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ABSTRACT: Oxidative dimerization of N,N-dimethylaniline

(DMA) occurs with a nonheme iron(IV)-oxo complex,
[Fe™(0) (N4Py)]** (N4Py = N,N-bis(2-pyridylmethyl)-N-bis-
(2-pyridyl)methylamine), to yield the corresponding dimer,
tetramethylbenzidine (TMB), in acetonitrile. The rate of the
oxidative dimerization of DMA by [Fe'v(O)(N4Py)]*" is
markedly enhanced by the presence of scandium triflate,
Sc(OTf); (OTf = CF;SO; ), when TMB is further oxidized to
the radical cation (TMB""). In contrast, we have observed the
oxidative N-demethylation with para-substituted DMA sub-
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strates, since the position of the C—C bond formation to yield the dimer is blocked. The rate of the oxidative N-demethylation of
para-substituted DMA by [Fe"'(O)(N4Py)]** is also markedly enhanced by the presence of Sc(OTf)s. In the case of para-
substituted DMA derivatives with electron-donating substituents, radical cations of DMA derivatives are initially formed by Sc*" ion-
couRIIed electron transfer from DMA derivatives to [Fe'"(O)(N4Py)]*", giving demethylated products. Binding of Sc** to
[Fe'V(O)(N4Py)]*" enhances the Sc>* ion-coupled electron transfer from DMA derivatives to [Fe" (O)(N4Py)]**, whereas
binding of Sc** to DMA derivatives retards the electron-transfer reaction. The complicated kinetics of the Sc** ion-coupled electron
transfer from DMA derivatives to [Fe'" (O)(N4Py)]*" are analyzed by competition between binding of Sc** to DMA derivatives and
to [Fe'V(O)(N4Py)]*". The binding constants of Sc** to DMA derivatives increase with the increase of the electron-donating ability
of the para-substituent. The rate constants of S ion-coupled electron transfer from DMA derivatives to [FeW(O)(N4Py)]2+,
which are estimated from the binding constants of Sc>* to DMA derivatives, agree well with those predicted from the driving force
dependence of the rate constants of Sc** ion-coupled electron transfer from one-electron reductants to [Fe'"(O)(N4Py)]*". Thus,
oxidative dimerization of DMA and N-demethylation of para-substituted DMA derivatives proceed via Sc>* ion-coupled electron

transfer from DMA derivatives to [Fe'  (O)(N4Py)]*".

B INTRODUCTION

High-valent iron-oxo complexes of heme and nonheme
ligands play key roles as reactive intermediates in biological
and chemical oxidation reactions."” The reactivities of the iron-
oxo complexes have been extensively investigated over the past
several decades, and it has been demonstrated that the reactivities
can be controlled by many factors, such as the oxidation state of
iron centers and ligand structures.” In addition, the reactivities
of synthetic nonheme iron(IV)-oxo complexes have been inten-
sively investigated in various oxidation reactions,” since the first
crystal structure of a mononuclear nonheme iron(IV)-oxo complex
was reported in 2003.* The factors affecting the formation and
reactivities of nonheme iron(IV)-oxo complexes in the C—H
bond activation and oxo transfer reactions have also been dis-
cussed in detail (e.g, supporting and axial ligands and solvents).’
The reactivities of metal-oxo complexes in the oxidation reactions
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of alkanes and oxygen atom transfer reactions are controlled not
only by the oxidation state of the metal and the ligands'~” but
also by metal ions acting as Lewis acids.® We have shown that the
reactivities of the nonheme iron-oxo complexes are markedly
affected by the binding of redox inactive metal ions at the iron-
oxo centers.” "' For example, a crystal structure of Sc**-bound
[Fe"(0)(TMC)]** (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetra-
azacyclotetradecane) was determined by X-ray crystallography.’
In the study, binding of S¢** to [Fe"'(O)(TMC)]*" has been
shown to change the number of electrons transferred from one-
electron reductants (e.g, ferrocene) to [Fe"(0)(TMC)]*".? More
recently, it has been demonstrated that rates of electron transfer
from one-electron reductants to a nonheme iron(IV)-oxo complex,
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[FeIV(O)(N4Py)]2+ (N4Py = N,N-bis(2-pyridylmethyl)-N-bis-
(2-pyridyl)methylamine), are enhanced as much as 10%fold by
addition of Sc** ion."® Such an enhancement of the oxidizing
power of nonheme iron(IV)-oxo complexes by metal ions results
from strong binding of metal ions to the electron acceptors,
which causes large positive shifts in the one-electron reduction
potentials, as observed in metal ion-coupled electron-transfer
reduction of various electron acceptors.”'® On the other hand,
binding of metal ions to electron donors results in retardation of
electron-transfer reactions of electron donors, because the one-
electron oxidation potentials of electron donors are positively
shifted by binding of metal ions that results in decreasing the
driving force of electron transfer.'” Thus, there are two opposite
effects of metal ion binding on electron transfer: One is accel-
eration of electron transfer by binding of metal ions to electron
acceptors (e.g,, metal-oxo complex) and the other is deceleration
of electron transfer by binding of metal ions to electron donors
(e.g, substrate).”® However, to the best of our knowledge, there
has been no report on such competing effects of redox-inactive
metal ions on the oxidation of substrates by metal-oxo complexes.

