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ARTICLE INFO ABSTRACT

Keywords: Visible light irradiation of photo-labile porphyrin-manganese(III) chlorates or bromates (2) produced manganese
Manganese-oxo (IV)-oxo porphyrins [Mn"(Por)(O)] (Por = porphyrin) (3) in three porphyrin ligands. The same oxo species 3
Porphyrin were also formed by chemical oxidation of the corresponding manganese(Ill) precursors (1) with iodobenzene
Is(‘illlifiiso"idaﬁ”“ diacetate, i.e. PhI(OAc),. The systems under study include 5,10,15,20-tetra(pentafluorophenyl)porphyr-

in-manganese(IV)-oxo (3a), 5,10,15,20-tetra(2,6-difluorophenyl)porphyrin-manganese(IV)-oxo (3b), and
5,10,15,20-tetramesitylporphyrin-manganese(IV)-oxo (3c). As expected, complexes 3 reacted with thioanisoles
to produce the corresponding sulfoxides and over-oxidized sulfones. The kinetics of oxygen atom transfer (OAT)
reactions of these generated 3 with aryl sulfides were studied in CH3CN solutions. Second-order rate constants
for sulfide oxidation reactions are comparable to those of alkene epoxidations and activated C—H bond oxida-
tions by the same oxo species 3. For a given substrate, the reactivity order for the manganese(IV)-oxo species was
3a > 3b > 3c, consistent with expectations on the basis of the electron-withdrawing capacity of the porphyrin
macrocycles. Free-energy Hammett analyses gave near-linear correlations with o values, indicating no sig-
nificant positive charge developed at the sulfur during the oxidation process. The mechanistic results strongly
suggest [Mn'V(Por)(0)] reacts as a direct OAT agent towards sulfide substrates through a manganese(lI) inter-
mediate that was detected in this work. However, an alternative pathway that involves a disproportionation of 3
to form a higher oxidized manganese(V)-oxo species may be significant when less reactive substrates are present.
The competition product studies with the Hammett correlation plot confirmed that the observed manganese(IV)-
oxo species is not the true oxidant for the sulfide oxidations catalyzed by manganese(IIl) porphyrins with PhI
(OAcC),.

Visible light

1. Introduction

Catalytic oxidation is one of most important processes conducted
daily on a large scale for the production of valuable chemicals, re-
mediation of pollutants, and the production of energy [1-3]. In natural
and synthetic oxidation catalysts, high-valent transition metal-oxo
transients are typically involved as the oxygen atom transfer (OAT)
intermediates. [4-6] In cytochrome P450 enzymes and heme-con-
taining peroxidase and catalase enzymes, for example, the high-valent
iron(IV)-oxo porphyrin radical cations, biologically termed compound
I, are the primary oxidant [7,8]. The one-electron reduced form por-
phyrin-iron(IV)-oxo intermediates, commonly called compound II, also
act as reactive species, [9,10] in particular in one electron-transfer
oxidation reactions such as C—H activation and hydride-transfer

reactions. [11]

In this context, extensive efforts have been directed to metallopor-
phyrins as P450s models, and a variety of active metal-oxo species were
produced and characterized to elucidate the oxidation mechanisms.
[4,12] In particular, manganese-oxo intermediates are among the more
reactive oxidizing transition metal derivatives. Nature uses Mn-oxo
species in the production of oxygen in photosystem II in plants. [13] A
variety of manganese-oxo species are employed catalytically in applied
syntheses [14-19] in which highly reactive porphyrin-manganese(V)-
oxo derivatives [20-25] are proposed intermediates in catalytic pro-
cesses. In addition to these manganese(V) porphyrins, unusual trans-
dioxomanganese(V) porphyrins were also synthesized and character-
ized, which showed pH-dependent reactivities towards typical sub-
strates. [26] The one-electron reduced manganese(IV)-oxo porphyrins
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have also been prepared and characterized by their unique UV-vis
absorption spectra and other spectroscopic methods including electron
paramagnetic resonance (EPR), infrared (IR), and resonance Raman
spectroscopies. [27-31] However, the well-characterized manganese
(IV)-oxo derivatives are less investigated in view of their low reactivity,
and unlikely serve as major oxidant in the catalytic oxidations. Very
recently, unusually high reactivities of manganese(IV)-oxo porphyrins
were reported in the C—H bond activation of hydrocarbons to afford the
halogenated products. [32] Of note, kinetic studies of the reactivity of
manganese(IV)-oxo derivatives are rather limited [33] particularly on
the oxidation of compounds with heteroatoms such as sulfides.

