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ABSTRACT: We report the synthesis, characterization, and electron-transfer
(ET) oxidation reactivity of a chromium(V)−oxo TAML cation radical
complex binding Sc3+ ion, {[CrV(O)(TAML•+)]-Sc3+}3+ (2-Sc). Its
precursors, such as [CrV(O)(TAML)]− (1) and {[CrV(O)(TAML)]-
Sc3+}2+ (1-Sc), were also characterized spectroscopically and/or structurally.
In ET and oxygen atom transfer (OAT) reactions, while 1 and 1-Sc were
sluggish oxidants, 2-Sc was a highly reactive oxidant with an extremely small
reorganization energy. For example, in ET oxidation reactions, nanosecond
laser-induced transient absorption measurements were performed to examine
the fast ET from electron donors (e.g., ferrocene derivatives) to 2-Sc, affording a small reorganization energy (λ = 0.26 eV) of ET,
which is even much smaller than the λ values reported in the ET reduction of heme Compound I (Cpd I) models and non-heme
metal−oxo complexes. Such a small reorganization energy is ascribed to the TAML ligand centered ET reduction of 2-Sc. The λ
value of 0.26 eV was also obtained in the electron self-exchange reaction between 2-Sc and 1-Sc. In OAT reactions, the rate
constants of the sulfoxidation of thioanisole derivatives by 2-Sc at −40 °C were much greater than those reported in the oxidation of
thioanisoles by heme Cpd I and non-heme metal−oxo complexes. The reactivity of 2-Sc in hydrogen atom transfer (HAT) reactions
is also discussed briefly. To the best of our knowledge, this Cr(V)-oxo TAML cation radical complex binding Sc3+ ion,
{[CrV(O)(TAML•+)]-Sc3+}3+, with an extremely small reorganization energy is one of the most powerful high-valent metal−oxo
oxidants in ET and OAT reactions.
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■ INTRODUCTION

High-valent iron−oxo species have been invoked as key
intermediates in oxidation reactions by iron-containing
enzymes and their model compounds, such as in cytochrome
P450 and iron porphyrin systems.1−5 For example, iron(IV)−
oxo porphyrin π-cation-radical species, referred to as
Compound I (Cpd I), exhibit high reactivity in electron-
transfer (ET) oxidation reactions because of the small
reorganization energy (λ) of the porphyrin ligand centered
ET reduction, in comparison to the large reorganization energy
of the metal-centered ET reduction of iron(IV)−oxo
porphyrin species, referred to as Compound II (Cpd II).6

Very recently, λ values of ET reduction of Cpd I model
complexes were determined to be 1.0−1.2 eV,7 which are
much smaller than those of metal-centered ET reduction of
synthetic non-heme Fe(IV)−oxo and Mn(IV)−oxo complexes
of 2.37−2.74 and 2.24−2.27 eV, respectively.8−10 The large λ
values of the metal-centered reduction of the Fe(IV)−oxo and
Mn(IV)−oxo complexes result from the structural change
during ET due to the dσ character of the lowest unoccupied
molecular orbital (LUMO).6,11 In contrast, a small λ value of
ET reduction would be expected if the LUMO has dπ
character. Indeed, a relatively small λ value was reported for

the metal-centered ET reduction of a chromium(V)−oxo
complex, in which the LUMO possesses dπ character.11 If the
oxidation of a Cr(V)−oxo complex further occurs at the
supporting ligand, the one-electron-oxidized Cr(V)−oxo
species, which has the formal oxidation state of Cr(VI),
would exhibit a much higher ET oxidation reactivity with a
much smaller reorganization energy.
Recently, a couple of high-valent metal−oxo complexes with

a metal oxidation state of V with a one-electron-oxidized ligand
have been successfully synthesized, such as the Mn(V)−oxo
corrolazine cation radical [MnV(O)(Cz•+)]2+ 12 and Mn(V)−
oxo tetraamido macrocyclic ligand (TAML) cation radical
[MnV(O)(TAML•+)].13 More recently, a couple of high-valent
metal−imido complexes with a metal oxidation state of V with
a one-electron-oxidized ligand have been successfully synthe-
sized, [MnV(N-Mes)(TAML•+)]14 and [FeV(NTs)-
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(TAML•+)],15 and the ET and redox reactivity of the latter
intermediate with a reorganization energy of 1.0 eV was
reported.15 However, the ET oxidation reactivity of these
metal−oxo complexes with a metal oxidation state of V with a
one-electron-oxidized ligand has never been explored pre-
viously.
Herein, we report the synthesis and characterization of a

Cr(V)−oxo TAML cation radical complex binding Sc3+ ion,
{[CrV(O)(TAML•+)]-Sc3+}3+ (2-Sc); 2-Sc was generated by
the ET oxidation of {[CrV(O)(TAML)]-Sc3+}2+ (1-Sc)
(Scheme 1). The ET and redox reactivity of 2-Sc was then

examined using nanosecond laser-induced transient absorption
spectroscopy. The rate constant of ET from 2-Sc to [FeII(Ph2-
phen)3]

2+ was determined to be [1.6(1)] × 1010 M−1 s−1 at 25
°C (Scheme 1), which is the largest value ever reported in ET
reactions by high-valent metal−oxo complexes, including Cpd
I models. Such a high oxidation reactivity of 2-Sc was ascribed
to the extremely small reorganization energy (λ = 0.26 eV) of
the TAML ligand centered ET reduction of 2-Sc (Scheme 1),
which is even much smaller than the λ values reported in the
ET reduction of Cpd I model complexes.6,7,16

■ RESULTS AND DISCUSSION
We first report the synthesis, spectroscopic and/or structural
characterization, and DFT-optimized structures of [CrV(O)-
(TAML)]− (1), {[CrV(O)(TAML)]-Sc3+}2+ (1-Sc), and
{[CrV(O)(TAML•+)]-Sc3+}3+ (2-Sc).
[CrV(O)(TAML)]− (1). The room-temperature-stable

chromium(V)−oxo TAML complex [CrV(O)(TAML)]− (1)
was synthesized (see the Experimental Section) and charac-
terized with various spectroscopic techniques, such as
resonance Raman spectroscopy (rRaman), cold-spray ioniza-
tion mass spectrometry (CSI-MS), electron paramagnetic
resonance (EPR), X-ray absorption spectroscopy (XAS), and
X-ray crystallography. First, the UV−vis spectrum of 1
exhibited a broad absorption band at 370 nm (ε = 2500
M−1 cm−1) in CH3CN at 25 °C (Figure 1a). The CSI-MS
spectrum of 1 in a negative mode revealed one prominent ion
peak at a mass to charge (m/z) ratio of 438.2 (Figure 1b),
whose mass and isotope distribution patterns correspond to
[CrV(O)(TAML)]− (calculated m/z 438.1). Isotopically
labeled 1-18O afforded a mass peak at 440.2 corresponding
to [CrV(18O)(TAML)]− (calculated m/z 440.1) (Figure 1b,
inset). In rRaman experiments, upon 441.7 nm excitation, 1
exhibited an isotopically sensitive band at 981 cm−1, which

