was
confirmed by the electron-transfer oxidation of ferrocene with [Ru*-
(bpy)s](PEy); (bpy =2,2"-bipyridine).F”

Kinetic measurements: Kinetic measurements were performed on a UNI-
SOKU RSP-601 stopped-flow spectrometer equipped with a MOS-type
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highly sensitive photodiode array or a Hewlett Packard 8453 spectropho-
tometer at 298 K. Rates of electron transfer from ferrocene derivatives
to 1-X were monitored by the rise and decay of absorption bands due to
ferrocenium ions and 1-X, respectively. All kinetic measurements were
carried out under pseudo-first-order conditions in which concentrations
of ferrocene derivatives were maintained at a more than 10-fold excess
of 1-X.

Electrochemical measurements: All electrochemical measurements were
carried out under an Ar atmosphere. Electrochemical measurements
were performed on a ALS630B electrochemical analyzer in deaerated
MeCN containing 0.1mM nBu,NPF, (TBAPF,) as a supporting electrolyte
at 298 K. A conventional three-electrode cell was used with a platinum
or gold working electrode (surface area of 0.3 mm?®) and a platinum wire
as a counter electrode. The platinum and gold working electrodes (BAS)
were routinely polished with BAS polishing alumna suspension and
rinsed with acetone and MeCN before use. The measured potentials
were recorded with respect to an Ag/AgNO; (0.01 M) reference electrode.
All potentials (vs Ag/Ag™) were converted to values versus SCE by
adding 0.29 V.5

ESR measurements: The sodium salt of p-chloranil radical anion
(CLQ™) or [Fe(CsMes),] (1 equiv) was added to a reaction solution of
[Fe™Y(O)(tmc)]** (8.0x107°m) in MeCN, at room temperature. The re-
sulting solution in the quartz ESR tube (3.0 mm i.d.) was frozen at 77 K.
The ESR spectrum was taken on a JEOL X-band spectrometer (JES-
REI1XE) under nonsaturating microwave power conditions (1.0 mW) op-
erating at 9.2025 GHz. The magnitude of the modulation was chosen to
optimize the resolution and the signal-to-noise ratio (S/N) of the ob-
served spectrum (modulation width, 20 G; modulation frequency,
100 kHz). The g values were calibrated by using an Mn** marker.
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Nonheme Oxoiron(IV) Complexes

of [Fe''(O)(tmc)]* with the use of the Evans method,” because the
oxidized product (Cl,Q) is diamagnetic (see reference [22]).

[26] A new reduction peak appears at —0.26 V by the addition of
CF;COO™ to the solution of 1-NCCHj, and the reduction peak of 1-
NCCHj; is completely converted to the negatively shifted reduction
peak by the addition of CF;COO™ (1 equiv). The latter result indi-
cates that CF;COO™ (1equiv) is enough to replace the CH;CN
ligand. Further, the observation of two reduction peaks when less
than 1 equiv of CF;COO™ was present in the solution of 1-NCCHj
indicates that there is no axial ligand exchange between 1-NCCHj;
and 1-OOCCEF; (see Figure Sla in the Supporting Information).
Similar results were obtained in the reaction of 1-NCCH; and N;~
(see Figure S1b in the Supporting Information). The observation of
the larger negative potential shift by the N3~ coordination (1-Nj,
0.44 V) than that of the CF;COO™ coordination (1-OOCCEF;,
0.26 V) is rationalized by greater electron-donation of the N;~
ligand than the CF,COO™ ligand.

[27] S. Fukuzumi, I. Nakanishi, K. Tanaka, T. Suenobu, A. Tabard, R.
Guilard, E. Van Caemelbecke, K. M. Kadish, J. Am. Chem. Soc.
1999, 121, 785-790.

[28] For various definitions and examples of PCET; see: references [3—
5]; a) R. 1. Cukier, D. G. Nocera, Annu. Rev. Phys. Chem. 1998, 49,
337-369; b) A. Kohen, J.P. Klinman, Acc. Chem. Res. 1998, 31,
397-404; c) S. Hammes-Schiffer, Acc. Chem. Res. 2001, 34, 273—
281; d) J. Stubbe, D. G. Nocera, C.S. Yee, M. C. Y. Chang, Chem.
Rev. 2003, 103, 2167-2201; ¢) C.J. Chang, M. C. Y. Chang, N. H.
Damrauer, D. G. Nocera, Biochim. Biophys. Acta Bioenerg. 2004,
1655, 13-28; f) S. Hammes-Schiffer, ChemPhysChem 2002, 3, 33—
42; ¢) S. Hammes-Schiffer, Acc. Chem. Res. 2006, 39, 93-100; h) S.
Fukuzumi, Bull. Chem. Soc. Jpn. 1997, 70, 1-28.

FULL PAPER

[29] No further reduction of 2-NCCHj has occurred even in the presence
of [Fe(CsMes),] (5 equiv; see Figure S3a in the Supporting Informa-
tion). However, once [Fe"'(OH)(NCCHj;)(tmc)]** was formed by
the addition of HCIO,, the formation of [Fe(CsMes),]T (2 equiv)
was observed.

[30] a) R. L. Lucas, D. R. Powell, A.S. Borovik, J. Am. Chem. Soc. 2005,
127, 11596-11597; b) M. P. Jensen, M. Costas, R. Y. N. Ho, J. Kaizer,
A. Mairata i Payeras, E. Miinck, L. Que,Jr., J-U. Rohde, A.
Stubna, J. Am. Chem. Soc. 2005, 127, 10512-10525.