We report herein that competition between binding of Sc**
ion to N,N-dimethylaniline (DMA) and [Fe"'(O)(N4Py)]**
results in overall enhancement of electron transfer from DMA
to a nonheme iron(IV)-oxo complex, [FeN(O)(N4Py)]2+. The
present study also provides the definitive evidence for the
occurrence of electron transfer from DMA to high-valent
metal-oxo complexes, although there have been extensive studies
on the mechanism of the oxidation of DMA by various oxidants
including a possible electron-transfer pathway.”'~>* The com-
plicated kinetics caused by competitive binding of Sc** ion to
DMA and [Fe"(O)(N4Py)]** are analyzed as well. While we
have observed the formation of a radical cation of DMA dimer,
tetramethylbenzidine (TMB""), in the oxidation of DMA by the
[FeV(0)(N4Py)]*" complex when the reaction is performed in
the presence of Sc” ion, the oxidative N-demethylation reaction
takes place with para-substituted DMA derivatives, and the
oxidative N-demethylation is accelerated by the presence of
Sc® ion. The rate constants of oxidative dimerization and N-
demethylation of DMA and its derivatives by [Fe™v(0) (N4Py)]2Jr
in the presence of Sc>* ion are compared with the driving force
dependence of Sc® ion-coupled electron transfer from one-
electron reductants to [Fe™(O) (N4Py)]2Jr to clarify the oxidation
mechanism of DMA derivatives by [Fe'"(O)(N4Py)]**. The
extensive analysis on competing effects of binding of Sc* ion to
DMA and its derivatives and to [FeIV(O)(N4Py)]2+ will expand
the scope of metal ion-coupled electron transfer on the oxidation
of a variety of substrates by high-valent metal-oxo complexes.

B EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Sigma-Aldrich, Wako,
Nacalai Tesque, and Lancaster Co., Ltd. and used without further puri-
fication unless otherwise noted. [Fe"(N4Py)(MeCN)](ClO,), was
prepared in a glovebox according to the literature method.” Acetonitrile
(MeCN) and ether were dried according to the literature procedures
and distilled under Ar prior to use.*® Iodosylbenzene (PhIO) was pre-
pared by a literature method.*' [Fe'¥(O)(N4Py)]** was prepared by the
literature method.”® Deuterated N,N-dimethylaniline (DMA-ds) was
prepared by alkylating aniline with CD3L*** The purities of the
compounds were checked by "H NMR spectroscopy. Tetra-n-butylam-
monium hexafluorophosphate was purchased from Sigma Chemical Co.,

recrystallized from ethyl alcohol, and dried under vacuum at 40 °C for at
least 1 week prior to use.

Caution! Perchlorate salts are potentially explosive and should be
handled with care.

General Reaction Procedures. Typically, DMA (4.0 x 10> M)
was added to a CD3;CN solution (0.50 mL) containing [Ee"™(0)-
(N4Py)]** (4.0 x 107> M) in the absence and presence of Sc(OTf);
in an NMR tube. The reaction was complete within 10 min under these
conditions. The products in the absence and presence of Sc(OTf); were
identified as TMB and [Fe"(N4Py)]** by comparing the '"H NMR
spectra with those of authentic samples. In the case of para-substituted
DMA derivatives, the demethylated products were formed in the absence
and presence of Sc(OTf);, and they were identified and quantified by
comparing the "H NMR spectra with those of authentic samples.

Spectral and Kinetic Measurements. Reactions of DMA and its
derivatives with [Fe™ (O)(N4Py)]** (5.0 x 10> M) were examined by
monitoring spectral changes in the presence of various concentrations of
DMA or its derivatives (1.0 X 107 °—5.0 x 10~ > M) in the absence and
presence of Sc(OTf); in MeCN at 298 K, with a Hewlett-Packard 8453
photodiode-array spectrophotometer and a quartz cuvette (path length =
10 mm). Kinetic measurements were performed on a UNISOKU RSP-
601 stopped-flow spectrometer equipped with a MOS-type highly
sensitive photodiode array or a Hewlett-Packard 8453 photodiode-array
spectrophotometer at 298 K. Rates of reactions of DMA and its
derivatives with [Fe™(O)(N4Py)]** were monitored by the decrease
of the absorption band due to [Fe™¥(O)(N4Py)]** (A = 695 nm)
in the absence and presence of Sc(OTf); in MeCN. When TMB
radical cation (TMB®") was formed in the reaction of DMA with
[Fe™V(0)(N4Py)]*" in the presence of Sc(OTf); in MeCN, the rate
was determined from the increase in the NIR absorption band (A4 =
900 nm) due to TMB**.** The concentration of DMA or its derivative was
maintained at least more than 10-fold excess of the other reactant to attain
pseudo-first-order conditions. Pseudo-first-order rate constants were
determined by a least-squares curve fit. The first-order plots were linear
for three or more half-lives with the correlation coefficient p > 0.999. In
each case, it was confirmed that the rate constants derived from at least five
independent measurements agreed within an experimental error of £5%.

Electrochemical Measurement. Measurements of cyclic vol-
tammetry (CV) were performed at 298 K using a BAS 630B electro-
chemical analyzer in a deaerated solvent containing 0.10 M TBAP as a
supporting electrolyte at 298 K. A conventional three-electrode cell was
used with a platinum working electrode and a platinum wire as a counter
electrode. The measured potentials were recorded with respect to the
Ag/AgNO; (1.0 x 1072 M). The E,, and E,.q values (vs Ag/AgNO3)
are converted to those versus SCE by adding 0.29 V.** All electro-
chemical measurements were carried out under an Ar atmosphere.