shifted to 942 cm−1 upon 18O substitution (Figure 1c). The
observed stretching frequency at 981 cm−1 indicates a Cr−O
triple bond (vide inf ra).11a,17 The Δν(16O−18O) value of 39
cm−1 is consistent with the calculated Δν(16O−18O) value of
43 cm−1 from Hook’s law for a diatomic Cr−O oscillator. An
EPR spectrum of 1 was recorded in CH3CN at −30 °C,
affording signals centered at g = [2.0003, 1.9818, 1.9645] with
the hyperfine coupling tensor ACr = [7.6, 7.7, 7.6] MHz
(Figure 1c, inset), which is characteristic of d1 CrV

complexes.18 Figure 2a shows the X-ray absorption near-edge
structure (XANES) of 1. The edge position is consistent with
the CrV oxidation state, and the strong pre-edge feature at
∼5992 eV originates from the strong Cr−O orbital hybrid-
ization across the short CrO bond.19 Two peaks in the
extended X-ray absorption fine structure (EXAFS) indicate

Scheme 1. Synthesis and Oxidation Reactivity of
[CrV(O)(TAML+•)]-Sc3+ (2-Sc)

Figure 1. (a) UV−vis spectrum of 1 (0.20 mM, black line) and the
spectral change observed in the reaction of 1 (0.20 mM, black line)
and Sc(OTf)3 (0.3 mM) in CH3CN at 25 °C for the formation of 1-
Sc (red line). The inset shows the plot of 1-Sc vs the concentration of
Sc(OTf)3 upon addition of Sc(OTf)3 (0−0.30 mM) to 1 (0.20 mM).
(b) Negative mode CSI-MS spectrum of 1 in CH3CN at −40 °C.
Insets show the observed isotope distribution patterns for 1-16O (left
panel) and 1-18O (right panel). (c) rRaman spectra of 1-16O (4.0 mM,
black line) and 1-18O (4.0 mM, red line) in CH3CN at −40 °C. The
peaks marked with asterisks are from the solvent. The inset shows the
X-band CW-EPR spectrum of 1 (0.20 mM) recorded at −30 °C.
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first Cr−N and Cr−O and second Cr−C coordination shells
(Figure 2b; see also Table S1 in the Supporting Information
for fit results). The Cr−O distance is ∼1.56 Å (Table S1),
which is in good agreement with the X-ray diffraction (XRD)
data of 1 (vide inf ra). Finally, single crystals suitable for an X-
ray crystal structure analysis were obtained, and the crystallo-
graphic analysis of the single crystals revealed that 1 is a
monomeric five-coordinate CrV(O) species, [CrV(O)-
(TAML)]−, with a short Cr−O distance of 1.569 Å (Figure
3; see Tables S2 and S3 in the Supporting Information for the
crystallographic data); the short Cr−O distance is consistent
with the rRaman data and the EXAFS data obtained in this

study as well as those reported for a number of CrV−O
complexes.17b,18a,20

{[CrV(O)(TAML)]-Sc3+}2+ (1-Sc). Addition of 5 equiv of
Sc(OTf)3 (OTf

− = CF3SO3
−) to a CH3CN solution of 1 at 25

°C resulted in an UV−vis spectral change (Figure 1a, red line).
The spectral titration experiment afforded a binding constant
of 4.5 × 105 M−1 (Figure S1 in the Supporting Information).
The EPR spectrum of 1-Sc, recorded at −30 °C, exhibited
signals at g = 1.9818 (Figure S2a in the Supporting
Information), which is virtually the same as that of 1 (Figure
1b). The CSI-MS spectrum of 1-Sc in positive mode exhibited
one prominent ion peak at m/z 930.0 (Figure S2b in the
Supporting Information), whose mass and isotope distribution
patterns correspond to [CrV(O)(TAML)(Sc)(OTf)3]

− (calcu-
lated m/z 929.9). When 1-Sc-18O was prepared with 1-18O, a
mass peak corresponding to [CrV(18O)(TAML)(Sc)(OTf)3]

−

(calculated m/z 931.9) appeared at m/z 932.0 (Figure S2b,
inset). In rRaman experiments, upon 441.7 nm excitation, 1-Sc
exhibited an isotopically sensitive band at 988 cm−1 (Figure
S2c in the Supporting Information), which is red-shifted by 7
cm−1 in comparison to 1. With 18O-substituted 1-Sc-18O, a
band appeared at 948 cm−1 (Figure S2c in the Supporting
Information), and the observed Δν(16O−18O) value of 40
cm−1 is in good agreement with the calculated Δν(16O−18O)
value of 43 cm−1 for a diatomic Cr−O oscillator. Such a red
shift of the ν(Cr−O) values in 1-Sc and 1-Sc-18O suggests that
the Sc3+ ion is bound not to the Cr−oxo moiety but to the
carbonyl group of the ligand (vide inf ra), since we would
expect to see a blue-shifted rRaman band if the Sc3+ ion is
bound to the Cr−oxo moiety, as has been shown in an
iron(IV)−oxo porphyrin complex21 as well as in Mn(V)−oxo
TAML and Mn(V)−oxo TAML binding Sc3+ ion.22 The
XANES of 1-Sc is indistinguishable from that of 1, and no
changes in the shapes of edge or pre-edge features are noted
(Figure 2a). This indicates that Cr−O bonding was not
affected by the binding of the Sc3+ ion. EXAFS fits indicate a
slightly shorter Cr−O bond ∼1.55 Å (Table S1 and Figures S3
and S4 in the Supporting Information). On the basis of the
spectroscopic characterization of 1-Sc, we propose that the
Cr(V)−oxo complex binds the Sc3+ ion at the carbonyl group
of the TAML ligand, as proposed in a Mn(V)−oxo TAML
complex binding Sc3+ ion.22

{[CrV(O)(TAML•+)]-Sc3+}3+ (2-Sc). When 1-Sc was reacted
with a one-electron oxidant, such as [RuIII(bpy)3]

3+ (bpy =
2,2′-bipyridine), and cerium(IV) ammonium nitrate (CAN) in
CH3CN at −40 °C, we observed an immediate UV−vis
spectral change, showing two broad absorption bands at 615
nm (ε = 5500 M−1 cm−1) and 800 nm (ε = 4600 M−1 cm−1)
(Figure 4a).23 The spectral titration experiments revealed that
1 equiv of the one-electron oxidant (e.g., [RuIII(bpy)3]

