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ARTICLE INFO ABSTRACT

Keywords: In this work, chromium(IV)-oxo porphyrins [Cr'Y(Por)(0)] (2) (Por = porphyrin) were produced either by
Chromiu'm-oxo oxidation of [CrHI(Por)Cl] (1) with iodobenzene diacetate or visible light photolysis of porphyrin-chromium(III)
Porp h}_’rm, chlorates. Subsequent oxidation of 2 with silver perchlorate gave chromium(V)-oxo porphyrins [Cr¥(Por)(O)]
,Srl;lif;):;izgllgn (ClO4) (3) in three porphyrin ligands, including 5,10,15,20-tetramesitylporphyrin(TMP, a), 5,10,15,20-tetrakis
Kinetics (2,6-difluorophenyl)porphyrin(TDFPP, b), and 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP, c).
Mechanism Complexes 2 and 3 reacted with thioanisoles to produce the corresponding sulfoxides, and their kinetics of

sulfoxidation reactions with a series of aryl methyl sulfides(thioanisoles) were studied in organic solutions.
Chromium(V)-oxo porphyrins are several orders of magnitudes more reactive than chromium(IV)-oxo species,
and representative second-order rate constants (kox) for the oxidation of thioansole are (0.40 + 0.01) Mgt
(3a), and (2.82 + 0.20) x 10°M st (3b), and (2.20 £ 0.01) x 103 M ! s7! (3¢). The order of reactivity for 2
and 3 follows TPFPP > TDFPP > TMP, in agreement with the electrophilic nature of metal-oxo complexes.
Hammett analyses indicate significant charge transfer in the transition states for oxidation of para-substituted
thioanisoles by [Cr¥(Por)(0)]*. The p+ constants are —1.69 for 3a, —2.63 for 3b, and — 2.89 for 3c, respectively,
mirror values found previously for related metal-oxo species. A mechanism involving the electrophilic attack of
the CrV-oxo at sulfides to form a sulfur cation intermediate in the rate-determining step is suggested. Competition
studies with chromium(III) porphyrin chloride and PhI(OAc), gave relative rate constants for oxidations of
competing thioanisoles that closely match ratios of absolute rate constants from chromium(V)-oxo species, which
are true oxidants under catalytic conditions.

1. Introduction

Catalytic oxidation is one of the most critical processes conducted
daily on a large scale for producing valuable chemicals and energy and
the remediation of pollutants. [1-4] In nature, the superfamily of cy-
tochrome P-450 enzymes (P450s) with a heme core catalyzes a wide
variety of aerobic oxidations under mild conditions with exceptionally
high reactivity and selectivity. [5,6] In the pursuit of controllable and
efficient oxidation catalysis, many synthetic metal complexes such as
metalloporphyrins have been largely synthesized as biomimetic cata-
lysts for various catalytic transformations. [7-11] In enzymatic and
synthetic oxidation catalysis, high-valent transition metal-oxo in-
termediates have been established as the active oxygen atom transfer

(OAT) species. [12-17] The direct detection and characterization of
OAT metal-oxo species have provided a valuable rationale for oxidation
processes. For example, iron(IV)-oxo porphyrin radical cations, termed
compound I, have been extensively characterized as the active OAT
species involved in the cytochrome P450 enzymes. [18] [19]

We have initiated a systematic study to elucidate the oxidation
mechanism with a focus on the reactivity of the important high-valent
metal-oxo intermediates. In this regard, we have employed chemical
and photochemical methods to produce metal-oxo species supported by
different macrocyclic ligands. [20] Thus, a number of high-valent metal-
oxo intermediates, including Mn"-oxo porphyrins, [21,22] FeV-oxo
porphyrin radical cations and FeV-oxo neutral porphyrins, [23,24],
trans-dioxo-RuVI-porphyrins, [25,26] Mn"-0xo corroles, [27,28], Cr'-
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oxo salens, [29] and putative FeV-0xo corroles [30-32] and Ru'-oxo
porphyrins, [33,34] have been successfully generated and studied in real
time. Upon forming these reactive metal-oxo transients, the kinetics of
their oxidation reactions under easily established pseudo-first-order
conditions have provided mechanistic insights into the identities of
the active oxidants and oxidation reaction pathways of important cat-
alysts. [20,35,36]

The chemistry of high-valent chromium-oxo porphyrins has received
considerable attention as models of heme-containing enzymes, given
their easy accessibility and stability. [37,38] In chromium porphyrin
systems, two different high-valent chromium-oxo porphyrin species, i.
e., chromium(V)- and chromium(IV)-oxo porphyrins, have been re-
ported. [39-42] In contrast to extensive studies carried out on alkene
epoxidations, [43-45] little is known with regard to reactivities and
mechanisms of chromium(V)-oxo and chromium(IV)-oxo porphyrins in
the sulfide oxidations. In this work, we report generation and kinetic
studies of chromium(IV)- and chromium(V)-oxo porphyrins for the
oxidation of thioanisoles in organic solutions. Notably, our kinetic re-
sults along with Hammett correlation and competition studies provide a
unique opportunity to probe the sulfoxidation mechanism and catalytic
roles of these metal-oxo species. To our knowledge, this study reports
the first direct reactivity comparison and mechanistic analysis of Cr'—
and Cr'V—oxo porphyrins in the oxidation of thioanisoles under identical
reaction conditions.