Our group has aimed at understanding the energetics of oxidation
reactions catalyzed by synthetic metalloporphyrins with a focus on
reactivity of the important high-valent metal-oxo intermediates. Our
particular interest in this area is to develop photochemical methods to
generate and study reactive metal-oxo species in their OAT reactions.
[34] Photochemical reactions are intrinsically advantageous because
activation is obtained by the absorption of a photon, which leaves no
residue; whereas most chemical methods involve the use of toxic and
polluting reagents. As a general strategy for the generation of reactive
species, the photochemical approach can provide much higher tem-
poral resolution than those of the fastest mixing experiments, which is
essential to detect the highly reactive transients. [34-36] For examples,
laser flash photolysis (LFP) techniques have been successfully in-
troduced for generation and kinetic studies of a variety of high-valent
transition metal-oxo species supported by porphyrin ligands.
[23,34-39] The photo-induced ligand cleavage and photo-dis-
proportionation reactions were able to generate the highly reactive
corrole-iron(V)-oxo intermediates that have not been detected before
by other methods. [40,41] By extension, we applied photo-induced li-
gand cleavage reactions to produce trans-dioxo-ruthenium(VI) por-
phyrins [42,43] as well as a putative ruthenium(V)-oxo species [44]
that was also found in a photo-disproportionation of the bis-porphyr-
in-ruthenium(IV) p-oxo dimer. [45] Recently, we reported visible light-
induced formation of iron(IV)-oxo porphyrin radical cations or iron(IV)-
oxo porphyrins, controlled by the electronic structure of porphyrin li-
gands. [46,47] We also discovered a new photo-generation of manga-
nese(V)-oxo corroles by visible light irradiation of photo-labile man-
ganese(IV) bromate or nitrite precursors. [48,49] In this work, we
describe our progress on photochemical generation of manganese(IV)-
oxo porphyrins in three systems that can also be formed by chemical
oxidations (Scheme 1). We report rate constants for the OAT reactions
of porphyrin-manganese(IV)-oxo species with thioanisoles in acetoni-
trile solutions. The kinetic and spectral studies provide mechanistic
insights as to the reaction pathways of the manganese(IV)-oxo

PhI(OAC,)

1 X=Cl
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intermediates in the sulfide oxidations.

2. Experimental
2.1. Materials and instruments

All commercial reagents were of the best available purity and were
used as supplied unless otherwise specified. Acetonitrile was obtained
from Sigma Aldrich (HPLC grade) and use as such. All organic sub-
strates for kinetic studies were passed through a flash chromatography
column of active alumina (Grade I) before use. The pyrrole for por-
phyrin synthesis was freshly distilled before use. 5,10,15,20-Tetrakis
(pentafluorophenyl)porphyrin free ligand, [H,(TPFPP)](a), 5,10,15,20-
tetrakis(2,6-difluororophenyl)porphyrin, H,(TDFPP)(b), and
5,10,15,20-tetramesitylporphyrin, Ho(TMP)(c), were prepared ac-
cording to known methods. [50] All manganese(III) chloride complexes
Mn"(Por)Cl (1a-c; Por = porphyrin) used in this work were prepared
by the literature-reported method [51] and characterized by UV-vis
and 'H NMR, matching those reported.

UV-vis spectra were conducted on an Agilent 8454 diode array
spectrometer using standard 1.0-cm quartz cuvettes. 'H NMR (Nuclear
Magnetic Resonance) was performed on a JEOL ECA-500 MHz spec-
trometer at 298 K with tetramethylsilane (TMS) as the internal stan-
dard. Visible light was produced from a SOLA SE II light engine
(Lumencor) configured with a liquid light guide (6-120 W). Kinetic
measurements were performed on a stopped-flowed rapid mixing
system (Applied Photophysics SX-20) using standard 1.0-cm quartz
cuvettes. Gas chromatography-mass spectrometry (GC-MS) analysis
were performed on an Agilent GC7820A/MS5977B, coupled with an
auto sample injector using an Agilent DB-5 or Scientific J &W capillary
columns. Electrospray ionization-mass spectroscopy (ESI-MS) data was
collected using an Agilent 500 LC-MS Ion Trap System.

2.2. General procedure for synthesis of manganese(IV)-oxo porphyrins

Axial ligand exchange of the porphyrin complexes Mn™(Por)Cl (1)
with excess of Ag(ClO3) or Ag(BrOs) in CH3CN or CH,Cl, gave the
corresponding chlorate or bromate complexes [Mn™(Por)(X03)]
(X = Cl or Br) (2), which were photo-labile and subsequently used for
photochemical reactions. The solution of 2 with concentration of ca.
1.0 X 107° M was irradiated with visible light from a SOLA engine
(output power 120 W) at ambient temperature. The formation of
manganese(IV)-oxo porphyrin (3) was complete in the range of 3to 5 s,
as monitored by UV-vis spectroscopy. The photo transformation is
characterized by a distinct UV-vis absorption changes, and

ArSMe
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Scheme 1. Photochemical and chemical generation of porphyrin-manganese(IV)-oxo derivatives and kinetics of their sulfide oxidations
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accompanied by the well-anchored isosbestic points. In each case, the
resulting species 3 display sharper, stronger, blue-shifted Soret bands
and Q bands that are characteristic for the corresponding porphyr-
in-manganese(IV)-oxo derivatives. Following our previous work, [52]
the same [Mn'V(Por)(0)] were also produced by chemical oxidation of
precursors 1 with PhI(OAc), (10 to 15 equiv.) as the sacrificial oxidant,
and the time-resolved absorption spectra exhibited same characteristic
features.