3+) was
required for the formation of the new intermediate, denoted 2-
Sc (Figure 4a, inset). While the X-band EPR spectrum of 1-Sc
exhibited signals centered at g = 1.9818 (vide supra), 2-Sc was
EPR-silent (Figure 4b), suggesting that 2-Sc is a one-electron-
oxidized species of 1-Sc. Since 2-Sc was highly unstable under
the conditions of CSI-MS (e.g., a thermal instability) and
rRaman (e.g., an instability at high concentration), we were not
able to obtain these informative spectral data. However, we
were able to characterize 2-Sc using cryogenic Cr K-edge X-ray
absorption spectroscopy (XAS). Figure 2a shows the
comparison of the XANES of 1, 1-Sc, and 2-Sc. The Cr K-
edge of 2-Sc exhibits no shift in comparison with those of 1
and 1-Sc, indicating that the oxidation state of Cr in 2-Sc

Figure 2. (a) XAS data for 1 (black line), 1-Sc (red line), 2-Sc (blue
line), and K2Cr2O7 (green line). (b) Fourier-transformed EXAFS for
1 (black line), 1-Sc (red line), and 2-Sc (blue line).

Figure 3. X-ray crystal structure of [CrV(O)(TAML)]− (1) showing
50% probability ellipsoids. Tetraphenylphosphonium ion and hydro-
gen atoms are omitted for clarity. Color code for atoms: Cr, green; O,
red; N, blue; C, gray.
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remains as CrV. Neither addition of Sc(OTf)3 nor oxidation
changes the edge position or pre-edge structure, indicating no
change in CrV oxidation state or Cr−O bonding. As shown in
Figure 2b, EXAFS does not show any additional Cr−Sc
interactions either, suggesting that the Sc binding might
happen away from the Cr center (also see Table S1 and
Figures S3 and S4 in the Supporting Information for the fit
results). The Cr−O distance further shortens to ∼1.53 Å. On
the basis of the spectroscopic characterization of 2-Sc, we
therefore conclude that 2-Sc is a Cr(V)−oxo TAML cation
radical complex binding Sc3+ ion at the carbonyl group of the
TAML ligand, {[CrV(O)(TAML•+)]-Sc3+}3+.
DFT-Optimized Structures. Density functional theory

(DFT) calculations have been performed on the Cr−oxo
complexes 1, 1-Sc, and 2-Sc (Tables S4−S9 in the Supporting
Information). For 1, a doublet state (S = 1/2) has been found
to be the ground state with an excited quartet state lying higher
at 31.97 kcal/mol (Tables S4 and S5 in the Supporting
Information). The optimized structure of the ground state (21)
shows square-pyramidal geometry around the Cr center with a
Cr−Oa bond distance of 1.552 Å (Figure 5). This short bond
length is attributed to the strong interaction between
chromium and the oxo moiety, which suggests a triple-bond
character of the Cr−O bond and is in good agreement with the
experimental rRaman, EXAFS, and XRD (1.569 Å) results.

From the optimized structure of 1, it is evident that there are
three possible Sc3+ binding sites to the oxygen atoms (Oa, Ob,
and Oc; see Figure 5a for the labeling of oxygen atoms). DFT
calculations on 1-Sc reveal that Sc3+ ion binding at the Oc

position is more favorable than binding at Oa and Ob by 11.03
and 2.58 kcal/mol, respectively (Scheme S1 and Table S6 in
the Supporting Information). In the case of Sc3+ ion binding at
Oc, the calculated Cr−Oa and Sc3+−Oc bond distances are
found to be 1.547 and 1.975 Å, respectively (Figure 5b). In
contrast to the Sc3+ ion binding at Oc, binding to the oxo
moiety (i.e., Oa) leads to the elongation of the Cr−O bond
distance from 1.547 to 1.654 Å, resulting in the weakening of
the Cr−O bond in comparison to the structure of the Sc3+ ion
binding at Oc (and/or Ob; Table S7 in the Supporting
Information). These results reinforce the rRaman and EXAFS
experimental findings, thus evidencing the Sc3+ ion binding to
Oc in the TAML ligand instead of the oxo moiety (i.e., Oa).
Further, the one-electron-oxidized complex 2-Sc has also

been explored for all nine possible spin states originating from
the various electronic arrangements in the complex. Like 1-Sc,
for 2-Sc, Sc3+ ion binding at Oc is predicted to be the most
favorable (Table S8 in the Supporting Information). The
triplet state of the Sc3+ ion binding at Oc has been assigned as a
ground state, which has a lower energy in comparison to those
of the triplet state of the Sc3+ ion binding at Oa and Ob (12.83
and 5.06 kcal/mol, respectively; Table S8 in the Supporting
Information). The energy gap between the triplet state 32-Sc-
Oc and the open shell singlet (OSS) 12-Sc-Oc

OSS is 0.2 kcal/
mol in electronic energy, which does not allow for differ-
entiation beyond the error margins (Table S8 in the
Supporting Information). This is due to the fact that the
only difference between these two species is whether there is
an α-spin or a β-spin on the ligand. The small energy difference
thus signifies the strength of the antiferromagnetic coupling. As
there are no meaningful geometrical differences between these
two species, a definite spin state determination has to come
from experiments, whenever possible. Unfortunately, due to
the instability of 2-Sc, the exact spin state of 2-Sc (S = 0 or 1)
could not be determined by the Evans method of NMR. All of
the spin states corresponding to the closed-shell singlet (CSS)
are lying higher in energy than those of the triplet ground state.
Similar to the case for 1-Sc, the Sc3+ ion binding at Oc for 2-Sc

Figure 4. (a) UV−vis spectral changes observed in the reaction of 1-
Sc (0.20 mM, black line) and [RuIII(bpy)3]

3+ (0.60 mM) in CH3CN
at −40 °C for the formation of 2-Sc (red line). The inset shows a plot
of 2-Sc produced vs the concentration of [RuIII(bpy)3]

3+ upon
addition of [RuIII(bpy)3]

3+ (0−0.60 mM) to 1-Sc (0.20 mM). (b) X-
band CW-EPR spectra of 1-Sc (0.20 mM; black line) and 2-Sc (0.20
mM; red line) recorded in CH3CN at 77 K.