2. Experimental
2.1. Materials

All commercial reagents were analytic grades and used as supplied
unless otherwise specified. Acetonitrile was obtained from Sigma
Aldrich (HPLC grade) and passed through a dry alumina column before
use. All organic substrates for kinetic studies were also purified by
passing through a flash chromatography column of active alumina
(GradeI) before use. H%SO (97% '80-enriched) was obtained from Sigma
Aldrich. The pyrrole for porphyrin synthesis was freshly distilled before
use. 5,10,15,20-Tetramesitylporphyrin, Ho(TMP)(a), 5,10,15,20-tetra-
kis(2,6-difluororophenyl)porphyrin, Hy(TDFPP)(b), and 5,10,15,20-tet-
rakis(pentafluorophenyl)porphyrin, [Ho(TPFPP)](a), were prepared
according to known methods. [46] All chromium(III) chloride com-
plexes [cr'(por)cl] (1la-c; Por = porphyrin) used in this work were
prepared by the literature-reported method [47] and characterized by
UV-vis and Infrared (IR).

2.2. Instrumentation

UV-vis spectra were performed on an Agilent 8454 diode array
spectrometer using standard 1.0-cm quartz cuvettes. Fast kinetic mea-
surements were conducted on a stopped-flowed mixing spectrometer
(Applied Photophysics SX-20). 'H NMR (Nuclear Magnetic Resonance)
was performed on a JEOL ECA-500 MHz spectrometer at 298 K with
tetramethylsilane (TMS) as the internal standard. IR spectra were ob-
tained on a Perkin Elmer FT-IR UATR spectrometer. Gas
chromatography-mass spectrometry (GC-MS) analysis was performed
on an Agilent GC7820A/MS5977B, coupled with an auto sample injector
using an Agilent HB-5 capillary columns. Electrospray ionization-mass
spectroscopy (ESI-MS) data were collected using an Agilent 500 LC-
MS Ion Trap System. Visible light was produced from a SOLA SE II
light engine (Lumencor) configured with a liquid light guide (6-120 W).

2.3. Generation of chromium(IV)-oxo porphyrins

Two methods were followed to generate the chromium(IV)-oxo
porphyrins (2) in three porphyrin systems. In the first one, an excess
amount of PhI(OAc); (5 equiv.) was added to a CH,Cly or CH3CN so-
lution of [Cr™(Por)Cl] (1) in the range of concentrations from 107 to
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103 M at room temperature. The resulting mixture was stirred for 3-5
min to give the neutral [crV(pPor)0] products (2). The generated
[cr'V(Por)(0)] (2a-c) are stable in solution for days and can be further
purified by flash column chromatography and characterized by 'H NMR
and IR, matching those reported. [48] Following our previous work,
[20] the same [Cr'V(Por)(0)] (2a-c) were also photochemically gener-
ated by visible light irradiation of the photo-labile precursors [Cr''(Por)
(Cl03)] (ca. 1.0 x 10~° M) that was in-situ prepared by the facile axial
ligand exchange of [cr'™(Por)Cl] (1) with excess AgClOs. The photo-
chemical reactions became very slow or inert at higher concentration of
the precursor (>10"* M), apparently due to light blocking. The UV-vis
absorption spectra exhibited the same characteristic features for
chromium(IV)-oxo porphyrins as observed in chemical oxidation
methods. In both cases, the ESI-MS showed two prominent species,
assigned to ion [(Por)CrIII]+, and ion [Cr(Por)(0)]™, respectively.

2.4. Generation of chromium(V)-oxo porphyrins

According to the literature-reported procedure, [42] one-electron
oxidation of the chromium(IV)-oxo porphyrins with silver perchlorate
leads to the formation of chromium(V)-oxo porphyrin perchlorates (3),
ie. [CrV(Por)(O)](ClO4). As described above, the chromium(IV)-oxo
complexes (2) were first prepared in CH,Cl, with PhI(OAc),. Solid sil-
ver perchlorate (15 equiv.) was added, and the mixture was then stirred
for 30 min. The excess silver perchlorate and silver chloride resulted
from the reactions were filtered off, and the formation of the chromium
(V)-oxo porphyrins was confirmed by their well-known UV-vis absorp-
tion spectra and ESI-MS. Due to their instability, complexes 3 were not
further isolated and purified by column chromatography.

