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ABSTRACT: Much enhanced acid catalysis was observed in oxygen
atom transfer (OAT) reactions by a mononuclear nonheme Cr(I1I)-
superoxo complex, [(C1)(TMC)Cr™(02)]* (1), in the presence of
triflic acid. In the acid-catalyzed reactions, the reactivity of 1 in OAT
of thioanisole was enhanced significantly, showing more than 10*-
fold acceleration in rate. Electron transfer (ET) from electron do-
nors to 1 also occurred only in the presence of HOTf. The enhanced
reactivity of 1 by HOTS was explained by proton-coupled electron
transfer (PCET) from electron donors, such as ferrocene, to 1 in
light of the Marcus theory of ET. The present study reports for the
first time the dramatic proton effect on the chemical properties of
metal-superoxo species.

Mononuclear nonheme metal-superoxo species have been in-
voked as key intermediates in various biological reactions, such as in
nonheme iron (e.g., isopenicillin 2V synthase, myo-inositol oxygen-
ase, and cysteine dioxygenase) and copper (e.g, dopamine 4
monooxygenase and peptidylglycine-a-amidating monooxygenase)
enzymes.' Many metal-superoxo complexes have been successfully
synthesized and characterized structurally and/or spectroscopically
in biomimetic studies, and their reactivities have been explored in
OAT and hydrogen atom transfer (HAT) reactions.”* In addition,
metal-superoxo complexes have been proposed as key intermediates
in superoxide reduction by biomimetic compounds of superoxide
dismutases.® However, chemical properties of the metal-superoxo
species have been less clearly understood and still remain elusive in
many aspects.

Acids play important roles in PCET reactions in biological redox
reactions, such as the four-electron reduction of dioxygen in respira-
tion and the four-electron oxidation of water in Photosystem I1.” The
reactivity of high-valent metal-oxo complexes in OAT, HAT, and ET
reactions is also markedly influenced by addition of external pro-
tons.** However, such a proton effect has never been explored in
metal-superoxo species. As our ongoing efforts in elucidating the
chemical properties of metal-superoxo species and the proton effect
on the reactivity of metal-oxygen intermediates, we have investi-
gated the proton effect in oxidation reactions by metal-superoxo spe-
cies. In this communication, we report a remarkable acid catalysis in
the sulfoxidation of thioanisoles by a mononuclear nonheme
Cr(III)-superoxo complex, [(Cl)(TMC)Cr™(0,)]* (1, TMC =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), with
CF;SO:H (HOTY). We also report that ET from electron donors to

1 occurs only with HOTf and that the PCET reaction of 1 was much
accelerated by protons. The mechanism of the acid-catalyzed sulfox-
idation of thioanisoles by 1 is clarified by comparison with PCET
from electron donors to 1. To the best of our knowledge, the present
study reports the first example showing a much enhanced acid catal-
ysis on the reactivity of metal-superoxo species in OAT and ET re-
actions via PCET.

The Cr(III)-superoxo complex (1) was prepared and character-
ized as reported previousy.* 1 was reported to react with thioanisole
slowly in acetonitrile (MeCN) at 263 K with the second-order rate
constant (k) of 5.2 x 10 M s71.** However, the sulfoxidation of
thioanisole by 1 has hardly occurred at a lower temperature (e.g,
233 K) (Figure 1a). Interestingly, upon addition of one equiv of
HOT{ to an MeCN solution containing 1 and thioanisole at 233 K,
the absorption bands at 550 and 675 nm due to 1 disappeared, ac-
companied by the formation of a Cr(IV)-oxo complex,
[(CD(TMC)Cr™(0)]* (2),* with the absorption bands at 605 nm
and 960 nm (Figure 1b). The decay of 1 obeyed the first-order ki-
netics, and the pseudo-first-order rate constant increased linearly
with increasing thioanisole concentration to give the second-order
rate constant (k) of 3.5(3) M s at 233 K (Figure S1). Although
the oxidation of thioanisole by 1 occurred extremely slowly without
HOTf at 233 K (vide supra), the kxvalue was determined to be 3.6
x 10 M s at 233 K, using large concentrations of thioanisole
(Figure S2). The kxvalue of 1 toward thioanisole was 10*fold larger
with HOTTf at 233 K. Product analysis of the reaction solution re-
vealed formation of PhS(O)Me quantitatively (SI, Experimental
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Figure 1. UV-visible spectral changes observed in the sulfoxidation of thioan-
isole (10 mM) by 1 (1.0 mM) in the (a) absence and (b) presence of HOTf
(1.0 mM) in MeCN at 233 K. The insets show the time profile at 550 nm to
monitor the decay of 1.