Figure 5. DFT-optimized structures of 21, 21-Sc, and 32-Sc.
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is thus found to be more favorable than binding at Oa and Ob.
In the case of Sc3+ ion binding at Oc, the calculated Cr−Oa and
Sc−Oc bond distances are found to be 1.536 and 2.008 Å,
respectively. Binding of the Sc3+ ion in 1-Sc or 2-Sc does not
cause significant changes in the Cr−O bond distances,
endorsing the fact that the Sc3+ ion binds to the oxygen
atom of the carbonyl group in TAML ligand, not to the oxo
moiety, which is in good agreement with the results obtained
from the analysis of the rRaman and XANES/EXAFS data for
1, 1-Sc, and 2-Sc.
With the well-characterized Cr(V)−oxo species in hand, we

studied the ET oxidation reactivity of 1, 1-Sc, and 2-Sc.
Electron-Transfer Reactivity of 2-Sc. Nanosecond laser-

induced transient absorption measurements were performed to
examine the fast ET from electron donors to {[CrV(O)-
(TAML•+)]-Sc3+}3+ (2-Sc), because the ET rate was too fast to
follow using a stopped-flow technique even at −40 °C. First, 2-
Sc was generated by ET from 1-Sc to the triplet excited state of
2,3-dichloro-5,6-dicyano-p-benzoquinone (3DDQ*) (Figure
6a), where a transient absorption band due to 2-Sc (λmax =
615 nm) was observed upon laser photoexcitation, being

overlapped with the transient absorption band due to DDQ•−

(λmax = 590 nm).24,25 Highly exergonic ET from 1-Sc (Eox vs
SCE = 1.22 V) (Figure S5 in the Supporting Information) to
3DDQ* (Ered vs SCE = 3.1 V)24,25 was expected to occur at the
diffusion rate constant (e.g., 2.0 × 1010 M−1 s−1). Indeed, the
formation of 2-Sc via ET from 1-Sc (0.010 mM) to 3DDQ*
occurred rapidly, followed by the decay of the transient
absorption band at 615 nm due to 2-Sc by ET from [FeII(5-Cl-
phen)3]

2+ to 2-Sc (inset of Figure 6b). The products formed in
ET from [FeII(5-Cl-phen)3]

2+ to 2-Sc were analyzed by EPR,
showing the formation of [FeIII(5-Cl-phen)3]

3+ and 1-Sc
(Figure S6 in the Supporting Information). The pseudo-first-
order rate constant increased linearly with an increasing
concentration of [FeII(5-Cl-phen)3]

2+ (Figure S7 in the
Supporting Information). The second-order rate constant
(ket) of ET from [FeII(5-Cl-phen)3]

2+ to 2-Sc was determined
from the plot of the pseudo-first-order rate constant vs
concentration of [FeII(5-Cl-phen)3]

2+ (Figure S7c in the
Supporting Information). Similarly, the ket values of ET from
[FeII(Ph2-phen)3]

2+ and [FeII(phen)3]
2+ to 2-Sc were

determined, as given in Table 1 (see also Figure S8 in the

Supporting Information), together with the Eox values of one-
electron donors and the driving force of ET (−ΔGet (in eV) =
e(Ered − Eox), where e is the elementary charge). It should be
noted that no ET from coordinatively saturated FeII complexes
(i.e., [FeII(Ph2-phen)3]

2+, [FeII(phen)3]
2+, and [FeII(5-Cl-

phen)3]
2+) to 1 and 1-Sc occurs, since the one-electron-

reduction potentials (Ered vs SCE) of 1 and 1-Sc, −0.53 and
0.51 V, respectively (see Figures S9 and S10 in the Supporting
Information), are much smaller than the one-electron-
oxidation potentials (Eox) of the coordinatively saturated FeII

complexes.
According to the Marcus theory of outer-sphere ET, the

driving force (−ΔGet) dependence of ket is given by eqs 1 and
2 (Figure 7)

= + [−Δ ]⧧k k Z G k T1/ 1/ 1/( exp /( ) )et diff B (1)

λ λΔ = + Δ⧧G G( /4)(1 / )et
2

(2)

where kdiff is the diffusion rate constant, ΔG⧧ is the activation
Gibbs energy, and λ is the reorganization energy of ET.26

Although the number of data points is limited, the λ value can
be determined with a relatively small experimental error to be
0.26(2) eV (Figure 7, red line), because the data points include
the ket value with a small ΔGet value (note that ΔG⧧ = λ/4
when ΔGet = 0). The validity of the small λ value was
confirmed by an independent determination of the λ value
with use of EPR line width alternation (vide inf ra). The λ value
of 0.26 eV is much smaller than those determined in the ET
reduction of synthetic metal(IV)−oxo complexes (e.g., 2.37−
2.74 eV), which is the metal-centered reduction of metal(IV)−

Figure 6. (a) Transient absorption spectral changes observed in
electron transfer from 1-Sc (0.010 mM) to the triplet excited state of
DDQ (3DDQ*; 0.10 mM) after laser excitation at 355 nm in
deaerated CH3CN at 25 °C to produce 2-Sc (λmax = 615 nm) and
DDQ•− (λmax = 590 nm). (b) Transient absorption spectral changes
observed in the reaction of 2-Sc and [FeII(5-Cl-phen)3]

2+ (50 μM) at
25 °C. 2-Sc was produced in situ by an electron transfer from 1-Sc
(0.010 mM) to the triplet excited state of DDQ (3DDQ*) after laser
excitation at 355 nm of a CH3CN solution of DDQ (0.10 mM). The
inset shows the time profile of absorbance monitored at 615 nm due
to 2-Sc.

Table 1. One-Electron-Oxidation Potentials (Eox) of One-
Electron Donors and para-Substituted Thioanisoles and
Rate Constants (ket) of Electron Transfer from One-
Electron Donors to 2-Sc and Sulfoxidation of para-
Substituted Thioanisoles by 2-Sc in CH3CN at 25 °C

one-electron donor Eox vs SCE, V k2, 10
10 M−1 s−1 −ΔGet

[FeII(Ph2-phen)3]
2+ 1.02 1.6(1) 0.20

[FeII(phen)3]
2+ 1.07 1.3(1) 0.15

[FeII(5-Cl-phen)3]
2+ 1.17 1.0(1) 0.05
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oxo species.8−10 It should be noted that the λ value of 0.26 eV
is even much smaller than those of the ET reduction of Cpd I
model complexes (e.g. ∼1.2−1.4 eV), which occurs at the
porphyrin ligand center rather than the iron center.7 The small
λ value of ET reduction of 2-Sc may be rationalized by the
combination of the small λ values of the TAML cation radical
ligand-centered ET and the metal-centered reduction of a
Cr(V)−oxo complex due to the dπ character of the LUMO, in
contrast to the dσ character of the LUMO of Fe(IV)−oxo
complexes.8c,11a,17 Thus, any contribution of the metal-
centered reduction to the ligand-centered reduction of
metal−oxo complexes results in a much smaller λ value of 2-
Sc, in comparison to the Cpd I models.7 To the best of our
knowledge, the present study reports the smallest reorganiza-
tion energy in the ET reduction of high-valent metal−oxo
complexes in heme and non-heme systems investigated so far.
Electron Self-Exchange between 1-Sc and 2-Sc. The

rate constant of electron self-exchange reaction between 1-Sc
and 2-Sc (eq 3) was determined by exchange broadening of
EPR lines (vide infra).11b

‐ + ‐ → ‐ + ‐1 2 2 1Sc Sc Sc Sc (3)