2.5. General procedure for preparative sulfoxidation reactions

Reactions for product analysis were carried out at a higher concen-
tration of [CrV(Por)(O)] or [CrY(Por)(O)]1t (~ 1074 M) and a large
excess of thioanisole (same molar ratio range as kinetic studies) in 1 mL
GC vial and monitored by UV-vis spectroscopy for completion of the
reaction. Product yields were determined by GC analysis of the spent
reaction solutions with an internal standards (1,2,4-trichlorobenzene),
similar to our previously reported works. [22,49]

2.6. Kinetic studies of chromium(IV)- and chromium(V)- oxo porphyrins

Reactions of chromium(IV) oxo-species 2 with an excess of organic
sulfides (>100 equiv.) were conducted in an organic solution at 23 +
2 °C, monitored by UV-vis spectrometry. The rates of the reactions,
which represented the rates of oxo group transfer from [Cr'(Por)O] to
sulfides, were monitored by the decay of the Soret absorption band of 2.
The kinetic traces at Anax of Soret band of [crVPor)(0)] displayed good
pseudo-first-order behavior for at least four half-lives, and the data was
solved to give pseudo-first-order observed rate constants, kqps. Plots of
these values against the substrate concentration were linear in all cases.
The second-order rate constants for reactions of the oxo species with the
organic sulfides were solved according to Eq. (1). All second-order rate
constants are averages of 2-3 determinations consisting of 4 indepen-
dent kinetic measurements. Errors in the rate constants were weighted
and are at 2o.

Kobs = ko + kox[Sub] (€8]

Sulfoxidation kinetics of chromium(V)-oxo species 3 was conducted
in CH3CN solutions similar to that of chromium(IV)-oxo species, except
that a stopped-flow unit (SX-20) was employed. The rates of the re-
actions were monitored by the decay of the Soret band at 406 to 408 nm
of [Cr¥(Por)(0)]™.
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Scheme 1. Generation of chromium(IV)-oxo and chromium(V)-oxo porphyrins.

2.7. Catalytic competition studies

A CH3CN solution containing equal amounts of two substrates, e.g.,
thioanisole (0.25 mmol) and substituted thioanisoles (0.25 mmol), and
chromium(III) porphyrin catalyst (1 pmol) was prepared (final volume
= 2 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 HyO (5 pL) for ca. 20 min. Relative rate
ratios for catalytic oxidations were determined by GC based on the
amounts of sulfoxide products. In this work, all the catalytic sulfox-
idation reactions proceeded with good yields (> 95%), mass balance (>
95%), and no significant sulfones (< 1%) were detected. The ratio of
product formation should reasonably reflect the relative sulfide reac-
tivity toward the chromium(III)-catalyzed oxidations.

3. Results and discussion
3.1. Formation of [ erv(por)(O)] and [CrV(por)( 0)](ClOoy)

In metal-oxo chemistry, the consensus is that the reactivities of
metal-oxo complexes are directly related to the electronic demand of the
ligands, generally with the electron-withdrawing complexes being more
reactive in view of their electrophilic nature. [50,51] Thus, we studied
chromium complexes of three porphyrins that encompass the typical
range of reactivities of these intermediates, 5,10,15,20-tetramesityllpor-
phyrin (TMP, a), 5,10,15,20-tetrakis(2,6-difluoro)porphyrin(TPFPP, b),
and 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP, «c¢)
(Scheme 1). All porphyrin ligands with ortho substituents on phenyl
rings are sterically encumbered, therefore, preventing unwanted chro-
mium(III) p-oxo dimer formation. [52]

Depending on the reaction conditions, oxidation of chromium(III)
porphyrin complexes with terminal oxidants such as iodosylbenzene
(PhIO) or meta-chloroperoxybenzoic acid (mCPBA) are reported to
generate cr'V-oxo (2) and/or Cr¥-oxo porphyrin (3) intermediates. For
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Fig. 1. (A) Time-resolved spectra showing the formation of [Cr'VY(TMP)(0)] (2a) in CH,Cl, by the oxidation of [Cr™(TMP)CI] (1a) with PhI(OAc),, (5 equiv.) over 3
min. Inset is ESI-MS spectrum of 2a in a positive mode; (B) Photochemical formation of [CrV(TMP)(0)] (2a) by visible light photolysis of [CrIH(TMP)(Clog)] over

5 min.
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Fig. 2. (A) UV-vis spectra overlapped with [cr™(T™MP)Cl] (black), [cr™V(TMP)(0)] (blue), and [cr¥(TMP)(0)]* (red); Insets showing the ESI-MS spectrum of 160.
labelled 3a (top) and 180.labelled 3a (bottom); (B) Time-resolved spectra of the one-electron reduction of 3a with triethylamine (0.2 mM) in CH3CN over 2 s. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

example, treatment of [CrIH(TMP)Cl] with excess PhIO, [CrV(TMP)(O)]
Cl was predominately produced (see Fig. S1 in Supplementary Material).
In this study, chromium(IV)-oxo porphyrins (2a-c) in three different
tetraarylporphyrin ligands were readily prepared using a mild oxygen
donor PhI(OAc), (Scheme 1). In contrast to PhIO which is insoluble in
most organic solvents, PhI(OAc), is readily soluble in organic media and
safe to use. In many metal-catalyzed oxidation with PhI(OAc),, a trace
amount of water typically accelerates the oxidation rate because water
could induce the steady-state formation of the more oxidizing PhIO from
PhI(OAc),, at the same time, release the stable HOAc instead of AcyO
under anhydrous conditions. [53,54]