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

Section). In addition, the oxygen source in PhS(O)Me and 2 was
confirmed to be 1 by performing '*O-labeled experiments with
[(C)(TMC)Cr™(**0,)]*, in which 'O was found in the
PhS(**O)Me and [(Cl)(TMC)Cr"V(*0)]* products (Figures S3
and $4) (eq 1). It should be noted that HOTf acts as an efficient cat-

@SMe +[(CTMC)CI(O)I" o
®-§—Me +[(CTMC)CIVO)* (1)

(0]

alyst without being consumed in eq 1. It should be also noted that
the absorption spectrum of 1 remained the same upon addition of
HOTTY (Figure SS), indicating that no protonation on the superoxo
moiety in 1 occurs by HOTE."

As shown in Figure 2 (see also Table S1), the k& value increased
with increasing [HOTTf], being proportional to [HOT]* (eq 2).

ko= l[HOT{] (2)
The ko values of para-substituted thioanisoles (X = MeO, Me, H,Cl,

and Br) were determined as listed in Table S2 (see also Figures S6
and S7).

The much enhancement of the reactivity of 1 was also observed in
ET from electron donors to 1 with HOTf. No ET from
[Fe"(bpy)s]** (Box=1.06 Vvs SCE) to 1 occurred without HOTT, as
expected from Fea of 1 (—0.52Vvs SCE)." In the presence of HOTT,
however, PCET from [Fe"(bpy)s]** to 1 occurred to produce
[Fe"(bpy)s]** and [(Cl)(TMC)Cr"(H.0.)]** (3), which is in
equilibrium (eq 3; Figure S8),"as indicated by the redox titrations

Ke
[Fe(bpy)l2* + [(C)(TMC)CrI(O,)]* + 2H* <=
[Fe(bpy)sI* + [(CH(TMC)Cr!(H,02)1>*  (3)

in Figure 3, where [[Fe"(bpy)s]*"] decreased with increasing
[HOT(] (Figure S9). The ET equilibrium constants (K) in eq 3
were determined by global fitting of plots in Figure 3, where K =
K.°[H*]%. The E.a values of 1 at various concentrations of HOTf
(Figure 3, inset) were also determined from the Kz values (Table S3)
and the B value of [Fe"(bpy)s]** using the Nernst equation (eq 4).*

Eeca= B+ (2.3RT/ F)logKu (4)

The dependence of Ee.a of 1 on [H'] is given by the Nernst equa-
tion (eq S; see SI for the derivation of eq 5).°

EBea= Ewea+ (2.3RT/ F)log(1 + Keea[H']?) (5)
where Kea is the equilibrium constant of the diprotonation in 3. A
plot of E.avs log([HOT(]) is shown in Figure 3 (inset), exhibiting a

linear correlation with a slope of 93 mV/log([HOT(]), which indi-
cates that the ET reduction of 1 is accompanied by binding of two
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Figure 2. Dependence of 4 on [HOT] for the sulfoxidation of para-MeO-
thioanisole (0.50 mM) by 1 (0.50 mM) with HOTf (0-3.0 mM) at 233 K.
Inset shows plot of & vs [HOTf]%

H* jons in 3, agreeing with 2 x (2.3RT/F) at 233 K = 93
mV/log([HOTf]) (eq S). The Eea value of 1 is positively shifted
from -0.52 V vs SCE without HOTf to 1.12 V vs SCE with HOTf
(2.5 mM), because the ET reduction of 1 occurs at the ligand center
to produce 3" in which two protons are bound.