EPR Measurements. Electron paramagnetic resonance (EPR) detec-
tion of TMB"" was performed as follows: Typically, a MeCN solution of
[Fe™V(0)(N4Py)]** (3.0 x 10~ * M) in the presence of Sc(OTf); (3.0 x
10~* M) in an EPR cell (3.0 mm i.d.) was purged with Ar for 5 min. Then,
DMA (8.0 x 10~* M) was added to the solution. The EPR spectrum of
TMB'" was recorded on a JEOL JES-RE1XE spectrometer at 243 K. The
magnitude of modulation was chosen to optimize the resolution and
signal-to-noise (S/N) ratio of the observed spectra under nonsaturating
microwave power conditions. The g value was calibrated using a Mn**
marker (g =2.034, 1.981). Computer simulation of the EPR spectra was
carried out by using Calleo EPR version 1.2 (Calleo Scientific Publisher)
on a personal computer.

B RESULTS AND DISCUSSION

Three-Electron Oxidation of DMA by [Fe'(0)(N4Py)]** in
the Presence of Sc>*. DMA has been suggested to be oxidized by
nonheme iron(IV)-oxo complexes such as [F ¢V(0) (N4Py)]2+ to
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yield the demethylated product (N-methylaniline) via an electron
transfer-proton transfer (ET-PT) mechanism,”” as shown in
Scheme 1. Electron transfer from DMA to [Fe'™(O)(N4Py)]**
is followed by proton transfer from DMA®* and [Fe'"(O)-
(N4Py)]" to yield the DMA radical and [Fe"(OH) (N4Py)]™,
because DMA™" and [FeIH(O)(N4Py)Tr are a strong acid and
base, respectively. The rebound between DMA radical and
[FeHI(OH)(N4Py)]2+ results in formation of the demethylated
product. However, the intermediate DMA"" formed in the ET-PT
mechanism cannot be detected because the initial ET process is
the rate-determining step.””

In the presence of Sc(OTf);, however, the oxidized product of
DMA by [Fe'V(O)(N4Py)]*" was changed from the demethy-
lated product in the absence of Sc(OTf); to the dimer radical
cation, that is, tetramethylbenzidine radical cation (TMB""). The
quantitative formation of TMB"" in the reaction of DMA with
[FeIV(O)(N4Py)]2+ in the presence of Sc(OTf); in MeCN is
shown in Figure 1a, where the absorption bands at 470, 900, and
1000 nm are assigned due to TMB"*.>*** The same absorption
bands due to TMB"" are observed in the one-electron oxidation
of TMB by a strong one-electron oxidant [Ru(bpy);]*>" and
cerium (IV) ammonium nitrate (Figure 1b and 1c). The TMB™"
produced by the one-electron oxidation of TMB by 1 equiv of
[Ru(bpy);]*" was oxidized to TMB>" by further addition of
[Ru(bpy);]** as shown in Figure 1b (right panel), because the
second one-electron oxidation potential of TMB (0.68 V vs
SCE)* is still lower than the one-electron reduction potential of
[Ru(bpy);]** (1.24 Vvs SCE). The concentration of TMB"* was
determined using the ¢ value at 900 nm [2.0 X 10°M ' em ™Y
see Figure 1b, right panel] to be 1.0 x 10~* M, which is one-third
of the initial concentration of [Fe" (0)(N4Py)]** (3.0 x 10 *
M). Thus, three-electron oxidation of DMA occurs with
[Fe™(O)(N4Py)]*" to yield TMB"". The formation of TMB**
was also confirmed by the EPR spectrum (Supporting Informa-
tion, Figure Sl).36

The drastic change of the oxidized product of DMA with
[FeW(O)(N4Py)]2+ upon addition of Sc(OTf); is well under-
stood as shown in Scheme 2, which is in line with Scheme 1. The
initial electron transfer from DMA to [Fe' (O)(N4Py)]*" is
much enhanced by Sc®* ion, as observed in Sc>* ion-coupled
electron transfer from one-electron reductants to [Fe' (O)-
(N4Py)]*, to yield DMA®" and the Sc** ion-bound Fe(III)-
oxo complex. The proton transfer from DMA™" to the Fe(III)-
oxo complex may be prohibited by the strong binding of Sc¢** to
the Fe(III)-oxo complex. In such a case, DMA™" undergoes the
dimerization to produce TMB, via the reaction with DMA that
acts as a nucleophile, accompanied by the oxidation and removal
of two protons (Scheme 2).** Judging from the significantly
lower one-electron oxidation potential of TMB (E,, = 0.43 V vs
SCE)*” as compared with DMA (E,, = 0.76 V vs SCE),>® TMB is
further oxidized by [Fe"(O)(N4Py)]** (E,eq=0.51 Vvs SCE)"°
to produce TMB"". The formation of TMB"" by the one-electron
oxidation of TMB by [Fe'V(O)(N4Py)]*" in the presence of
Sc®* was confirmed as shown in the Supporting Information,
Figure S2. Thus, Sc** ion-coupled electron transfer from DMA to
[FeIV(O)(N4I\)7)]2+ results in the three-electron oxidation of
DMA by [Fe'(O)(N4Py)]*" to yield TMB"" rather than the
demethylated product in the presence of Sc*. At prolonged
reaction time, deprotonation of TMB"" occurs slowly to yield the
demethylated product of TMB, N,N-dimethylbenzidine (DMB),
together with the Fe(Il) complex (Supporting Information,
Figures S3 and S4).>’ The right panel of Figure lc indicates
the rapid formation of DMA®" (rise in absorbance at 900 nm) and
the subsequent slow conversion to TMB*" (decay in absorbance
at 470 nm).