As shown in titration experiment (see Fig. S2 in SI), 5 equivalents of
PhI(OAc), was needed to fully generate the chromium(IV)-oxo species.
The oxidative transformation from 1a to 2a is characterized by a distinct
UV-vis absorption change that showed a decay of the Soret band at Amax
451 nm peak of [cr™(TMP)CI] (1a) and the formation of a blue-shifted
Soret peak at 430 nm with Q-bands at 545 and 605 nm, matching
characteristic absorption profiles of reported chromium(IV)-oxo por-
phyrins (Fig. 1A). The neutral 2a was stable enough to be further pu-
rified and characterized by ESI-MS (positive mode), exhibiting a

A
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prominent peak at a mass-to-charge ratio (m/z) of 849, matching the
calculated M + 1 ion of [Cr(TMP)(O)]. Meanwhile, the diamagnetic
nature of [Cr'V(TMP)(0)] was confirmed by obtaining the well-resolved
'H NMR (see Fig. S3 in Supplementary Material). The more electron-
demanding [CrV(TDFPP)(0)] (2b) and [Cr'V(TPFPP)(0)] (2c) were
also formed in a similar fashion, and their spectra are in Supplementary
Material (Fig. S4). The chemical generation of Cr'V-oxo porphyrins (2)
can be ascribed to a possible comproportionation reaction that is well
documented in the literature. [43,44] Because of the mild oxidizing
nature of PhI(OAc),, the chemical conversion of Cr'™ precursor (1) to
initially formed cr¥-oxo (3) was relatively slow; therefore, the
concomitant comproportionation of Cr¥-oxo 3 with residual Cr'™ com-
plex led to the thermodynamically favorable Cr'V-oxo species. Indeed,
the formation of Cr'V-oxo species (2a) was observed when mixing cri!
complex (1a) with Cr¥-oxo species (3a) that was independently pre-
pared. [42]

Following our previous works, [20] the same [CrV(TMP)(0)] (2a)
was also photochemically generated. Reaction of [CrIH(TMP)Cl] with
excess AgClO; gave the photolabile chlorate complex [Cr{(TMP)
(Cl03)], and a slightly blue-shifted Soret band (1-2 nm) in the UV-vis

0.06
B
0.04
0 100 200
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Fig. 3. (A) Time-resolved spectra of [CrV(TMP)(0)] (2a) reacting in CH3CN solution with 4-fluorothioanisole(0.2 M) over 5 min at 23 + 2 °C; (B) Kinetic plot of the
observed rate constants for the reaction of [Cr'V(TMP)(O)] versus the concentrations of 4-fluorothioanisole. Inset showing traces at 430 nm for decaying of

[CrV(TMP)(0)] with different concentrations.
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spectrum was found when the axial ligand is changed (see Fig. S5). Upon
visible-light irradiation of [Cr'(TMP)(ClO3)] in CH3CN or CH.Cly,
[cr'V(TMP)(0)] was fully generated within 5 min, exhibiting the same
UV-vis characteristic as that formed by chemical oxidation (Fig. 1 B).
Accordingly, the photo-generation of [cr'V(TMP)(0)] is rationalized by
homolytic cleavage of the O—Cl bond that resulted in one-electron
oxidation. Similar one-electron photo-oxidation reactions were
observed in our previous works on the generation of [Mn"V(Por)(0)]
[20] and [Mn"(corrole)(0)]. [27] UV-light photolysis of the nitrito or
nitrado chromium(IIl) tetraphenylporphyrin were previously reported
by others to form the [crV(TPP)(0)] complex. [55,56] Under the same
conditions, we found that photochemical cleavages of the chlorate
complexes were considerably more efficient than cleavages of nitrito or
nitrado complexes.