The diprotonation in 3 in the presence of HOTf s also supported
by the kinetic measurements (vide infra). The PCET rate constants
from [Fe"(bpy)s]** to 1 were determined by monitoring the de-
crease in absorbance at 520 nm due to [Fe"(bpy):]** (Table S4 and
Figure S10). The second-order rate constants (&) increased with
increasing [HOTT], being proportional to [HOTf]* (Table SS and
Figure S11), as observed in the sulfoxidation of para-MeO-thioan-
isole by 1 with HOTf (eq 2; Figure 2).

Rate constants of ET from ferrocene derivatives to 1 were also de-
termined (Table S4 and Figures S12 and $13). From the spectral ti-
tration experiments, the ET stoichiometry was established as given
by eq 3, where ET from Fc to 1 occurs with the 1:1 stoichiometry
and two protons are required for the PCET reaction (Figure S14).
The formation of Cr'™-species was confirmed with cold-spray ioniza-
tion mass spectrometer and EPR (Figure S15). The yield of 3 was
determined to be 86(5)% by the iodometric titration (Figure S16).

The deuterium kinetic isotope effect (KIE) was also examined by
comparing the k. value of ET from 1,1-dibromoferrocene to 1 with
HOTf (2.5 mM) and that with DOTf (2.5 mM) (Figure S17). The
KIE value observed for the PCET reaction was 0.85. Such an inverse
KIE in the PCET reaction with HOTfvs DOTf was also reported for
PCET from toluene to an iron(IV)-oxo complex with HOTf vs
DOTH, showing sharp contrast to the large KIE (31) in concerted
PCET from toluene and toluene-c to an iron(IV)-oxo complex
without acid.”

The rate constants (%) of ET from the one-electron donors to 1
are also evaluated in light of the Marcus theory of adiabatic ET as
given by eq 6,

]Qt=ZEXp[—()L/4)(1 +AG/)L)Z/](BT] (6)
where Z is the frequency factor that is taken as 10" M™ s, (=
ks TK/ h; ks is the Boltzmann constant, 7'is the absolute temperature,
Kis the formation constant of the precursor complex, and 4 is the
Planck constant), AGe is the ET free energy change, and 4 is the ET
reorganization energy.'* The driving force dependence of ke is
shown in Figure 4, where log &« values of ET from electron donors
to 1 with HOTf (2.5 mM) at 233 K are plotted against the driving
force (-AG.:) of PCET. The -A G values were determined from Eix
of electron donors and E. of 1 with HOTT, as given by eq 7,
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Figure 3. Spectroscopic redox titrations at 520 nm for the decrease in
[[Fe"(bpy)s]**] as a function of the initial concentration of 1 added to an
MeCN solution of [Fe"(bpy)s]** and HOTf (blue circles, 1.5 mM; black cir-
cles, 2.5 mM; red circles, 3.0 mM) at 233 K. Inset shows the dependence of
Eeaof 1 onlog([HOTH]).
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~AGu= e(Fuea — Ew) (7)

where e is the elementary charge. The -A G dependence of k. of
PCET from ferrocene derivatives to 1 with HOTf (2.5 mM) is well
fitted by using the Marcus equation (eq 6) with the best fit 1value of
2.32 eV, whereas the kvalues of PCET from [Fe"Ls]* to 1 are fitted
using the somewhat smaller A value of 1.93 eV due to the smaller re-
organization energy of the electron-self exchange between [Fe"L]*
and [Fe™L]*, as compared with that between Fc and Fc*.”*