EPR spectrum of 1-Sc in CH3CN was recorded at −30 °C
(Figure 8a, black line). The hyperfine splitting constant (aCr)
and the maximum slope line width (ΔHmsl) were determined
by simulating the EPR spectrum (Figure 8a, red line). The
ΔHmsl value of 1-Sc in the absence of 2-Sc was smaller than
that in the presence of 2-Sc, which was produced by the one-
electron oxidation of 1-Sc by CAN (Figure 8b). The ΔHmsl
value increased linearly with an increase in concentration of
CAN (Figure 8c). Such line width variations of the EPR
spectra can be applied to determine the rate constants of the
electron self-exchange reactions between 1-Sc and 2-Sc using
eq 4

= × Δ − Δ ° − [ ]k H H P(1.57 10 )( )/(1 ) CANex
7

msl msl i
(4)

where ΔHmsl and ΔH°msl are the maximum slope line width of
the EPR spectra in the presence and absence of 2-Sc,
respectively, and Pi (∼0) is a statistical factor.27−29 The kex
value was determined to be 9.8 × 109 M−1 s−1 from the slope
of the linear correlation between ΔHmsl and [CAN] (Figure
8c). The reorganization energy (λ = 0.26 eV) of the electron

self-exchange reaction was then obtained from the kex value
using eq 5

λ− = [ ]− − −k k Z k Texp /(4 )ex
1

diff
1 1

B (5)

where kdiff is the diffusion rate constant in CH3CN (2 × 1010

M−1 s−1), agreeing well with the value shown in Figure 7. The
delocalization of electrons in the TAML4− ligand in 1-Sc may
result in a small structural change upon the electron-transfer
oxidation, leading to the small reorganization energy of the
electron-self-exchange between 1-Sc and 2-Sc. The reorganiza-
tion energy of self-exchange between 1 and 2 may be smaller
than that between 1-Sc and 2-Sc. Without binding of Sc3+,
however, 2 was very unstable and we were not able to study
the ET reactivity. The instability of 2 without binding of Sc3+

Figure 7. Driving force (−ΔGet) dependence of the logarithm of the
rate constants (log ket) of ET from one-electron donors ((1) [FeII(5-
Cl-phen)3]

2+, (2) [FeII(phen)3]
2+, and (3) [FeII(Ph2-phen)3]

2+) to 2-
Sc (red circles) in CH3CN at 25 °C.

Figure 8. (a) Observed (black line) and simulated (red line) EPR
spectra of 1-Sc (0.20 mM) in CH3CN at −30 °C (g = 1.9818, aCr =
0.274 mT, ΔHmsl = 0.215 mT). (b) Observed (black line) and
simulated (red line) EPR spectra of 1-Sc(OTf)3 (40 μM) with 2-Sc
(160 μM) in CH3CN at −30 °C (g = 1.9818, aCr = 0.274 mT, ΔHmsl
= 0.225 mT). (c) Plot of ΔHmsl of EPR spectrum of 1-Sc vs
concentration of CAN, which is the same as the concentration of 2-Sc.
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has precluded the determination of the one-electron-reduction
potential, which can be compared with that of 2-Sc to
determine the change in the binding constants of Sc3+ between
1-Sc and 2-Sc.
Sulfoxidation of Thioanisole by 2-Sc. The reactivity of

2-Sc in the OAT reactions (i.e., sulfoxidation of para-
substituted thioanisole derivatives bearing an electron-with-
drawing substituent such as para-CN-thioanisole) was
investigated in CH3CN at −40 °C; these substrates are less
reactive, and the reactions were followed using a stopped-flow
spectrophotometer. It should be noted that the OAT rates with
thioanisole and para-substituted thioanisole derivatives bearing
electron-donating substituent such as para-MeO-thioanisole
and para-Me-thioanisole were too fast to follow using a
stopped-flow technique even at −40 °C.30−38 Upon addition of
para-CN-thioanisole (1.0 mM) to an CH3CN solution of 2-Sc
at −40 °C, the absorption band at 615 nm due to 2-Sc
decreased with a first-order kinetics profile, giving a first-order
rate constant (kobs) of 2.8 s−1 (Figure S11 in the Supporting
Information). The kobs value was in proportion to the para-
CN-thioanisole concentration to give a second-order rate
constant (k2) of [2.8(2)] × 103 M−1 s−1 at −40 °C. Similarly,
the second-order rate constants were determined for other
para-substituted thioanisole derivatives, such as para-NO2-
thioanisole, para-Br-thioanisole, and para-Cl-thioanisole
(Table 2; Figure S12 in the Supporting Information).39,40

When logarithms of the second-order rate constants (log k2)
were plotted against the oxidation potentials (Eox) of
substrates, a good linear correlation was observed with a
slope of −9.6 (Figure 9a). In addition, a ρ value of −4.3 was
obtained from the Hammett plot of log k2 against σp

+ (Figure
9b). These results demonstrate the electrophilic character of 2-
Sc, as seen in the oxidation of thioanisole derivatives by high-
valent metal−oxo complexes.4,8,10 In the oxidation of
thioanisole by 2-Sc, product analysis revealed that methyl
phenyl sulfoxide (PhS(O)Me) was produced as the sole
product with 85(5)% yield on the basis of the amount of 2-Sc
(Figure S13 in the Supporting Information). We also found the
formation of [CrV(O)(TAML)]− as the decay product of 2-Sc
(Figure S14 in the Supporting Information). The formation of
[CrV(O)(TAML)]− was probably due to the fast oxidation of
[CrIII(TAML)]− by O2. 2-Sc shows a moderate reactivity in
the sulfoxidation reactions, whereas 1 and 1-Sc are inactive in
the sulfoxidation of thioanisole derivatives (Figure S15a,c in
the Supporting Information).
The catalytic performance of 2-Sc was examined in the

sulfoxidation of para-NO2-thioanisole by [RuIII(bpy)3]
3+.