To generate higher valent chromium(V)-oxo species 3, we employed
a one-electron oxidation approach according to the reported work. [42]
As such, [Cr™(Por)Cl] was first oxidized by PhI(OAc); (5 equiv.) to give
[crVPor)(0)] species 2, which was subsequently oxidized by an excess
amount of AgClO4 in CH3CN (Scheme 1). The use of AgClO3 or AgNO3 as
the one-electron oxidant instead of AgClO4 gave similar results, albeit a
longer time was required to complete the oxidation. The initially formed
cr¥-oxo cation most likely coordinates with a perchlorate ion from the
residual precursor instead of the solvent, since CH3CN was found to be
too weakly binding solvent to replace the perchlorate ion in our previous
studies. [35] Fig. 2A showed the representative absorption spectrum of
[CrV(TMP)(O)](ClO4) (3a) obtained by oxidation of the corresponding
[CrIV(TMP)(O)] (2a), the other two spectra for 3b and 3c are in Sup-
plementary Material (see Fig. S6). Again, the ESI-MS measurement of 3a
gave the molecular peak at m/z of 848 expected for [Cr(TMP)(**0) 1+
ion, which shifted to m/z of 850 in the presence of H30 upon %0
isotope exchange (insets of Fig. 2A). To further validate the generation
of Cr¥-oxo species, trimethylamine was used as a well-known one-
electron reductant, which rapidly reduced 3a to Cr'V-oxo (2a) species
(Fig. 3B) and then less rapidly reduced 2a to Cr'™ complex (see Fig. S7 in
Supplementary Material). The second-order rate constants for 3a and 2a
reacting with the amine under pseudo-first order conditions were (2.25
+0.28) x 10* and (2.20 + 0.10) x 1072 M L.s7!, respectively.

3.2. Sulfoxidation kinetics of chromium(IV)-oxo porphyrins (2)

Different from the chromium(V)-oxo species, all chromium(IV)-oxo
porphyrins (2) generated in this study showed negligible reactivity to-
ward alkenes and activated alkanes. In contrast, complexes 2 and 3 were
found to be competent oxidants for sulfides. Product analysis of pre-
parative reactions of both cr'V-oxo (2a) and Cr¥-oxo porphyrins (3a)
with thioanisole showed the sulfoxide was only detected as the sole
product in 76% and 95%, respectively, based on the oxo complexes used
with a stochiometry of 1 mol oxo species producing 1 mol of sulfoxide.
Negligible sulfone product from the over-oxidation of sulfoxide was
detected (< 1% by GC). The representative GC analysis digram was
shown in Supplementary Material (Fig. S8). Thus, oxidation kinetics of
cr'V-oxo species with a series of thioanisoles was first performed under
pseudo-first-order conditions with solutions containing sulfide sub-
strates (> 100 equiv.). The time-resolved spectra exhibited a clean
conversion of Cr'V-oxo to Cr'™ product with isosbestic points in any of
our studies (Fig. 3A). Similar to previously known oxidation of triphe-
nylphosphine, [48] [crV(Por)(0)] species could react with thioanisoles
via a two-electron process to initially form Cr' intermediate that sub-
sequently follows a rapid aerobic oxidation to give the stable chromium
(II) species as the final product. Attempt to detect the Cr' intermediate
under anaerobic conditions (degassed and protected by argon) was not
successful, presumably due to its highly transient nature and/or residual
oxygen sources such as PhI(OAc), and AgClOs. For all cr'V-oxo species,
we monitored the decay of the Soret-band Apax at 430 nm (2a), 426 nm
(2b), and 420 nm (2¢). Typical kinetic reaction profiles were shown for
reactions of TMP oxo 2a in Fig. 3 and TDFPP oxo 2b, and TPFPP oxo 2¢

Journal of Inorganic Biochemistry 237 (2022) 112006

Table 1
Second-order rate constants for chromium-oxo species 2 and 3.”
Porphyrin  Substrate [CrV(Por)O]  [CrV(Por)O]" (8)  ratios®
@"°
TMP(a) thioanisole (3.00 £ 0.40 + 0.01 (3.30 ~10?%
0.06)E-3 + 0.26)E-2°
4-fluorothioanisole (8.40 + 0.33 + 0.08 4
0.40)E-2
4-chlorothioanisole (6.64 £ 0.13 +£0.01 2
0.30)E-2
4-methylthioanisole (8.87 £ 1.73 £ 0.05 19
0.50)E-2
4- (1.00 £ 5.80 + 0.06 58
methoxylthioanisole 0.02)E-1
cis-cycloctene n.d.? (5.00 + 0.10)E-3
triethylamine (2.50 £ (2.32 £ 0.20)E3 ~10°
0.80)E-3
TDFPP thioanisole (1.18 £ (2.82 + 0.20)E2 ~10*
(b) 0.10)E-2
4-fluorothioanisole (6.73 £ (3.76 £ 0.16)E2 ~10*
1.20)E-2
4-chlorothioanisole (4.98 + 0.15)E1
4-methylthioanisole (2.53 £ 0.21)E3
4- (1.80 + 0.24)E4
methoxylthioanisole
cis-cyclooctene n.d. (3.8 £ 0.2)E-2
TPFPP (c) thioanisole (1.40 + (2.20 + 0.10)E3 ~10°
0.20)E-2
4-fluorothioanisole (4.36 £ (2.52 + 0.66)E3 ~10*
0.80)E-1
4-chlorothioanisole (1.21 £+ 0.10)E3
4-methylthioanisole (3.75 + 0.68)E4
4- (3.60 + 0.40)E5
methoxylthioanisole
cis-cyclooctene n.d.¢ (8.01 £ 0.20)

2 Second-order rate constant in CH3CN, unless specified, at 23 + 2 °C in units
of M~ s71. Reported values are the average of 2-3 runs with a deviation of 2.

b No appreciable different k., obtained when the solvent is CH,Cl, instead of
CH;3CN.