2.3. Stoichiometric sulfide oxidations

Solutions of 3 (20 pM) in CH5CN (5 mL) were prepared as above,
and the estimated yield of 3 determined by UV-vis spectroscopy
was > 95%. To these were added excess thioanisole such that the final
substrate concentration was 0.1 M. The mixtures were stirred for 5 to
10 min until the reaction was complete (monitored by UV-vis spec-
troscopy). The samples were filtered through an alumina column to
remove the porphyrin complex and analyzed by GC-MS with an in-
ternal standard (1, 2, 4-trichlorobenzene), which was shown to be
stable to the oxidation conditions in control reactions. Products in-
cluding sulfoxides and sulfones from the over oxidation were identified
by GC-MS. The yields of products were determined relative to standard
using predetermined response factors.

2.4. Kinetic studies of manganese(IV)-oxo porphyrins

Reactions of high-valent porphyrin-manganese(IV)-oxo species with
excess amounts of organic substrates were conducted in a stopped-flow
unit (SX-20) at 23 *= 2 °C. The sequential three-syringe stopped-flow
apparatus (SX-20) and associated computer system were from Applied
Photophysics (UK). For a total of 400 pL/shot into a flow cell with 1 cm
light path, the fastest time for mixing two solutions and recording the
first data point was ca. 1 ms. Manganese(IV)-oxo porphyrins 3 (> 90%
yield) was prepared in CH3CN by reacting manganese(III) precursors 1
with 10 equiv. of PhI(OAc),. After a delay of 1 to 5 s, the resulting
solution of species 3 was then mixed with another solution containing
substrate in large excess (> 100 equiv). The rates of the reactions
which represented the rates of oxo group transfer from high-valent iron
(IV)-oxo 3 to sulfides were monitored by the decay of the Soret band at
420 to 425 nm of the high-valent manganese(IV)-oxo species. Rate
constants for reactions with substrates are determined from kinetic
measurements with varied concentrations of substrate. The kinetic
traces at Anax Of the Soret band displayed good pseudo-first-order be-
havior with over four half-lives, and the data was solved to give pseudo-
first-order observed rate constants, kops. Plots of these values against the
concentration of substrate were linear in all cases. The second-order
rate constants for reactions of the oxo species 3 with the organic sub-
strates were solved according to Eq. (1), where kg is a background rate
constant found in the absence of substrate, k., is the second-order rate
constant for oxidation reaction with the substrate, and [Sub]
(Sub = substrate) is the concentration of substrate. All second-order
rate constants are averages of 2-3 determinations consisting of in-
dependent kinetic measurements. Errors in the rate constants were
weighted at 20.

kaovs = ko + kox [Sub] (@)

2.5. General procedure for catalytic sulfoxidations

Unless otherwise indicated, all catalytic reactions were typically
carried out in the presence of a small amount of H,O (4.5 pL) with
1 umol of catalyst (0.2 mol%), 0.5 mmol of organic substrate and 1.5
equivalent of PhI(OAc), (0.75 mmol) in 2 mL of methanol at 23 °C.
Aliquots of the reaction solution at constant time interval were ana-
lyzed by GC/MS to determine the conversions, formed products and
yields with an internal standard. All reactions were run 2 to 3 times,
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and the data reported represent the average of these reactions. Since the
sulfoxidation reactions were not affected by molecular oxygen, all the
reactions presented in Table 2 were performed in air.

2.6. Competition and Hammett correlation studies

A CH3OH solution containing equal amounts of two substrates, e.g.
thioanisole (0.2 mmol) and substituted thioanisoles (0.2 mmol), man-
ganese(III) porphyrin catalyst (1 pmol) and an internal standard of
1,2,4-trichlorobenzene (0.1 mmol) was prepared (final
volume = 0.5 mL). PhI(OAc), (0.1 mmol) as the limiting reagent, was
added and the mixture was stirred at ambient temperature (23 = 2 °C)
in the presence of a small amount of H,O (4.5 pL) for 10 to 20 min.
Relative rate ratios for catalytic oxidations were determined by GC
based on the amounts of sulfoxide products as measured against an
internal standard. In this work, all the catalytic sulfoxidations pro-
ceeded with good yields (> 95%), mass balance (> 95%), and in all
cases no sulfones were detected. Thus, the ratio of product formation
should reasonably reflect the relative sulfide reactivity towards the
corrole-manganese-catalyzed oxidations.

3. Results and discussion
3.1. Formation of [Mn'V(Por)(0)] and stoichiometric sulfide oxidations

As shown in Scheme 1, three tetraarylporphyrin-manganese sys-
tems that encompass the different electron demanding ligands were
comparatively studied in this work. All ligand systems (a-c) are gen-
erally considered as sterically encumbered porphyrins due to the pre-
sence of relatively large substituents on the ortho positions of the meso
phenyl groups, which will prevent the unwanted p-oxo dimer forma-
tion. Among the macrocyclic ligands, tetrakis(pentafluorophenyl)por-
phyrin (TPFPP) is most electron-demanding ligand and 5,10,15,20-
tetramesitylporphyrin (TMP) is least, and their metal complexes are
among the more widely studied.