According to Scheme 2, once Sc** ion-coupled electron
transfer from DMA to [FeIV(O)(N4Py):|2+ occurs, protons are
produced in the radical coupling reaction of DMA™ to yield
TMB. In such a case, proton-coupled electron transfer from
DMA to [Fe"V(0) (N4Py):|2Jr may occur, leading to formation of

11614 dx.doi.org/10.1021/ic201545a |Inorg. Chem. 2011, 50, 11612-11622



Inorganic Chemistry

—
[})
—

2.01

Absorbance

800

600
Wavelength, nm

0.
200 400 1000

—
o

Absorbance

—
(2]
—

Absorbance

400 600 800 1000

Wavelength, nm

200

Abs. at 900 nm

Abs. at 900 nm

bs. at 900 nm

A
2 o i
o il

0 . y : .
0 1000 2000 3000 4000 5000
Time, s

1.04
0.84
0.6
0.4
0.2

0 . . - ;
0 0.025 0.050 0.075 0.100
[Ru"(bpy)3(PFe)s], mM

- - 0
200 300 400

Time, s

100

Figure 1. (a) Visible spectral changes observed in the reaction of [Fe™V(0) (N4Py)]2Jr (0.15 mM) with DMA (0.44 mM) in the presence of Sc(OTf);
(0.15 mM) in MeCN at 298 K (left panel). Right panel shows time course monitored at 900 nm. (b) Visible spectral changes observed in the formation of
TMB'" by titration of TMB (0.050 mM) with [Ru(bpy);](ClO,4); (0—0.050 mM) in MeCN at 298 K (left panel). Right panel shows Job’s plot of
absorbance changes monitored at 900 nm due to TMB** upon addition of [Rum(bpy) 3](PF¢)3 (0—0.105 mM) into the solution of TMB (0.050 mM) in
MeCN at 298 K. (c) Visible spectral changes observed in the reaction of DMA (0.30 mM) with cerium(IV) ammonium nitrate (0.20 mM) in MeCN at
298 K (left panel). Right panel shows time courses monitored at 470 and 900 nm.

TMB*" as shown in Scheme 3. The TMB"" concentration
formed in the reaction of DMA with [Fe'V(O)(N4Py)]** was
confirmed by the titration of Sc** concentration as shown in
Figure 2. Only a catalytic amount of Sc(OTf); (e.g., 1/9 of
[Fe'V(O)(N4Py)]*") is enough to obtain the stoichiometric
amount of TMB"" (Supporting Information, Figure $5).** The
careful re-examination of the products of the reaction of DMA
with [FeV(O)(N4Py)]*" in the absence of Sc(OTf); revealed
formation of DMB, demethylated product of TMB, (9% based
on the initial concentration of [Fe (O)(N4Py)]2+) as well as
N-methylaniline (62%) and TMB (1%) as the final products
(Supporting Information, Figure S6). Because DMB and TMB
are the six-electron and two-electron oxidized products of DMA,
respectively, the overall yield based on [(N4Py)Fe'v(0)]**
(a two-electron oxidant) will be 9 x 3 + 1 + 62 = 90%. Thus,
even in the absence of Sc(OTf);, the dimerization of DMA™"
competes with proton transfer from DMA™" to the Fe(III)-oxo
complex.

Sc**-Enhanced Demethylation of X-DMA with [Fe'(0)-
(N4Py)]**. When DMA is replaced by para-cyano-N,N-dimethyl-
aniline (CN-DMA), no dimer radical cation was formed even in
the presence of Sc(OTf);, because the para-position is blocked

11615

by the CN group and the demethylated product was obtained predo-
minantly as identified by the 'H NMR spectrum (Supporting
Information, Figures S7 and S8). The absorption spectral change
in the reaction of CN-DMA with [FeIV(O)(N4Py)]2Jr in the
absence and the presence of Sc(OTf); in MeCN is shown in
Figures 3a and 3b, respectively. In the presence of Sc(OTf)s, the
reaction rate was much enhanced as compared with that in the
absence of Sc(OTf); and therefore the spectra in Figure 3b were
measured using a stopped-flow spectrophotometer.”" Sc(OTf),
is known to exist as a free ion (Sc**) in solution.'® In each case
only the decay of absorbance at 695 nm due to [Fe''(O)-
(N4Py)]** was observed (i.e., no formation of dimer radical
cation was observed). The decay rate of [FeN(O)(N4Py)]2+
with large excess CN-DMA and Sc** obeyed first-order kinetics
(see Supporting Information, Table S1). Under the conditions in
Figure 1la, the reaction was slowed down because of the small
concentration of DMA (0.44 mM) and Sc(OTf); (0.15 mM). In
such a case the proton-coupled electron transfer in Scheme 3
plays a major role as the reaction proceed. This may be the reason
why an induction period is observed in Figure 1a (right panel).
To avoid the contribution of the proton-coupled electron
transfer, the kinetic measurements were performed using a
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large concentration of St (e.g, 10 mM). For the kinetic
measurements no induction period was observed as shown in
Figure 3b.

The observed first-order rate constant (ko) in the presence of
Sc(OTf); becomes much larger than that in the absence of
Sc(OTf)s. Similar results are obtained for other para-substituted
DMA derivatives (see Supporting Information, Figure S9).