[RuII(bpy)3]
2+ was formed with a much faster rate in the

catalytic sulfoxidation reaction of para-NO2-thioanisole with
[RuIII(bpy)3]

3+ in the presence of 2-Sc in comparison with that

of the control reaction of para-NO2-thioanisole with
[RuIII(bpy)3]

3+ in the absence of 2-Sc (Figure S16 in the
Supporting Information). The initial rate of the formation of
[RuII(bpy)3]

2+ increased with an increase in the concentration
of para-NO2-thioanisole (Figure S17b in the Supporting
Information). In such a case, the initial rate of formation of
[RuII(bpy)3]

2+ is given by eq 6

[[ ] ]

= − [ ‐ ]
= [ ‐ ][ ‐ ‐ ]

+ t

t

k para

2

2

d Ru (bpy) /d

2d Sc /d

2 Sc NO thioanisole

II
3
2

ox 2 (6)

where the initial rate of the production of [RuII(bpy)3]
2+ is

twice the decay rate of 2-Sc, since 2 equiv of [RuIII(bpy)3]
3+ is

required to regenerate 2-Sc from the two-electron-reduced
product of 2-Sc in the sulfoxidation reaction and kox is the
second-order rate constant of the sulfoxidation reaction of
para-NO2-thioanisole by 2-Sc. The 2kox value was determined
to be [4.5(2)] × 102 M−1 s−1 from the slope of a plot of the
initial rate of formation of [RuII(bpy)3]

2+ vs the concentration
of para-NO2-thioanisole and the concentration of 2-Sc (10
μM) (Figure S17c in the Supporting Information). The kox
value (2.3 × 102 M−1 s−1) obtained from the 2kox value agreed
well with that determined for the sulfoxidation of para-NO2-
thioanisole by 2-Sc (Table 2 and Figure S12 in the Supporting
Information). The turnover number (TON) for the catalytic
sulfoxidation reaction was 28 ± 2 on the basis of 2-Sc (Figure
S18a in the Supporting Information).

C−H Bond Activation of Alkyl Hydrocarbons by 2-Sc.
The reactivity of {[CrV(O)(TAML•+)]-Sc3+}3+ (2-Sc) was also
investigated in C−H bond activation reactions. The C−H
bond activation reactions by 2-Sc were carried out with
substrates having a weak C−H bond dissociation energy
(BDE), such as xanthene (75.5 kcal mol−1), 9,10-dihydroan-
thracene (DHA) (77.0 kcal mol−1), 1,4-cyclohexadiene

Table 2. One-Electron-Oxidation Potentials (Eox) and
Hammett Parameters (σp

+) of para-X-Substituted
Thioanisoles and Second-Order Rate Constants (k2) of
Sulfoxidation of para-X-Substituted Thioanisoles by 2-Sc in
CH3CN at −40 °C

para-X Eox vs SCE, V σP
+ k2, M

−1 s−1

Cl 1.37 0.11 3.1(3) × 105

Br 1.41 0.15 2.2(2) × 105

CN 1.61 0.66 2.8(2) × 103

NO2 1.70 0.79 2.2(2) × 102

Figure 9. Plots of log k2 against (a) one-electron-oxidation potentials
(Eox vs SCE) and (b) Hammett parameters (σp

+) of para-X-
substituted thioanisoles (X = Cl, Br, CN, NO2) for the sulfoxidation
of thioanisoles by 2-Sc in CH3CN at −40 °C.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.1c00079
ACS Catal. 2021, 11, 2889−2901

2895

http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00079/suppl_file/cs1c00079_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00079?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00079?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00079?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00079?fig=fig9&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.1c00079?ref=pdf


(CHD) (78.0 kcal mol−1), and fluorene (80.0 kcal mol−1),41 in
CH3CN at −40 °C. Upon addition of xanthene (1.0 mM) to
an CH3CN solution of 2-Sc (0.10 mM) at −40 °C, the
absorption band at 615 nm due to 2-Sc decreased to give a
first-order rate constant (kobs) of 6.5 × 10−1 s−1, which was
measured by the stopped-flow technique (Figure S19 in the
Supporting Information); it is noted that 1 and 1-Sc did not
react with these substrates under the reaction conditions. The
kobs value was in proportion to the xanthene concentration to
give a second-order rate constant (k2) of 6.6 × 102 M−1 s−1 in
CH3CN at −40 °C (Figure S20a in the Supporting
Information). The k2′ values, which are calculated by dividing
the k2 value by the number of equivalent target C−H bonds of
substrates, decrease with an increase in the C−H BDE values
of the substrate, exhibiting a good linear correlation between
the rate constants and the BDE values of the substrates (Figure
10a). In addition, a kinetic isotope effect (KIE) value of 5.1

was obtained in the oxidation of xanthene-h2 and xanthene-d2
in CH3CN at −40 °C (Figure 10b). The large KIE value and
the good linear correlation between the k2′ values and the C−
H BDE values of substrates indicate that the C−H bond
activation reaction occurs via an H atom abstraction process,
which is the rate-determining step. A product analysis of the
xanthene oxidation by 2-Sc revealed the formation of xanthone

as a major product (∼80% yield) and [CrV(O)(TAML)]− as
the decay product of 2-Sc (Figure S21 in the Supporting
Information). In conclusion, while 1 and 1-Sc are inactive in H
atom abstraction reactions, 2-Sc shows a moderate reactivity in
the C−H bond activation reactions (Figure S15b,d in the
Supporting Information).11a,42

■ CONCLUSION

A formal Cr(VI)−oxo complex binding Sc3+ ion, {[CrV(O)-
(TAML•+)]-Sc3+}3+, was synthesized and characterized with
various spectroscopic techniques and DFT calculations,
affording a geometric structure with CrO triple-bond
character and the binding Sc3+ ion at the supporting TAML
ligand. The {[CrV(O)(TAML•+)]-Sc3+}3+ complex exhibits an
extremely high ET reactivity toward one-electron donors, such
as [FeII(phen)3]

2+, with a reorganization energy of ET of 0.26
eV, which is the smallest λ value ever reported in the ET
reactions of organic and inorganic oxidants, including high-
valent metal−oxo complexes. By comparison of the sluggish
reactivity of the precursors of the {[CrV(O)(TAML•+)]-
Sc3+}3+ complex, which are one less oxidized species and/or
no Sc3+ ion binding occurs, such as [CrV(O)(TAML)]− and
{[CrV(O)(TAML)]-Sc3+}2+, the present results demonstrate
how the oxidizing capability of high-valent metal−oxo species
can be enhanced dramatically by increasing the oxidation state
of the metal−oxo species and utilizing redox-inactive metal
ions in catalytic oxidation reactions.

■ EXPERIMENTAL SECTION

Materials. All chemicals, obtained from Aldrich Chemical
Co. and Tokyo Chemical Industry, were of the best available
purity and were used without further purification unless
otherwise indicated. Solvents were dried according to
published procedures and distilled under argon prior to
use.43 TAML-H4 (TAML4− = 3,4,8,9-tetrahydro-3,3,6,6,9-
hexamethyl-1H-1,4,8,11-benzotetraazocyclotridecane-2,5,7,10-
(6H,11H)-tetrone; tetraamido macrocyclic ligand) was pur-
chased from GreenOx Catalyst, Inc. (Pittsburgh, PA, USA).
The starting Cr(III) complex, Li[CrIII(TAML)], was prepared
according to the literature.20a The deuterated xanthene was
synthesized by a literature method.44 A purity of >99%
deuteration was confirmed by 1H NMR. H2

18O (95% 18O-
enriched) was supplied from Berry & Associates/ICON
Isotopes.