Axial ligand exchange of the porphyrin complexes (1) with excess
Ag(ClO3) in CH3CN gave the corresponding chlorate complexes
[Mn"!(Por)(ClO3)] (2), and their formation was confirmed by UV-vis
spectra (Fig. S1 in the Supplementary information). Irradiation of the
chlorate complex 2a [Mn"(TPFPP)(ClO5)] in CH5CN with visible light
using a SOLA engine (output power of 120 W) resulted in changes in the
absorption spectra with isosbestic points at 550, 442, 390 and 320 nm
(Fig. 1A). Over a time period of 5 s, 2a was converted to a new species
3a that displayed a blue-shifted and stronger Soret band at 420 nm and
Q-band at 540 nm. Similarly, irradiation of bromate complexes
[Mn"™/(TPFPP)(BrOs)] also formed same products 3 with higher effi-
ciency as reflected by faster formation with lower-power of visible light
(data not shown). The photo-generated 3a was metastable with a half-
lifetime of ca. 5 min, and can be further characterized by ESI-MS. As
shown in Fig. 1A (inset), the ESI-MS spectrum (positive mode) exhibited
a prominent peak at a mass-to-charge ratio (m/z) of 1043, matching the
calculated [M + H]" of [Mn(TPFPP)(O)]. When 3a decayed, the pro-
minent peak was shifted from 1043 to 1027 corresponding to [Mn
(TPFPP)] ™. Accordingly, 3a was assigned as [Mn'"V(TPFPP)(O)] on the
basis of its distinct UV-vis absorption and ESI-MS. Control experiments
showed that no species 3a was formed in the absence of light. The use
of the non-coordinating solvents such as CH,Cl, gave similar results
(data not shown). However, no formation of 3 was observed in CH;0H
solution or in the presence of H,O. Clearly, the relatively weak co-
ordinating chlorate bound to manganese metal can be readily dis-
associated by the strong coordinating solvent. As described in experi-
mental section, the same oxo species 3a were also chemically generated
by oxidation of complexes 1 with PhI(OAc),, exhibiting same spectral
signature characteristic for manganese(IV)-oxo porphyrins (Fig. 1B).

In a fashion similar to that described for the generation of 3a,
[Mn"™(TDFPP)(O)] (3b) and [Mn"™(TMP)(O)] (3c) was also
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Fig. 1. (A) Time-resolved spectra of 3a following irradiation of 2a with visible light (120 W) in CH3CN solution at 23 + 2 °C over 5 s; Inset showing the ESI-MS of 3a
in a positive mode; (B) Time-resolved spectra of 3a following oxidation of 1a with PhI(OAc), (10 equiv.) over 4 s in CH3CN.

photochemically formed by visible light irradiation of the corre-
sponding [Mn™(Por)(ClOs)]. Again, the spectral signature of the pro-
ducts was further confirmed by producing the same species using the
chemical method (Figs. S2-S4 in the Supplementary material). In all
studies under visible light irradiation as monitored by UV-vis spectro-
scopy, no significant photo-degradation of the complexes was observed.
Similar to 3a, 3b was completely formed by photolysis of
[Mn"(TDFPP)(CIO5)] (Fig. S2); however, only 60% formation of 3c
(determined by UV-vis spectroscopy based on the manganese(III) pre-
cursor) was observed by photolysis of [Mn™(TMP)(ClO5)] under same
conditions (Fig. S3). This observation suggests the more electron-de-
manding porphyrin ligands such as TFPPP and TDFPP gave higher
photolysis efficiency presumably due to more polar O-X bonds.

In general, the observed photochemical formation of 3 can be
simply rationalized by a homolytic cleavage of O-X bond in the coun-
terions of precursor 2, similar to the previously reported LFP studies of
porphyrin-manganese(III) chlorates or nitrates. [24] It was noteworthy
that this observation is in contrast to previous photolysis studies of
porphyrin—iron(IlI) bromates, [46,47] in which the electron-releasing
porphyrins such as TMP favored a heterolysis of O—Br bond to afford
porphyrin-iron(IV)-oxo radical cations (compound I models), while
electron-withdrawing ligands such as TPFPP and TDFPP favored a
homolytic reaction to produce iron(IV)-oxo porphyrins (compound II
models). It is known in the literature that manganese(IIl) and iron(III)
porphyrins exhibited different photochemical behaviors mainly due to
different electronic spin states and/or redox potentials. [53] In addi-
tion, the chemical generation of Mn'"-oxo derivatives in this study was
ascribed to possible comproportionation reactions of the MnV-oxo
porphyrin with the residual Mn™ products. Previous works showed that
oxidation of manganese(III) complexes by more oxidizing reagents such
as meta-chloroperoxybenzoic acid (m-CPBA) or NaClO produced the
manganese(V)-oxo species. [20,23,24] Since the mild oxidizing PhI
(OAc), was involved and the chemical conversions of 1a to Mn"-oxo
was relatively slow process, the comproportionation reactions were
thermodynamically favored and therefore important under our condi-
tions. As a result, the Mn'V-oxo derivative was formed from the fast
comproportionation of Mn"-oxo with residual Mn™ species. Previous
studies with manganese-oxo species found that porphyrin-manganese
(V)-oxo species comproportionated rapidly with manganese(III) spe-
cies, [24] and corrole-manganese(V)-oxo species reacted with corro-
le-manganese(III) species to give manganese(IV) species. [38] In fact,
the proposed comproportionation reaction pathway may contribute an

alternative rationale for the photochemical formation of manganese
(IV)-oxo porphyrins.