¢ Ratio of rate constants for 3 to 2.

4 Not detected due to no decay of species 2 in the presence of excess alkene
substrate.

¢ In CH2C12.

in Supplementary Material (Figs. S9 and S10). The observed rate con-
stants for the decay of 2 with sulfide substrates were fit reasonably well
by pseudo-first-order solutions (Insets of Fig. 3B). The rate constants
increased as a function of substrate concentration, and plots of kgps
versus substrate concentration were linear (Fig. 3B). The second-order
rate constants (koy) of sulfoxidation reactions with three Cr'V-oxo com-
plexes (2a-c), as solved by Eq. (1), are so determined and collected in
Table 1. Kinetic saturation of chromium-oxo species by sulfide sub-
strates was not observed in all our studies. Of note, kox values deter-
mined either by chemically or photochemically generated 2 were found
to be in good agreement.

The second-order rate constants of [Cr'Y(Por)(0)] (2) obtained by
this work demonstrated a relatively small kinetic effect of the porphyrin
ligand and substrate. With thioanisole as the substrate, the values of ko
are as follow: (3.00 & 0.06) x 102> M ! s7! for 2a, (1.18 + 0.10) x
1072M ! 57! for 2b, and (1.40 + 0.20) x 10"2 M} s~ for 2c. In brief,
the reactivity order of 2 with the same substrate follows TMP < TDFPP <
TFPP, consistent with the expectation based on the electron demand of
the porphyrin ligand. For a given oxo species, para-substituted thio-
anisoles react in a narrow kinetic range; the second-order rate constants
for the oxidation of para-substituted thioanisoles with 2 are greater by
less than one order of magnitude than that of thioanisole (Table 1). The
kinetic data from the reaction of para-substituted thioanisoles permit
Hammett analysis that showed non-linear correlations in all three sys-
tems, implying that no appreciable charge developed on the sulfur
during the oxidation process by chromium(IV)-oxo porphyrins. Non-
linear Hammett plots have previously been observed for the reactions
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Fig. 4. Time-resolved spectrum for the decay of [CrV(TDFPP)(0)](ClO,) (3b) in
CH3CN containing 1 mM thioanisole over 20 s; the inset shows kinetic traces at
408 (Cr'=0) and 454 nm (Cr'™) for the reaction.

of para-substituted thioanisoles, styrenes, and benzyl alcohols with iron
(IV)-oxo porphyrins, which were ascribed to substantial development of
radical character in the transition states. [49,57,58] In addition, we
found that the rate constants of [Cr'Y(Por)(0)] with sulfides in the polar
solvent CH3CN are about as same as those in the less polar solvent
CH,Cl,. This observation further implied that the transition state for the
sulfoxidation reaction by 2 is not more polarized than the reactant
ground state.

It is well-known in the literature that alkene epoxidation and
benzylic C—H oxidations by the metal-oxo species could proceed via the
rate-limiting formation of a radical intermediate. [2,59] Since the rate-
limiting formation of a radical intermediate is usually associated with a
moderate rate acceleration by both electron-donating and electron-
withdrawing groups in the phenyl ring of the substrate [60,61] as

2.0
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observed in the sulfoxidation of this study. Taken together, we propose
that the reactions of chromium(IV)-oxo porphyrins with sulfides pro-
ceed through a mechanism involving the formation of radical in-
termediates from Cr'V-oxo to sulfides. In such a radical pathway, its
transition-state energy would be influenced by the polar substituent and
spin delocalization effects since spin density develops at the sulfur atom
upon progressing to the transition state.

3.3. Sulfoxidation kinetics of chromium(V)-oxo porphyrins (3)

In a similar fashion to the kinetics of chromium(IV)-oxo porphyrins,
the decay of chromium(V)-oxo species (3) in the presence of thioanisoles
exhibited characteristic spectral changes with isosbestic points to
regenerate the chromium(III) product. Compared to cr'V-oxo 2, Cr¥-oxo
porphyrins (3) are much more reactive toward sulfides, reacting in <1
min in most cases. Therefore, a stopped-flow mixing unit was employed
to conduct the kinetic measurements. Kinetics monitored the decay of
the Soret band of chromium(V)-oxo species at 408 nm (3a), 406 nm (3b)
or 406 nm (3c). A representative time-resolved spectra with kinetic
traces for the sulfoxidation of [CrV(TDFPP)O](CIO4) (3b) is shown in
Fig. 4. Spectral examination of the spent reaction solutions showed that,
with the low concentration of thioanisole (1 mM), only one
[Cr™(TDFPP)]* product was formed (454 nm). With the higher con-
centration of thioanisole (4 mM), a mixture of [Crm(TDFPP)]+ and
[cr™(TDFPP)]*/thioanisole adduct was formed, showing a twin peak at
440 and 454 nm (see Fig. S11 in Supplementary Material). In a control
experiment, we have found that the addition of a large excess of thio-
anisole (>1000 equiv.) shifted the Soret band of the [Cr™(TMP)1(ClOy),
not [Cr'(TMP)CI], from 455 nm to 445 nm, suggesting that the sulfide
could coordinate to the cationic chromium metal owing to the weakly
binding nature of the perchlorate ion. Of note, the coordination process
of sulfide to Cr'" ion also caused the disruption of the isosbestic point at
440 nm in the Fig. 4.