Instrumentation. UV−vis spectra were recorded on a
Hewlett-Packard 8453 diode array spectrophotometer equip-
ped with a UNISOKU Scientific Instruments USP-203A
Cryostat for low-temperature experiments or on a UNISOKU
RSP-601 stopped-flow spectrometer equipped with a MOS-
type highly sensitive photodiode array detector. Nanosecthe
ond time-resolved transient absorption measurements were
performed using an Nd:YAG laser as follows. A solution
mixture in a quartz cell (1.0 cm × 1.0 cm) was excited by a
Nd:YAG laser (Continuum SLII-10, 4−6 ns fwhm, λex = 355
nm, 80 mJ pulse−1, 10 Hz). The photodynamics were
monitored by continuous exposure to a xenon lamp for the
visible region and a halogen lamp for near-IR region as probe
lights and a photomultiplier tube (Hamamatsu 2949) as a
detector. The kinetic traces at appropriate wavelengths were
assembled from the time-resolved spectral data. EPR spectra
were recorded at 77 K with use of a JEOL X-band
spectrometer (JES-FA100). The g value was calibrated using

Figure 10. (a) Plot of log k2′ against C−H BDE of substrates in the
C−H bond activation reactions by 2-Sc in CH3CN at −40 °C. The k2
values were determined and adjusted for the reaction stoichiometry to
yield the k2′ values on the basis of the number of equivalent target C−
H bonds of substrates. (b) Plots of the pseudo-first-order rate
constants (kobs) against the concentrations of xanthene-h2 (black
circles) and xanthene-d2 (red circles) for the oxidation of xanthene-h2
and xanthene-d2 by 2-Sc in CH3CN at −40 °C.
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the Mn2+ marker. Cold spray ionization time-of-flight mass
(CSI-MS) spectra were collected on a JMS-T100CS (JEOL)
mass spectrometer equipped with a CSI source (typical
measurement conditions: needle voltage 2.2 kV, orifice 1
current 50−500 nA, orifice 1 voltage 0−20 V, ringlens voltage
10 V, ion source temperature 5 °C, and spray temperature −40
°C). Resonance Raman (rRaman) spectral data were collected
with a UniDRON (UniNanoTech, Korea) Microscope Raman
chamber with a 20× long working objective lens and SR500i-A
Raman spectrometer in combination with a DU420A-BU2
(ANDOR, UK) TE cooled CCD detector, cooled to −45 °C.
An excitation wavelength of 441.7 nm was provided by a He-
Cd laser (Kimmon Koha, IK5751I-G, Japan) with 20 mW
power at the sample point. The laser beam was focused using
an objective lens with a magnifying power of 10. The sample
solution in an NMR tube was put into a 150 mL large quartz
Dewar flasks (inner diameter 5.4 mm, outer diameter 10.5 mm,
CortecNet, France), the data acquisition time was normally 10
s, and the data were accumulated for 12 times. Electrochemical
measurements were performed on a CHI630B electrochemical
analyzer in a deaerated CH3CN solution containing 0.10 M n-
Bu4NPF6 (TBAPF6) as the supporting electrolyte at 298 K. A
conventional three-electrode cell was used with a platinum
working electrode (surface area of 0.3 mm2), a platinum wire
as a counter electrode, and an Ag/AgNO3 (0.010 M) electrode
as a reference electrode. The platinum working electrode was
routinely polished with a BAS polishing alumina suspension
and rinsed with CH3CN before use. The measured potentials
were recorded with respect to an Ag/Ag+ reference electrode.
All potentials (vs Ag/Ag+) were converted to values vs SCE by
adding 0.29 V.45 1H NMR spectra were measured with a
Bruker digital AVANCE III 400 FT-NMR spectrometer.
Synthesis of 1, 1-Sc, and 2-Sc. The chromium(V)−oxo

complex [CrV(O)(TAML)]− (1) was generated by O2
activation with the chromium(III) complex [CrIII(TAML)]−.20

First, the Li[CrIII(TAML)] complex was synthesized by the
reaction of CrII(Cl)2 (1.0 mmol) with a tetradentate TAML-
H4 ligand (200 mg; 0.50 mmol) and lithium bis-
(trimethylsilyl)amide solution (2.7 mL, 1.0 M in THF)
under an Ar atmosphere in THF at 25 °C.20a When the
reaction solution was stirred for 30 min in the presence of O2,
a dark brown solution was formed that was stirred overnight at
ambient temperature. The resulting brown solution was
filtered, and the filtrate was evaporated to remove the solvent.
The cation exchange from Li+ ion to PPh4

+ ion was performed
by adding 10 equiv of PPh4Cl to a CH3CN/H2O (v/v 20/1)
solution of Li[CrV(O)(TAML)] in order to increase the
solubility of [CrV(O)(TAML)]− in CH3CN. The reaction
solution was filtered and used for further characterization
studies. Single crystals of (PPh4)[Cr

V(O)(TAML)] (1-PPh4)
were obtained by slow diffusion of dried Et2O into a
concentrated CH3CN solution of 1-PPh4 at −20 °C.
{[CrV(O)(TAML)]-Sc3+}2+ (1-Sc) was generated by

addition of 5 equiv of Sc(OTf)3 (OTf− = CF3SO3
−) to a

CH3CN solution of 1 at 25 °C. {[CrV(O)(TAML•+)]-Sc3+}3+

(2-Sc) was generated by reacting 1-Sc with a one-electron
oxidant, such as [RuIII(bpy)3]

3+ and cerium(IV) ammonium
nitrate (CAN), in CH3CN at −40 °C. Typically, the one-
electron oxidant [RuIII(bpy)3]

3+ (Ered vs SCE = 1.24 V) was
added to a CH3CN solution of 1-Sc (i.e., [CrV(O)(TAML)]−

(1) in the presence of Sc3+ ion) at −40 °C, resulting in an
immediate color change from brown to dark green due to the

formation of the one-electron-oxidized species of 1-Sc (i.e., 2-
Sc).
For the complex [CrV(18O)(TAML)]− (1-18O), 18O2 gas

was applied to a THF solution of the [CrIII(TAML)]− complex
and the mixture was stirred for 12 h at 25 °C. 1-Sc-18O and 2-
Sc-18O were generated by use of 1-18O according to the
procedures described above.

EXAFS Measurements. X-ray absorption spectra were
collected at the Advanced Photon Source (APS) at Argonne
National Laboratory on bending magnet beamline 20. The
radiation was monochromatized by a Si(110) crystal
monochromator. The intensity of the X-rays was monitored
by three ion chambers (I0, I1, and I2) filled with 20% nitrogen
and 80% helium and placed before the sample (I0) and after
the sample (I1 and I2). Cr foil was placed between I1 and I2,
and its absorption was recorded with each scan for energy
calibration. Plastic (Lexan) EXAFS sample holders (inner
dimensions of 12 mm × 2 mm × 3 mm) filled with frozen
solutions were inserted into a cryostat precooled to 20 K. The
samples were kept at 20 K under a He atmosphere at ambient
pressure. Data were recorded as fluorescence excitation spectra
using a 13-element Ge energy-resolving detector. In order to
reduce the risk of sample damage by X-rays, a defocused mode
(beam size 1 × 2 mm) was used and no damage was observed.
The shutter was synchronized with the scan software,
preventing exposure to X-rays between scans and during
spectrometer movements.