It is known that the manganese(IV) porphyrin (3) acted as OAT
agents towards various organic reductants such as alkenes and acti-
vated alkanes. [27] As expected, the photo-generated complexes 3 re-
acted as a competent oxo-transfer agent with various sulfides such as
thioanisole. In a preparative reaction, 3a was prepared by mixing 1a
with ca. 1.5 equivalents of Ag(ClO3) in CH3CN under visible light ir-
radiation; the estimated yield of 3a determined by UV-vis spectroscopy
was > 95%. A large excess of thioanisole was added, and the mixture
was stirred for 5 min at ambient conditions. Following product workup,
quantitative GC analysis showed the presence of a mixture of oxidized
products (sulfoxide:sufone = 76:24) in 63% yield, which was calcu-
lated based on a stoichiometry of 1 equiv. of 3a reacting with 1 equiv.
of the organic sulfide.

3.2. Kinetic studies of sulfide oxidations by [Mn"'(Por)(0)]

Upon generation of manganese (IV)-oxo species 3, the oxidation
kinetics with a series of aryl sulfides (thioanisoles) were investigated.
For comparison, several alkenes and benzylic hydrocarbons were also
included as organic reductants. The kinetics of sulfide oxidation reac-
tions were measured with a three-syringe, stopped-flow kinetic unit.
The manganese(IIl) precursors 1 in CH3CN solution was mixed with the
PhI(OAc), (ca. 10 equiv.) solution. After a delay of 1 to 5 s, the solution
containing [Mn'"(Por)(0)] (> 90% yield) was mixed with a solution
containing a large excess of substrates to achieve the pseudo-first order
conditions. In the absence or presence of thioanisoles, the typical time-
resolved spectra show the clean conversion of [Mn"V(TMP)(0)] (3¢) to
regenerate the manganese(Ill) porphyrins with no observation of for-
mation of Mn" species (Fig. 2A).

Each of the reactions of [Mn'V(Por)(0)] with the sulfides studied in
this work appeared to be a two-electron process, although different
mechanistic pathways might also be possible. [24] This behavior re-
quires the velocities of aerobic oxidation reactions of the Mn"(Por)
products from the oxidation of substrate to be greater than the velo-
cities of the reactions of [Mn'V(Por)(0)] with substrate. That conclusion
is consistent with most cases of our kinetic studies. If the velocities of
OAT reaction from [Mn'V(Por)(O)] to substrate is greater than the
aerobic oxidation step, the Mn''(Por) intermediate could be accumu-
lated and therefore observed. To accentuate this point, we carried out
the oxidation kinetics at higher concentrations (400 mM) of the most
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Fig. 2. (A) Time-resolved spectra of the intermediate of [Mn"'(TMP)(0)] (3¢) reacting in CHsCN solution with 4-chlorothioanisole (50 mM) over 40 s at 23 * 2 °C;
(B) Time-resolved spectra of [Mn'Y(TMP)(0)] reacting with 4-fluorothioanisole (400 mM) in anaerobic CH5CN solution over 80 s. Inset showing the kinetic trace at

435 nm of Mn" intermediate (4).

reactive substrate 4-fluorothioansole under anaerobic condition, in
which CH3CN solution was degassed by argon for 5 min. As expected,
the time-resolved spectra was altered with different spectral changes
(Fig. 2B). Upon the sequential mixing as shown the Fig. 2B, 3¢ almost
instantly converted to new species (4) with a Soret band at A, 435 nm
which then decayed to form Mn™ product. According to previous stu-
dies by Hoshino and coworkers, [54] the intermediate 4 with A« at
435 nm was assigned as Mn"(TMP). Similar to pyridine or triphenyl-
phosphine in our previous studies, [55] the sulfide substrate could also
function as strong donor ligand to stabilize the Mn" species under
anaerobic condition. The reactants and products of the overall oxida-
tion are matched to their respective absorption profiles.

In kinetic measurements of 3, we monitored the decay of the Soret-
band Anax at 420 nm (3a), 422 nm (3b), and 425 nm (3c) which de-
cayed over the course of the reaction (see inset in Fig. 3). The pseudo-

0.25
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~ 0.5
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x<
0.10
6 15 /s 30
005 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Concentration (M)

Fig. 3. Kinetic plot of the observed rate constants for the reaction of
[Mn"/(TMP)(O)] versus the concentrations of 4-chlorothioanisole. Inset
showing traces at 425 nm for decaying of [Mn"(TMP)(0)] with 4-chlor-
othioanisole at different concentrations.

first-order decay rate constant in the absence of substrate was defined
as background rate constant (ko), mainly due to reaction of 3 with the
solvent (CH3CN) or organic impurities. In the presence of organic
substrates, the pseudo-first-order decay rate constants increased line-
arly with substrate concentration. The kinetic plot from reactions of 3¢
with the representative sulfide substrate are shown graphically in
Fig. 3, where plots of ks versus the concentrations of thioanisole were
linear. The apparent second-order rate constants for their oxidations
with other substrates are collected in Table 1.