Figure 4 shows the dependence of ks on concentration of
Sc(OTf)s. The ko, values increase linearly with increasing St
concentration in the region where Sc** concentrations are larger

than the concentration of DMA derivatives (X-DMA). Plots of
kops versus [Sc(OTf)] — [X-DMA] afford linear correlations
(Figure 4, right panels). This indicates that Sc** forms a 1:1
complex with X-DMA and that Sc**-bound X-DMA is inert
toward oxidation.

On the other hand, the k,,, value increases with increasing
concentration of CN-DMA to reach a constant value in the
region where concentrations of CN-DMA are larger than St
concentration as shown in Figure 5. This also indicates that St
binds with CN-DMA to form a 1:1 complex, and the acceleration
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of the rate requires Sc>* ion, which is not bound to CN-DMA.
Similar results were obtained for other para-substituted DMA
(X-DMA). Thus, the enhanced reactivity of X-DMA observed in
the presence of Sc** is ascribed to Sc** ion-coupled electron
transfer from X-DMA to [Fe'v(O)(N4Py)]**, as shown in
Scheme 4.

Because Sc>* ions bound to X-DMA and [FeN(O)(N4Py):|2+
are in equilibrium with free Sc** ions in Scheme 4, there may be
exchange equilibria among them.

Electron transfer from X-DMA to [FeN(O)(N4Py)]2+ is
enhanced by binding of Sc*>* to [Fe'"(0)(N4Py)]*", which
competes with the binding of Sc>* to X-DMA. It has been
reported that one Sc>* ion or two Sc®* ions can bind to
[Fe™(O)(N4Py)]*" to enhance the electron-transfer reduction
of [Fe"(O)(N4Py)]**." In the case of DMA, the dimerization
of DMA®" may occur much more rapidly than proton transfer
from DMA™ to the Sc®" ion-bound Fe(Ill)-oxo complex
(Scheme 2). In the case of X-DMA, however, the dimerization
of X-DMA"™" is prohibited by the para-substituent and proton
transfer from X-DMA™ to the Sc** ion-bound Fe(III)-oxo
complex occurs that leads to the formation of the demethylated
product, as shown in Scheme 1.

The results in Figure 4 and Figure S can be explained by
Scheme 4. It should be emphasized that only uncomplexed Sc**
and DMA are involved in Sc**ion-coupled electron transfer in
Scheme 4, where two Sc® ions are involved as reported
previously.'® Under the conditions ([Sc**] > [X-DMA]) in
Figure 4, Sc®* ion-coupled electron transfer from free X-DMA
to free Sc** is accelerated showing the second-order dependence
on [Sc**]. At a constant concentration of X-DMA (5 mM), the
concentration of free DMA decreases with increasing [Sc**]. For
example, by using the K value (620 M), the ratio of free DMA
concentration to the total concentration (5 mM) at 20 mM Sc**

0.1001 & - -
T 0075
£~
o 0.050
E 0.0251
0 T T T T T T
0.1 02 03 04 05 06

[Sc*], mM

Figure 2. Plot of concentration of TMB'" produced in the reaction of
[Fe™(0)(N4Py)]**(0.30 mM) with DMA (0.6—1.4 mM) in the pre-
sence of Sc>* in MeCN at 298 K vs Sc>* concentration.

is only 9.1%. Thus, the concentration of free DMA is inversely
proportional to concentration of Sc¢**: [Sc**]™". The second-
order acceleration of the rate [Sc>*]? is canceled by the depen-
dence of the ratio of free DMA on [Sc>*] ™. As a result, we can
observe the apparent linear acceleration of the first-order rate
constant with increasing concentration of Sc* in the region
where [Sc®*] > [DMA] in Figure 4. On the other hand, under the
conditions ([Sc>*] = 50 mM) in Figure $, the first-order rate
constant increases with increasing concentration of DMA, but
reaches a constant value in the region where [X-DMA] > (S,
because the concentration of free Sc>* is inversely proportional
to concentration of DMA: [DMA] . As a result, the first-order
dependence of the rate on [X-DMA] is canceled by the de-
pendence of the concentration of free Sc®* on [X-DMA] ' to be
a constant value in the region where [X-DMA] > [Sc**] in
Figure 5. More quantitative analysis in Figure 4 is given below.

Accordirr\llg to Scheme 4, the reaction rate (—d[Fe™(0)]/dt
where [Fe'¥(0)] = [[Fe'(O)(N4Py)]**]) is given by eqs 1 and 2,

(1)
(2)

where kg, ket1, and k., are the rate constants of electron transfer
from X-DMA to [Fe"'(O)(N4Py)]**, [Fe"(O)(N4Py)]*" —Sc**,
and [FeW(O)(N4Py):|2+—(Sc3+)2, respectively. K; and K, are
the binding constants of Sc** to [Fe™(0) (N4Py)]2Jr and [Fe"(0)-
(N4Py)]*"—Sc*, respectively. On the other hand, the concen-
tration of Sc**-bound X-DMA [X-DMA—Sc>*] is given by eq 3,

(3)

— d[Fe™(0)]/dt = ke[Fe" (0)][X-DMA]

ket = (keto + ke Ki[SST] + ket2K11<2[SC3+}2)

[X-DMA-Sc**] = Ko [X-DMA][Sc**]

where Ky is the binding constant of Sc®* to X-DMA.