The plot of log k. for the acid-catalyzed sulfoxidation of thioan-
isole derivatives by 1 with HOTf (2.5 mM) at 233 K vs —~A G is also
fitted by using eq 6 with the significantly smaller A value of 1.30 eV
(redline in Figure 4). The much larger 4 values than those expected
from outer-sphere ET may result from the much larger K values of
the precursor complexes, because the stronger interaction of 1 is ex-
pected with organic substrates as compared with that of [Fe"Ls]**
(vide infra)."*

The dependence of & of the oxidation of thioanisole (S) by 1 with
HOTf (1.0 and 2.5 mM) on [S] at 233 K exhibits a saturation behav-
ior (Figure S18), as expressed by eq 8, resulting from the formation
of the precursor complex (K) prior to ET (4er). The ker and Kvalues
are obtained from the intercept and the slope of the linear plot of &
Yvs [S] (eq 8).

k™ =(kerK)'[S] + ker ! (8)

The average Kvalue in Figure S18 is determined to be 76(4) M,
which is much larger than the value (0.021 M at 233 K) normally
used for outer-sphere ET. The difference in the log Kvalues between
thioanisole and [Fe"Ls]** is 3.5, which agrees with the observed dif-
ference (3.5) between the log & value of thioanisole (no. 11, red line)
and the log 4. value (blue line) in Figure 4. Such an agreement indi-
cates that the acid-catalyzed sulfoxidation of thioanisole by 1 pro-
ceeds via rate-determining PCET from thioanisole to 1 through the
precursor complex with [(C1)(TMC)Cr™(02)]*-(H"),,'® followed
by the O-O bond cleavage by thioanisole radical cation to produce
the sulfoxide and the Cr"V(O) complex via the O™~ transfer and re-
leasing two protons (Scheme 1). The ET reactivity of 1 binding two
protons is much enhanced in the rate-determining step. In addition,
no protons are consumed or produced in the overall reaction.
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Figure 4. The —A Gt dependence of log k. or log kox of PCET from fer-
rocene derivatives [(1) 1,1’-dimethylferrocene, (2) ferrocene, (3) bro-
moferrocene, (4) 1,1-dibromoferrocene], [Fe"Ls]** complexes [(5)
[Fe(Mesbpy)s]*, (6) [Fe"(Phaphen)s]*, (7) [Fe"(bpy)s]*", (8)
[Fe'(phen)s]*] and thioanisole derivatives [(9) para-MeO-thioan-
isole, (10) para-Me-thioanisole, (11) thioanisole, (12) para-Cl-thioan-
isole, (13) para-Br-thioanisole] to 1 with HOTf (2.5 mM) at 233 K. The
red, blue, and black lines are Marcus lines calculated with A values of
1.30,1.93, and 2.32 eV, respectively.

Scheme 1. Proposed Mechanism of the Acid-Catalyzed Sulfoxida-
tion of p-Methoxythioanisole by 1

[(CnTMO)Cr ()" (1)
+2H* H— 2H+

MeO@SMe + [(CN(TMC)CH(O)]*-(H),
w
MeO@SMe [(CI)(TMC)Cr'”(Oz)]*-(H")z]

ket lPCET

MeOSMe [(CI)(TMC)Cr'"(H202)]2+‘

lO" transfer

MeoO§-Me +[CTMC)CHV(O)I* (2) + 2H*

o)

In conclusion, a remarkable acid catalysis was observed in the sul-
foxidation of thioanisole by a Cr(III)-superoxo complex (1) with
HOTHY, which proceeds through the rate-determining PCET from
thioanisoles to 1. The driving force dependence of 4. of PCET from
electron donors to 1 with HOTf was well evaluated in light of the
Marcus theory of ET, providing valuable insights into the acid catal-
ysis in the oxidation of substrates by metal-superoxo species through
PCET.
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