Several aspects of the manganese(IV)-oxo porphyrin kinetics are
noteworthy from the Table 1. In general, the second-order rate con-
stants for [Mn'V(Por)(0)] reactions with all substrates follow the ex-
pected trends in reactivity of 3a > 3b > 3c. The more electron-de-
manding TPFPP complex reacted faster with a given substrate than the
TDFPP complex, and the TMP complex reacted least rapidly. In view of
the enhanced nucleophilicity and easy access of sulfur for oxidation
versus hydrocarbons, a remarkable rate acceleration of sulfide oxida-
tion by electrophilic metal-oxo species was typically observed. For ex-
ample, our previously studies with iron(IV)-oxo porphyrins [56] and
manganese(V)-oxo corroles [48] showed that sulfoxidation reactions
were 3 to 4 orders of magnitude faster than those alkene and activated
C—H bonds oxidations by the same oxo species. However, the k, values
determined in this work did not show such rate acceleration of sulfide
oxidation by manganese(IV)-oxo species, the thioanisoles exhibited si-
milar level of reactivities in comparison to cis-stilbene and

Table 1
Second-order rate constants for manganese(IV)-oxo species 3.”

Substrate kox M~ 1s™1) x 10

[Mn"(TPFPP) [Mn"(TDFPP) [Mn'"(TMP)(0)]

(0)] 3a (0)] 3b 3c
Thioanisole 17.4 = 3.0 42 += 0.1 35 0.7
4-Fluorothioanisole 20.2 = 1.0 16.9 = 09 8.8 = 0.7
4-Chlorothioanisole 23 = 0.8 1.8 = 0.4
4-Methylthioanisole 58 = 0.7 1.2 = 0.1
4-Methoxylthioanisole 3.2 * 0.4 1.0 = 0.1 0.7 = 0.2
cis-Stilbene 1.5 £ 0.1 0.40 = 0.1 0.20 + 0.07
Cyclohexene 0.62 * 0.06 0.24 * 0.05
Ethylbenzene 71 = 0.3 2.0 = 0.1

Ethylbenzene-d;, 0.72 = 0.09

@ CHsCN at 23 * 2 °C. Reported values are the average of 2-3 runs with a
deviation of 20.
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Fig. 4. Near-linear free-energy relationships for rate constants for reactions of
[Mn"V(TMP)(0)] with o values, where the labels indicate the substituent on
thioanisoles.

diphenylmethane (Ph,CH,). The rate constants for oxidation of PhEt
and PhEt-d;, by [Mn" (TPFPP)(0)] gave a kinetic isotope effect (KIE) of
ku/kp = 9.9, indicating that the rate-determining step of C—H bond
oxidation involves an H atom abstraction from the substrate. A recent
work also reported similar KIE values of 11 and 12 in the oxidation of
ethylbenzene by two Mn'V-oxo porphyrins at low temperature. [32]

The oxidation kinetics of the para-substituted thioanisoles provided
insights into the electronic demands in the transition states of the oxi-
dation reactions. In all three systems studied here, we observed an
appreciable substituent dependence on the second-order rate constants
for the para-substituted thioanisoles (Y-thioanisoles; Y = 4-MeO, 4-Me,
4-F, and 4-Cl). In particular, the electron-donating substituents in the
para position of phenyl group of thioanisoles decreased the rate con-
stant. A near-linear correlation (R = 0.80) of logk,ci[ke; = k(Y-thioa-
nisole)/k(thioanisole)] versus Hammett o substituent constants was
obtained as shown in Fig. 4. The use of 6* or ¢ ~ values instead of ¢ did
not improve the correlation. The slope (p) of the plot is 1.73 + 0.7,
which suggested no significant positive charge are developed on the
benzylic sulfur in the transition state for rate-limiting steps. Of note,
non-linear Hammett plots have also been observed for the reactions of
para-substituted thioanisoles, styrenes and benzyl alcohols with iron
(IV)-oxo porphyrins, [56-58] which were ascribed to substantial de-
velopment of radical character in the transition states.

Most of the experimental results in the present work can be ac-
commodated by the mechanistic model in Scheme 2. In view of the
much enhanced nucleophilicity of sulfide substrates, porphyr-
in-manganese(IV)-oxo species likely function as a direct OAT agent
where the oxygen transfer occurs from manganese to sulfides with a
possible radical intermediate (path a). In this way, a manganese(II)
porphyrin could be formed and then undergo aerobic oxidation to
generate the observed manganese(IlI) product, matching the spectral
observation in Fig. 2 B. This premise is also supported by the observed
reactivity order of 3a > 3b > 3c in terms of OAT to sulfides. It is
noteworthy that the isotope (0'®) labelling experiment in the future
work will provide the definite confirmation of manganese(IV)-oxo
porphyrin as the direct OAT agent in the sulfoxidation reactions.