Previous studies of CrV-oxo porphyrins with less reactive alkenes
have shown that the Cr'V-oxo intermediate was concomitantly formed as
a result of the competitive reaction of cr¥-oxo and Cr'" product. [43,44]
However, each of the sulfoxidation reactions with 3 studied in this work
appeared to be a two-electron process with no formation of [crV(por)0]
(2). This spectral observation suggests that the rates of the reactions of
Cr¥-oxo with the sulfides are faster than the competitive compro-
portionation of 3 with the formed Cr'™ product due to their low con-
centrations (< 107> M). Again, each of the reactions of 3 with the
substrates studied in this work showed first-order behavior with respect

Absorbance (AU)

4.0 mM
T

T

0 2 4 6 8
time/s

[X-Thioanisole]/mM

[X-Thioanisole]/mM

Fig. 5. (A) Kinetic traces at 407 nm (Soret band) for reactions of [CrV(TDFPP)(0)](ClO,) (3b) with thioanisole (concentrations listed on the graph) in CH3CN.;
(5B—C) Observed pseudo-first-order rate constants for reactions of 3b in the presence of thioanisole and para-substituted thioanisoles (labels showing substituent on

the para-position of thioanisoles).



T. Skipworth et al.

to the substrate and first-order to the oxo species (Fig. 5 A). As shown in
Figs. 5(B and C), the observed pseudo-first-order rate constants varied
linearly with the concentration of substrates with near-zero intercepts,
and the second rate constants from the slopes are summarized and
compared with those of 2 in Table 1.

For comparison, the oxidation of cis-cyclooctene by 3 in CH3CN
under the same conditions showed similar kinetic profiles that occurred
in the oxidation of thioanisoles. Noticeably, the rate constants for cis-
cyclooctene oxidation ranged from (5.00 + 0.10) x 1073 (3a), (3.80 +
0.20) x 1072 (3b) to (8.01 + 0.20) (3¢c) M~ ! s, which are about 3 to 5
orders of magnitude smaller than that for the oxidation of thioanisoles
with the same CrV-oxo species. Similarly, our prior studies with iron(IV)-
oxo porphyrins [49] and manganese(V)-oxo corroles [27] showed that
sulfoxidation reactions were 3 to 4 orders of magnitude faster than those
oxidations of alkenes and activated C—H bonds by the same oxo species,
primarily due to the enhanced nucleophilicity and easy access of sulfide
versus hydrocarbons.

Little kinetic data existed for comparison to the rate constants for
crV-oxo complexes (3) determined in this work. Bruice and co-workers
studied epoxidation reactions of alkenes with [CrV(TDCPP)(O)](ClO4)
(TDCPP = 5, 10, 15, 20-tetrakis-2,6-dichloroporphyrin) system in
CH,Cl, solutions with a rate constant of 2.13 x 1072 M ! s! for
epoxidation of cis-cyclooctene, [43] which appears to be consistent with
our finding that [CrV(TDFPP)(O)](ClO4) (3b) reacted with cis-cyclo-
octene in CH3CN with a rate constant of (3.80 + 0.20) x 102Mm s L
In comparison to 3a, a similar reactivity was observed in the sulfide
oxidation by [Ru’'(TMP)0,] [62] and [Ru'V(bpy)2(0)PR3]1(ClO4) (bpy
= 2,2'-bipyridine). [63]. The oxidation kinetics of substituted thio-
snisole was studied by salen-manganese(V)-oxo [64] and sale-
n-chromium(V)-oxo species, [65] whereas the rate constants in the
range of 1072 to 1072 M ! s~! were several orders of magnitude smaller
than those by Cr¥-oxo porphyrins obtained in this study.