[31] a) P. Comba, G. Rajaraman, Inorg. Chem. 2008, 47, 78-93; b)J.
Bautz, P. Comba, C.L. de Laorden, M. Menzel, G. Rajaraman,
Angew. Chem. 2007, 119, 8213-8216; Angew. Chem. Int. Ed. 2007,
46, 8067-8070; c) A. E. Anastasi, P. Comba, J. McGrady, A. Lienke,
H. Rohwer, Inorg. Chem. 2007, 46, 6420-6426; d) P. Comba, M.
Kerscher, W. Schiek, Prog. Inorg. Chem. 2007, 55, 613-704.

[32] W. L. E. Armarego, C. L. L. Chai, Purification of Laboratory Chemi-
cals, 5th ed., Butterworth-Heinemann, Oxford, 2003.

[33] Y. lida, Bull. Chem. Soc. Jpn. 1970, 43, 2772-2776.

[34] H. Saltzman, J. G. Sharefkin, Organic Syntheses, Wiley, New York,
1973, Collect. Vol. V, p. 658.

[35] E.S. Yang, M.-S. Chan, A. C. Wahl, J. Phys. Chem. 1975, 79, 2049-
2052.

[36] S. Fukuzumi, K. Okamoto, C.P. Gros, R. Guilard, J. Am. Chem.
Soc. 2004, 126, 10441 -10449.

[37] C.K. Mann, K. K. Barnes, Electrochemical Reactions in Nonhemea-
queous Systems, Mercel Dekker, New York, 1970.

Received: May 2, 2009
Published online: November 20, 2009

Chem. Eur. J. 2010, 16, 354361

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 361


http://dx.doi.org/10.1021/ja982136r
http://dx.doi.org/10.1021/ja982136r
http://dx.doi.org/10.1021/ja982136r
http://dx.doi.org/10.1021/ja982136r
http://dx.doi.org/10.1146/annurev.physchem.49.1.337
http://dx.doi.org/10.1146/annurev.physchem.49.1.337
http://dx.doi.org/10.1146/annurev.physchem.49.1.337
http://dx.doi.org/10.1146/annurev.physchem.49.1.337
http://dx.doi.org/10.1021/ar9701225
http://dx.doi.org/10.1021/ar9701225
http://dx.doi.org/10.1021/ar9701225
http://dx.doi.org/10.1021/ar9701225
http://dx.doi.org/10.1021/ar9901117
http://dx.doi.org/10.1021/ar9901117
http://dx.doi.org/10.1021/ar9901117
http://dx.doi.org/10.1021/cr020421u
http://dx.doi.org/10.1021/cr020421u
http://dx.doi.org/10.1021/cr020421u
http://dx.doi.org/10.1021/cr020421u
http://dx.doi.org/10.1016/j.bbabio.2003.08.010
http://dx.doi.org/10.1016/j.bbabio.2003.08.010
http://dx.doi.org/10.1016/j.bbabio.2003.08.010
http://dx.doi.org/10.1016/j.bbabio.2003.08.010
http://dx.doi.org/10.1002/1439-7641(20020118)3:1%3C33::AID-CPHC33%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1439-7641(20020118)3:1%3C33::AID-CPHC33%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1439-7641(20020118)3:1%3C33::AID-CPHC33%3E3.0.CO;2-6
http://dx.doi.org/10.1021/ar040199a
http://dx.doi.org/10.1021/ar040199a
http://dx.doi.org/10.1021/ar040199a
http://dx.doi.org/10.1246/bcsj.70.1
http://dx.doi.org/10.1246/bcsj.70.1
http://dx.doi.org/10.1246/bcsj.70.1
http://dx.doi.org/10.1021/ja052952g
http://dx.doi.org/10.1021/ja052952g
http://dx.doi.org/10.1021/ja052952g
http://dx.doi.org/10.1021/ja052952g
http://dx.doi.org/10.1021/ja0438765
http://dx.doi.org/10.1021/ja0438765
http://dx.doi.org/10.1021/ja0438765
http://dx.doi.org/10.1021/ic701161r
http://dx.doi.org/10.1021/ic701161r
http://dx.doi.org/10.1021/ic701161r
http://dx.doi.org/10.1002/ange.200701681
http://dx.doi.org/10.1002/ange.200701681
http://dx.doi.org/10.1002/ange.200701681
http://dx.doi.org/10.1002/anie.200701681
http://dx.doi.org/10.1002/anie.200701681
http://dx.doi.org/10.1002/anie.200701681
http://dx.doi.org/10.1002/anie.200701681
http://dx.doi.org/10.1021/ic700429x
http://dx.doi.org/10.1021/ic700429x
http://dx.doi.org/10.1021/ic700429x
http://dx.doi.org/10.1002/9780470144428.ch9
http://dx.doi.org/10.1002/9780470144428.ch9
http://dx.doi.org/10.1002/9780470144428.ch9
http://dx.doi.org/10.1246/bcsj.43.2772
http://dx.doi.org/10.1246/bcsj.43.2772
http://dx.doi.org/10.1246/bcsj.43.2772
http://dx.doi.org/10.1021/j100586a014
http://dx.doi.org/10.1021/j100586a014
http://dx.doi.org/10.1021/j100586a014
http://dx.doi.org/10.1021/ja048403c
http://dx.doi.org/10.1021/ja048403c
http://dx.doi.org/10.1021/ja048403c
http://dx.doi.org/10.1021/ja048403c
www.chemeurj.org