It should be pointed out that when the less reactive substrates such
as hydrocarbons were involved, the direct OAT process may become
progressively less favorable and the disproportionation reaction of
species 3 (path b) to form Mn"-oxo 5 as the active oxidant could
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O
ArSMe

a) Direct OAT

ArSMe

Substrate (less reactive) Oxidized substrate

0 |

I
;;l\rnv . Mn'!
5 X 1

b) Disproportionation

Scheme 2. A proposed OAT mechanism of species 3 involving (a) direct OAT to
sulfides and (b) alternative disproportionation mechanism.

become the major OAT pathway. In a series of kinetic experiments, we
measured apparent pseudo-first-order rate constants for reaction of 3a
in the presence of manganese(IlI) hydroxide precursor at varied con-
centrations. The observed rate constants decreased as the concentration
of 2a increased (Fig. 5S in the Supplementary material). The observed
suppression effects for reactions of 3 with manganese(Il) complex
implied the possible disproportionation pathway in the absence of re-
active sulfides. This disproportionation mechanism also explains the
observed inverted reactivity pattern of LFP-generated manganese(IV)-
oxo porphyrins, [24] manganese(V)-oxo corroles, [38,48] and iron(IV)-
oxo porphyrins [56,58] from previously reported research. According
to these studies, disproportionation of [Mn"V(Por)(0)] must be very fast
if the oxidation reactions are explained by Scheme 2 (path b). In fact,
the disproportionation reaction of [Mn' (TPP)(0)] (TPP = tetraki-
sphenylporphyrin) apparently occurs with nearly a diffusion-controlled
rate constant (~ 10° M~! s™1). [24] It is worth noting that multiple
oxidation pathways by manganese(V)-oxo corrroles were previously
known in sulfide oxidation reactions. [59] With the more reactive
sulfides in this work, it is possible that both manganese(V)-oxo 5 and

1.8

R=0.91

I-ngrel

_1 .2 T T T T T
-10 -08 -06 -04 02 0.0 0.2

i
(e}

Fig. 5. Hammett correlation studies (log k. vs o) for the [Mn"(TMP)CI]-

catalyzed oxidation of substituted thioanisoles by PhI(OAc), in CH3CN at

23 + 2°C.
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Table 2

Journal of Inorganic Biochemistry 204 (2020) 110986

Catalytic oxidation of thioanisoles by manganese(III) porphyrins (1) and PhI(OAc),.”

Entry Catalyst Substrate Time (h) Conv.” (%) Product Selectivity%” (sulfoxide:sulfone)
1 Mn"(TPFPP)C1 ©/S\ 1.5 100 CSJ 95:05
o
2 Mn'"'(TDFPP)Cl ©/S\ 1.5 100 g 92:08
o
3 Mn"(TMP)C1 @S\ 2 100 g 95:05
o
4 S\ 1.5 100 Q 88:12
)9l £
F o]
E
5 SN 2 100 o 85:15
o N
; i
Cl
6 N 1 94 9 85:15
0 o
HaC e
100 9 93:07

H3CO

2 Unless otherwise specified, all reactions were performed in CH;OH (2 mL) at ca. 23 °C with 1.5 equiv. of PhI(OAc), (0.75 mmol), substrate (0.5 mmol), 0.2 mol%
catalyst in the presence of H,O (4.5 pL); sulfoxides and small amounts of sulfone were detected by GC analysis of the crude reaction mixture.
" Based on the product ratios determined by GC-MS analysis with an internal standard on the crude reaction mixture after the reaction; material balance > 95%.

manganese(IV)-oxo 3 acted as oxidants, but the expected reactivity
patterns for the oxidants found with these substrates suggest that 3 still
acted as a primary OAT oxidant.

3.3. Catalytic and competition studies of sulfide oxidation reactions

The previous reported works from us and others have demonstrated
that metalloporphyrins and metallocorroles catalyzed efficient oxida-
tions of alkenes, activated hydrocarbons and organic sulfides with PhI
(OAc), in the presence of small amount of water. [52,60-63] In this
work, we also found that manganese (III) porphyrins catalyzed highly
efficient oxidation of sulfides. Under optimized conditions in methanol
solutions, thioanisoles can be efficiently oxidized with quantitative
conversions and the good chemoselectivity for sulfoxides versus sul-
fones (Table 2). The representative GC-MS trace of product analysis
was given in the Supplementary material (Fig. S6). The small amounts
of sulfone products formed in most cases are due to the over oxidation
of sulfoxide products under turnover conditions. Control experiments
showed that no oxidized products (< 1% by GC) was formed in the
presence of PhI(OAc), and water without catalyst.

To assess the nature of the active oxidant involved in the catalytic
reactions, the competitive studies of sulfoxidations catalyzed by
chloro-manganese(III) porphyrins (1) with PhI(OAc), as sacrificial
oxygen source were conducted as described in experimental section. In
competition studies, a limiting amount of sacrificial oxidant was used to
keep the conversion < 20%. The amounts of oxidation products formed
were determined by GC analysis. Each sulfide substrate was oxidized to
the corresponding sulfoxide in nearly quantitative yield based on the
oxidant consumed without forming over-oxidation product sulfone.
Table 3 contains relative rate constants ratios (k.e) from direct kinetic
studies with 3 and catalytic competition reactions. As evident in
Table 3, the ratios of absolute rate constants found in direct kinetic
studies differed dramatically from the oxidation ratios for competition
oxidation reactions of the two substrates in two systems studied here.
For example, the 4-fluorothioanisole showed highest reactivity in ki-
netic studies, but 4-methoxythianisole is most reactive under catalytic
conditions. The obvious explanation for this behavior is that the di-
rectly observed manganese(IV)-oxo species 3 in above kinetic studies is
not the active oxidant under catalytic turnover conditions.