When [Sc**], < [X-DMA] and 1 << Ko[DMA] (the subscript
0 denotes the initial concentration), [X-DMA] = [X-DMA],,
[Sc®*] = [Sc®]o/Ko[X-DMA],. In such a case, the binding of
Sc* to [FeW(O)(N4Py)]2+78c3+ may be negligible because of
the small concentration of free Sc**, and the observed first-order
rate constant (k.p,) is given from eqs 1—3 by eq 4, where k. is
neglected. This equation agrees with the constant dependence of
kops on [X-DMA] in the region where [Sc**] < [X-DMA] in
Figure S.

kobs = kethl [SC3+]O/I<0 (4)

When [Sc**] > [X-DMA] and K,[Sc**] > 1, [Sc>*] =[S,
[X-DMA] = [X-DMA],/Ky[Sc**]o. In such a case the binding of
Sc* to [Fe'V(0)(N4Py)]**—Sc®* (K,) may be dominant as

(a)o.5+

o
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o
w
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o =]
o

600 700
Wavelength, nm

(b)o.s

- 0.44
o

S 031\
£
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01
500

600 700
Wavelength, nm

Figure 3. Visible spectral changes observed in the reaction of [Fe™"(O)(N4Py)]** (0.50 mM) with CN-DMA (5.0 mM) in the absence (a) and
presence (b) of S¢** (15 mM) in MeCN at 298 K. Insets show time courses monitored at 695 nm.
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Figure 4. Plots of ko, vs [Sc®*] (left panels) and [Sc®*] — [X-DMA] (right panels) in the reaction of [Fe" (0)(N4Py)]** (0.50 mM) and X-DMA
(5.0 mM) (X = CN (a), H (b), Me (c), and Br (d)) in the presence of Sc** in MeCN at 298 K.
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Figure 5. Plot of ks, vs [CN-DNA] in the reaction of [Fe' (O)-
(N4Py)]** (0.50 mM) and CN-DNA in the presence of Sc** (50 mM)
in MeCN at 298 K.

11618

compared to the binding of Sc** to [Fe''(0)(N4Py)]** (K;)
and kops is given bgf eq S, which agrees with the linear depend-
ence of kops on [Sc**] in the region where [Sc>*] > [X-DMA] in
Figure 4 and also the linear dependence of ks on [X-DMA] in
the region where [X-DMA] < [Sc**] in Figure S.

kobs = ken K1 K, [Sc*t] ) [X-DMA], /K, ()

The complex formation of X-DMA with Sc** is also indicated
by the UV—vis spectral change of X-DMA in the presence of
Sc(OTf);. As shown in Figure 6, the absorption band at 293 nm
due to CN-DMA is changed because of formation of the CN-
DMA~—Sc** complex with a clean isosbestic point. The K, value
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Scheme 4

Sc3+ lon-Coupled Electron Transfer

o+
_CHg keto CHy!
X N + [FeV(O)(N4Py)]2* —— X N +
N\, N\
CHs CH,

X-DMA ki
+8c3+ | | — Sc3+
KO
+8c¢3 | | - Sc3+ Koty
X-DMA—Sc3+ Ky
+8c3+ | | — Sc3+

et2

o
CHj'

[FelV(O)(N4Py)[2-Sc3+ — = X N +
“CH,
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[Fe'(O)(N4Py)]*-Sc3+

Tt
Ko _CHj
[FeV(O}N4PY)P+(Sc3+), — XON\ +  [Fe(O)(N4Py)]*~(Sc3+),
CH,

is determined from the intercept and slope of the linear plot of
(AA) ™" versus [Sc**] " (Figure 6¢) to be 6.2 x 10> M~ ". The
UV—vis spectral titrations of other DMA derivatives with Sc**
are shown in Supporting Information, Figure S10. The spectral
titration of X-DMA with Sc(OTf); indicates that Sc>* forms a 1:1
complex with X-DMA. The 1:1 complex formation between
X-DMA and Sc** was also confirmed by the 'H NMR spectra
(see Supporting Information, Figures S11—S15). The change in
the chemical shift of the N-Me group by binding of Sc** indicates
that Sc®" ion binds to the nitrogen of the N-Me group of X-DMA.
The binding constants K, were determined from the spectral
change of X-DMA with Sc®* and the K, values thus determined
are listed in Table 1 together with the one-electron oxidation
potentials of X-DMA (E,). The K, value increases with decreas-
ing the E, value. This indicates that the stronger the electron
donor ability of X-DMA is, the larger becomes the binding
constant of Sc>* to X-DMA.

The kps values with 5.0 mM X-DMA and 15 mM Sc** are
also listed in Table 1 together with ks values in the absence of
Sc(OTf); in MeCN at 298 K. The ko, values in the presence
of S¢** (15 mM) are significantly larger than those in the
absence of Sc* for each X-DMA. In the absence of Sc>*, the ki,
value increases with decreasing the E,, value of X-DMA and
Me-DMA with an electron-donating para-substituent affords
the largest kops value, whereas CN-DMA with an electron-
withdrawing substituent affords the largest ks value in the
presence of Sc>*. This results from the binding of Sc** to
X-DMA. As mentioned above, Sc>*-bound DMA derivatives
exhibit negligible reactivity as compared with Sc>* —free DMA
derivatives.