EXAFS Data Analysis. Athena software was used for data
processing.46 The energy scale for each scan was normalized
using Cr foil, and scans for same samples were added. Data in
energy space were pre-edge corrected, normalized, and
background corrected. The processed data were converted to
the photoelectron wave vector (k) space and weighted by k3.
The electron wavenumber is defined as in eq 7

= [{ − } ℏ ]k m E E2 ( ) /0
2 1/2

(7)

where E0 is the threshold energy. k-space data were truncated
near zero crossings and Fourier-transformed into R-space.
Artemis software was used for curve fitting. In order to fit the
data, the Fourier peaks were isolated separately or the entire
experimental spectrum was fitted. The individual Fourier peaks
were isolated by applying a Hanning window. Curve fitting was
performed using ab initio calculated phases and amplitudes
from the FEFF8 program from the University of Washington.
Ab initio calculated phases and amplitudes were used in the
EXAFS equation (eq 8)47
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where Nj is the number of atoms in the jth shell, Rj is the
distance between the absorbing atoms and the atoms in the jth

shell; feff,j is the ab initio amplitude function for j, and e−2σj
2k2 is

the Debye−Waller factor for shell j accounting for damping
due to thermal and static disorder in the shell. The mean free
path term (e−2Rj/λj(k)) accounts for losses due to inelastic
scattering. The oscillations in the EXAFS spectrum are
reflected in the sin(2kRj + φij(k)) term, where φij(k) is the
ab initio phase function for the shell j. S0 is an amplitude
reduction factor. The EXAFS equation was used to fit
experimental data using N, E0, R, and σ

2 as variable parameters,
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while S0 was kept fixed. The quality of the fit was evaluated by
the R factor: if the R factor was less than 2%, then the fit was
good enough. The reduced χ2 was used to justify the addition
of new absorber−backscatter shells.
X-ray Structural Analysis. Single crystals of 1-PPh4

suitable for X-ray crystallographic analysis were obtained by
slow diffusion of Et2O into a saturated CH3CN solution of 1-
PPh4. These crystals were taken from the solution by a nylon
loop (Hampton Research Co.) on a handmade copper plate
and mounted on a goniometer head in a N2 cryostream. The
diffraction data for 1-PPh4 were collected at 100 K on a Bruker
SMART AXS diffractometer equipped with a monochromator
in the Mo Kα (λ = 0.71073 Å) incident beam. The CCD data
were integrated and scaled using the Bruker-SAINT software
package, and the structure was solved and refined using
SHELXTL V 6.12.48 Hydrogen atoms were located in
calculated positions. The crystallographic data and selected
bond distances and angles for 1-PPh4 are given in Tables S2
and S3 in the Supporting Information. In addition, CCDC-
2005460 contains the supplementary crystallographic data for
this paper.
Kinetic Measurements and Product Analysis. Nano-

second laser-induced transient absorption measurements were
performed to examine the fast ET from the electron donors
([Fe I I (5 -Cl -phen)3]

2+ , [Fe I I (Ph2 -phen)3]
2+ , and

[FeII(phen)3]
2+) to 2-Sc. 2-Sc was generated in situ by ET

from 1-Sc to the triplet excited state of 2,3-dichloro-5,6-
dicyano-p-benzoquinone (3DDQ*), where the transient
absorption band due to DDQ•− (λmax = 590 nm) and the
absorption band due to 2-Sc (λmax = 615 nm) were observed
upon laser photoexcitation. Then electron transfer from the
one-electron donor to 2-Sc was monitored by the decay of
absorbance at 615 nm due to 2-Sc.
The sulfoxidation of para-substituted thioanisole derivatives

(i.e., para-Cl-thioanisole, para-Br-thioanisole, para-CN-thioa-
nisole, and para-NO2-thioanisole) by 2-Sc was also inves-
tigated using a stopped-flow spectrophotometer in CH3CN at
−40 °C. Upon addition of thioanisole derivatives to an
CH3CN solution of 2-Sc at −40 °C, the decay of the
absorption band at 615 nm due to 2-Sc was monitored to
determine the first-order rate constant (kobs). The second-
order rate constant (k2) was determined from the slope of a
linear plot of kobs vs concentration of a thioanisole derivative at
−40 °C.
Kinetic measurements were also performed on a Hewlett-

Packard 8453 photodiode-array spectrophotometer at −40 °C
for C−H bond activation reactions. Xanthene, 9,10-dihydroan-
thracene (DHA), 1,4-cyclohexadiene, fluorene, and deuterated
xanthene (xanthene-d2) were used as substrates in the C−H
bond activation reactions. Reactions were run in a 1.0 cm UV
cuvette, with monitoring of the UV−vis spectral changes of
reaction solutions. Rate constants were determined under
pseudo-first-order conditions (e.g. [substrate]/[2-Sc] > 10) by
fitting the absorbance changes at 615 nm due to 2-Sc.
Products formed in the C−H bond activation of xanthene by

2-Sc were analyzed by GC. Decane (1.0 mM) was used as an
internal standard. Xanthene (10 mM) was added directly to a
solution of 2-Sc (1.0 mM), and then the mixture was stirred for
30 min at −40 °C. Xanthone was obtained as a major product
with over 80% yield (based on the amount of 2-Sc generated).
Products formed in the oxygen transfer reaction from 2-Sc to
thioanisole were analyzed by HPLC. Thioanisole (10 mM) was
added directly to a solution of 2-Sc (1.0 mM), and then the

mixture was stirred for 30 min at −40 °C. Methyl phenyl
sulfoxide (PhS(O)Me) was obtained as the major product
with over 85% yield (based on the amount of 2-Sc generated).
The decay product of 2-Sc analyzed with UV−vis, ESI-MS, and
EPR spectroscopy was 1-Sc.

DFT Calculations. Density functional theory calculations
were carried out using the Gaussian 09 software program.49

The geometry optimization was performed at the B3LYP/def2-
SVP level.50,51 Frequency calculations on the optimized
geometries performed to confirm the nature of the stationary
points were carried out at the same level of theory used for
geometry optimization. Single-point energy evaluations were
also done using a triple-ζ basis set: i.e., def2-TZVPP.51 The
conductor-like polarizable continuum model (CPCM) with
UFF cavity,52 per G09 default, was used to include the solvent
(acetonitrile) effects in all of the calculations. Dispersion was
included using the DFT-D3 program.53
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