A further reflection of a different oxidant involved in the catalytic

Table 3
Relative rate constants from kinetic studies and competition catalytic oxida-
tions.”

Porphyrin Substrates Method Keet”
TPFPP p-F-PhSMe/PhSMe Kinetic results 1.16
PhI(OAc), 0.45
TPFPP p-Cl-PhSMe/PhSMe Kinetic results 0.13
PhI(OAc), 0.18
TPFPP p-Me-PhSMe/PhSMe Kinetic results 0.18
PhI(OAc), 1.96
TPFPP p-MeO-PhSMe/PhSMe Kinetic results 0.33
PhI(OAC), 5.98
TMP p-F-PhSMe/PhSMe Kinetic results 2.50
PhI(OAc), 0.44
TMP p-Cl-PhSMe/PhSMe Kinetic results 0.51
PhI(OAc), 0.16
TMP p-Me-PhSMe/PhSMe Kinetic results 0.34
PhI(OAc), 2.37
TMP p-MeO-PhSMe/PhSMe Kinetic results 0.29
PhI(OAc), 6.42

@ A reaction solution containing equal amounts of two substrates, e.g.,
thioanisole (0.2 mmol) and substituted thioanisole (0.2 mmol), manganese(III)
porphyrin catalyst (1 umol) and an internal standard of 1,2,4-trichlorobenzene
was prepared in CH30H (2 mL). Iodobenzene diacetate PhI(OAc), (0.1 mmol)
was added with 4.5 pL H,0, and the mixture was stirred for ca. 10 to 15 min at
23 * 2°C.

b Relative ratios of absolute rate constants from kinetic results with man-
ganese(IV)-oxo porphyrin complexes (3) and for competitive oxidations with
various manganese(III) porphyrin catalysts at ambient temperature. All com-
petition ratios are averages of 2-3 determinations with standard deviations
smaller than 10% of the reported values.

oxidations instead of manganese(IV)-oxo complex is seen in the linear
free-energy analysis for competitive oxidations of the series of sub-
stituted thioanisoles (Y-thioanisole, Y = 4-MeO, 4-Me, 4-F, 4-Cl, and
H). In contrast to the near-linear Hammett plot for the reactions of 3
(Fig. 4), Fig. 5 depicts a linear correlation (R = 0.91) of logk,ei[ke; = k
(Y-thioanisole)/k(thioanisole)] versus Hammett o* substituent con-
stant. The observed slope (p*) of the plotis— (1.61 * 0.42), indicating
that a significant amount of positive charge is developed on the sulfur
in the oxidation transition state. Similarly, a larger slope (p™ = —0.42)
was observed for Mn™(TPFPP)Cl-catalyzed oxidation of substituted
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styrenes. [52] Apparently, the competitive product studies and Ham-
mett correlation analysis strongly suggest that the observed manganese
(IV)-oxo species is unlikely to be the oxidant during the catalytic re-
actions. Indeed, the more reactive porphyrin-manganese(V)-oxo species
as the premier reactive intermediate is suggested, even though it was
not observed.

4. Conclusion

In summary, we report here the generation and study of three
manganese(IV)-oxo porphyrins in sulfide oxidation reactions. In addi-
tion to chemical approach, the visible light photolysis of manganese(III)
chlorates or bromates provides a new access to manganese(IV)-oxo
porphyrins. The kinetics of sulfide oxidation reactions by three por-
phyrin-manganese(IV)-oxo complexes was conducted in organic sol-
vent, which revealed an unexpected low reactivity towards the sulfide
oxidation. The order of reactivity for the [Mn"(Por)(0)] in the oxida-
tion of sulfides is TPFPP > TDFPP > TMP, which is expected for elec-
trophilic metal-oxo oxidants based on the electron-demand of the li-
gands. Conventional Hammett analyses with a o values gave a near-
linear correlation, indicating no positive charge development on the
benzylic sulfur during the transition states. The small second-order rate
constants and time-resolved spectral observations suggest the oxidation
of highly nucleophilic sulfides by these [Mn'V(Por)(O)] likely react
through a direct OAT mechanism via a manganese(II) intermediate that
was detected in this study. The competition product studies and
Hammett correlation analysis confirmed that the observed manganese
(IV)-oxo species is unlikely to serve as the oxidant for the catalytic
sulfide oxidations by manganese(IlI) porphyrin catalysts with PhI
(OAc),. Further studies to characterize the observed transients more
fully, conduct the O'%-isotope labelling experiments and extend the
photo-synthetic methodology to produce and study other important
high-valent metal-oxo complexes are ongoing in this laboratory.
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