This was confirmed by the change in the one-electron oxida-
tion potential (E,,) of X-DMA in the presence of Sc(OTf); as
shown in Figure 7, where the redox couple of CN-DMA in the
absence of Sc> at E;;, = 1.13 V (vs SCE) disappears as the
concentration of Sc** increases. No anodic peak of CN-DMA is
observed in the presence of a large excess Sc(OTf); (10 mM).
This indicates that the E, value of CN-DMA (1.13 V vs SCE)*¢
is positively shifted to the value larger than 2.0 V (vs SCE) when
Sc** is bound to CN-DMA. Thus, once Sc** is bound to X-DMA,
the X-DMA—Sc>" complex cannot act as an electron donor and
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only free X-DMA is involved in the Sc** ion-coupled electron
transfer to [Fe' (O)(N4Py)]** (E.q = 1.19 V vs SCE in the
presence of 10 mM of Sc>*)'? as shown in Scheme 4.

The second-order rate constant (ki) of Sc>* ion-coupled
electron transfer from free X-DMA, which is not bound to Sc**,
to [FeIV(O)(N4Py):|2+ is derived from the observed pseudo-
first-order rate constant (k.p,) with large excess X-DMA as given
by eq 6, because

ket = kobs(Ko[Sc*] + 1)/[X-DMA], (6)

[X-DMA] = [X-DMA]y/(1 + Ko[Sc**]) according to eq 3 (note
that [X-DMA], = [X-DMA] + [X-DMA—Sc>*]). The k., values
thus evaluated from the k., values are listed in Table 1, where the
concentration of free Sc>*, which is not bound to X-DMA, is
10 mM ([Sc®>*]y — [X-DMAJ,). For example, the k,, value of
DMA was determined from the ko, value (0.36 s in Table 1)
using eq 6 tobe $.3 10°M 's ™ (=036 x (7.3 x 10° X 1.0 X
1077+ 1)/(5.0 x 107?)).

Driving Force of Sc3*-Coupled Electron Transfer. The
driving force dependence of the rate constants (k.o) of the
demethylation reactions of X-DMA with [FeIV(O)(N4Py)]2+ in
the absence of Sc** is shown in Figure 8 together with the driving
force dependence of the rate constants (k) of Sc>* ion-coupled
electron transfer from free X-DMA, which is not bound to Sc*¥,
and various one-electron reductants to [Fe' (O) (N4Py)]2+. The
driving force dependence of k. is well fitted in light of the Marcus
theory of adiabatic outer-sphere electron transfer (eq 7), where Z
is the collision frequency taken as 1 x 10" M~ ' s~ ', 1 is the
reorganization energy of electron transfer, kg is the Boltzmann
constant, and T is the absolutetemperature.**

kee = Zexp[— (A/4)(1 + AGe/A)* /ksT] (7)

The best fit A value of Sc>* ion-coupled electron transfer from
X-DMA, which is not bound to Sc**, to [FeN(O)(Nét-Py)]zJr is
determined to be 1.79 eV, which is smaller than the A value of
electron transfer from one-electron reductants (2.27 eV).'” The
smaller A value Sc** ion-coupled electron transfer from X-DMA
to [Fe'V(O)(N4Py)]*" may result from the smaller A value of
electron exchange between X-DMA and X-DMA"" as compared
with the A values of metal complexes used as one-electron
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reductants. Thus, the demethylation of X-DMA with [Fe"™(0)-
(N4Py)]*" in the presence of Sc** proceeds via Sc** ion-coupled
electron transfer from X-DMA to [Fe''(O)(N4Py)]** as shown
in Scheme 4.

In the absence of Sc**, the k.o values of Me-DMA and DMA
agree with those predicted by the Marcus plot of electron transfer
with 4 = 2.02 eV. With increasing the E,,, values of X-DMA with
electron withdrawing para-substituents (Br and CN), the deviation

200 250 300 350 400

1.01 =

o
o
L

sorbance
=]
d
L ]
L]

4 e,
< ...“."onnmu

A
=]
L+

(=]

1 2 3 4
[Sc®], mM

—_
(2]
—
-
--1

o
i

(Abs. difference)™
¢ &

o
=]

300 400 500 600 700
1;'[36“], M1

g

Figure 6. (a) Visible spectral changes observed in the titration of CN-
DMA with S¢** upon addition of Sc>* (0.0—4.0 mM) into the CN-DMA
solution (0.050 mM) in MeCN at 298 K. (b) Plot of the absorbance at
293 nm vs [Sc**] in the titration of CN-DMA with Sc** upon addition of
Sc** (0.0—4.0 mM) into the CN-DMA solution (0.050 mM) in MeCN
at 298 K. (c) Plot of reciprocal absorbance difference vs 1/[Sc**] for the
determination of the binding constant between p-CN-DMA and Sc**
(see Supporting Information, Figure S10 for the other case of X-DMA).

of the observed rate constant from the predicted value by the
Marcus plot of electron transfer becomes larger, when the —AG,,
value becomes more positive than 0.4 eV. Thus, the border-
line between a direct hydrogen atom transfer pathway and an
electron-transfer pathway (Scheme 1) may be determined by the
E,, value of X-DMA, about 1.2 V versus SCE that corresponds to
Br-DMA. It is interesting to note that this borderline is virtually
the same as reported between oxygen atom transfer pathway
and an electron transfer pathway for the oxygenation of thio-
anisole derivatives with [Fe'"(O) (N4Py)]*" as shown in Figure 8
(no. 5—10).11

It is also important to note that through the use of DMA and
deuterated DMA (N,N-dimetyl-d¢-aniline; DMA-dg) as a sub-
strate in the presence of Sc*, the ko, values increase linearly with
increasing Sc** concentration in the region where Sc** concen-
trations are larger than the concentration of DMA and DMA-d,
respectively, and no deuterium kinetic isotope effect (KIE) was
observed, that is, KIE = 1.0 (see Supporting Information,
Figure S16). This result confirms that the initial Sc** ion-coupled

[Sc**] =0mM

27 23 19 15 14 07
Vvs SCE

Figure 7. Cyclic voltammograms of CN-DMA (2.0 mM) upon addition
of Sc(OTf); into an MeCN solution of CN-DMA containing TBAPF
(0.10 M) at 298 K with a Pt working electrode. Scan rate was 0.10 V s

Table 1. Binding Constants (K,) of Sc** with X-DMA, One-Electron Oxidation Potentials (E,, vs SCE) of X-DMA, Rate

Constants of Reactions of [Fe'" (0)(N4Py)]>" (0.50 mM) with X-DMA (5.0 mM) in the Absence and Presence of Sc>* (15 mM) in
MeCN at 298 K

X E,. vs SCE, V K, Mt Kopsly s KopsS s ! ko, M7t
Me 0.69 (3.0 £03) x 107 (2.6 £02) x 102 (3.0+02) x 107! (1.8402) x 107
H 0.76 (7.3 +04) x 10° (89403) x 107 (36+02) x 107" (5.3+02) x 10°
Br 0.92 (3.6+02) x 10° (41+02) x10°? (46+03) x 107" (33+02) x 10°
CN 1.15 (62 4+02) x 10* 394+02) x10* 12+0.1 (1.5 +0.1) x 10°

“The Ko values were determined by the UV—vis spectral titration of X-DMA with Sc**. ®Rate constants in the absence of Sc>*. “Rate constants
determined in the presence of 15 mM of Sc**. “Rate constants of reactions of [Fe™(0) (N4Py)]2Jr with free X-DMA which is not bound to Sc**,
determined by eq 6, when the concentration of free Sc** ([Sc**]y — [X-DMAJ,) is 10 mM.*
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log(kg; or Koy, M-1571)

Figure 8. Plots of log k., for electron transfer from X-DMA (X = Me for
1, H for 2, Br for 3, CN for 4) to [Fe'"(0O)(N4Py)]>" in the absence of
Sc** (closed black circles) and in the presence of free Sc** (10 mM,
closed pink circles) in MeCN at 298 K vs the driving force of electron
transfer [~AGe, = e(Eceq — Eoy)] from X-DMA to [Fe'¥(O)(N4Py)]**.
Squares show the driving force dependence of rate constants (log k., for
oxygenation reaction of para-X-substituted thioanisoles (X = Me for S,
H for 6, Cl for 7, Br for 8, CN for 9, NO, for 10) by [Fe'¥(O)(N4Py)]**
in the absence of Sc>* (open black squares) and in the presence of Sc**
(10 mM, closed green squares) in MeCN at 298 K. Closed blue circles
show the driving force dependence of rate constants (log k..) for electron
transfer from one-electron reductants (11, [Fe" (Ph,-Phen);]**; 12, [Fe'-
(bpy)s)**; 13, [Ru"(Me,-bpy);]**; 14, [Fe"(Cl-phen);]*; 15, [Ru'-
(bpy)s]**) to [Fe"V(O)(N4Py)]** in the presence of Sc** (10 mM).
The fitting to the Marcus theory of the electron transfer are shown by the
pink line with A = 1.79 eV, green line with A = 2.02 €V and blue line with
A =227 eV, respectively.

electron transfer from DMA and DMA-d, to [Fe'"(O) (N4Py)**
is the rate-determining step.

B CONCLUSION

Rates of oxidation of X-DMA with [Fe'"(O)(N4Py)]*" were
significantly accelerated by the presence of Sc(OTf); in MeCN at
298 K. In the case of DMA, the demethylation of DMA occurs via
electron transfer from DMA to [Fe"(O)(N4Py)]**, followed by
proton transfer from DMA®" to [FeHI(O)(N4Py):|+. The initial
electron transfer is remarkably accelerated by Sc®* ion-coupled
electron transfer. However, the subsequent proton transfer is
prohibited by the binding of S to [FeHI(O)(N4Py):|+, when
DMA"" dimerizes to form TMB, which is further oxidized by
[Fe™(0)(N4Py)]*" to yield TMB** as the final three-electron
oxidized product. When para-substituted DMA derivatives (X-
DMA: X = Me, Br, CN) are employed, the initial electron transfer
is also remarkably accelerated by Sc®* ion-coupled electron
transfer. The resulting X-DMA"" cannot dimerize because of
the blockage of the para-position, leading to the demethylation.
The complicated kinetics of Sc>* ion-coupled electron transfer
from X-DMA to [FeIV(O)(N4Py)]2Jr is well analyzed R}I the
competition of binding of Sc** to X-DMA and [Fe'"(O)-
(N4Py)]*". The rate constants of Sc>* ion-coupled electron
transfer from uncomplexed X-DMA to [Fe'Y(O)(N4Py)]*",
which were evaluated using the binding constants (K,) of Sc**
to X-DMA, agree well with those predicted by the Marcus plot of
the rate constants of Sc>* ion-coupled electron transfer from one-
electron reductants to [Fe' ' (O)(N4Py)]*". Thus, the present
study provides a general way to enhance the reactivity of
high-valent metal-oxo species by binding of redox-inactive metal

ions such as Sc®* toward substrates which also bind with
metal ions.
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