3.4. Mechanistic consideration on sulfoxidation reactions by [ CrV(por)
(0)IClO4

Inspection of the second-order rate constants in Table 1 revealed
several interesting kinetic aspects of the chromium-oxo porphyrins. All
thioanisoles were successfully oxidized by [crV(Por)(0)1(2) and
[CrV(Por)(O)](ClO4)(3). Clearly, the higher valent chromium(V)-oxo
species 3 are several orders of magnitude more reactive than the cor-
responding chromium(IV)-oxo 2. Both [crV(Por)(0)1(2) and [Cr¥(Por)
(0)1(C104)(3) with the same substrate follow the trends in reactivity of
TPFPP>TDFPP>TMP, consistent with the expected increase in the
electrophilicity of metal-oxo species. One of the more noteworthy as-
pects is that the kinetic effect derived from the porphyrin ligands in
chromium(V)-oxo species 3 is substantial in comparison to [crV(por)
(0)1(2). For example, the second-order rate constants for oxidations of
thioanisole by the chromium(V)-oxo 3a-c are 0.4, 2.8 x 102, and 2.2 x
10% M1 571, respectively. The seemingly electron-deficient TDFPP and
TPFPP systems displayed particularly accelerating kinetic effects, and
ratios of reactivities of 3 versus 2 range from 4 to 5 orders of magnitude
in TDFPP and TPFPP compared to only one order of magnitude in TMP
(Table 1). Likewise, the rate constant for epoxidation of cis-cyclooctene
by 3c (TPFPP) is 210 and 1600 times greater than the rate constants for
the same oxidation by 3b (TDFPP) and 3a (TMP), respectively. In
addition to the expected increase in the electrophilicity in the TDFPP
and TPFPP systems, the significant ligand effect of chromium (V)-oxo
species observed in sulfoxidation reactions might implicate a much more
polarized transition state of oxidation processes. On top of that, a dra-
matic solvent effect on the sulfoxidation kinetics of CrV-oxo species has
been noted (Table 1), and the rate of constant for sulfoxidation of thi-
oansole by 3a in CH3CN (kox = 0.4 M~!s™1) was >10 times greater than
that in the less polar solvent of CH3Cly (kox = 3.30 x 102 M s h.
Apparently, increasing the polarity of solvent that gave rise to a faster
reaction is consistent with expectations that charge is more localized in
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Fig. 6. Linear Hametten plots for reactions of para-substituted thioanisoles
with Cr¥-oxo 3a (circle), 3b (triangle), and 3c (square), where the labels
indicate the substituent on thioanisoles.

the transition states than in the reactants.

A further reflection of the electronic demands in the transition states
of the oxidation reactions is seen in the oxidation of the para-substituted
thioanisoles by 3. In all three systems studied here, we observed a clear
substituent dependence on the second-order rate constants for the para-
substituted thioanisoles (Y-thioanisoles; Y = 4-MeO, 4-Me, 4-F, and 4-
CD. In particular, the electron-donating substituents (Me and MeO) in
the para position of phenyl group of thioanisoles substentially increased
the rate constants (Fig. 5B-C). Linear correlations (R > 0.97) of logk-
reilkrel = k(Y-thioanisole)/k(thioanisole)] versus Hammett ¢ substitu-
ent constants were obtained as shown in Fig. 6. The slopes (p*) of plots
are negative, ranging from —1.69 + 0.17 for 3a, —2.63 & 0.31 for 3b,to
—2.89 + 0.29 for 3c, respectively, suggesting a significant positive
charge developed on the sulfur center of the transition state in rate-
limiting steps. Linear Hammett plots with similar p* values were also
found in the oxidations of para-substituted thioanisoles by [Mn"(salen)
(0)] (p" = —1.85), [64,66] [Cr'(salen)(0)] (pt = —2.7), [65] [RuV(b-
py)2(0)PR3] (bpy = 2,2-bipyridine) (p* = -1.56), [63] and
[MnY(TPFC)(0)] (TPFC = 5,10,15-tris-pentafluorophenylcorrole) (p™ =
—1.87). [67]

Although the free energy relation of log ke versus ' does not
uniquely define the reaction mechanism, it provides insights into the
mechanism of sulfoxidation with CrV-oxo porphyrins. If we compare the
reactivity of three Cr¥-oxo complexes with the p* values that displayed a
substantial difference based on the electron demand of the ligand, the
concerted oxygen insertion, i.e., Sy2 mechanism, can be excluded. If the
direct oxygen transfer operates, an inverted trend of the reactivity-
selectivity (p+ values) should be obtained, i.e., the most reactive 3¢
should give the smallest p™ values, [68] which is apparently opposed to
the actual experimental results. Our spectral studies also ruled out the
operation of the single electron-transfer(SET) mechanism that would
have formed Cr'V-oxo intermediate in the rate-determining step. As
noted early, we have not observed any spectral evidence for the for-
mation of Cr'V species during the course of all sulfoxidation reactions.

On numerous occasions, a cationic intermediate has been proposed
for the epoxidation of alkenes by high-valent metal-oxo porphyrins.
[45,69,70] Since the free-energy relationship of logk.e versus ¢* sug-
gests a significant positive charge developed on the sulfur of the
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Scheme 2. A proposed mechanism for sulfoxidation reactions by Cr'-
oxo porphyrins.

transition state, it would appear possible that the sulfoxidation by Cr"-
oxo porphyrins can be characterized by the electrophilic attack of the
oxidant at the sulfur atom that resulted in a sulfur cation intermediate in
the rate-determining step, which is further supported by the observed
solvent and porphyrin ligand effects. Moreover, a stepwise mechanism
involving the sulfur cation intermediate was previously proposed in
related sulfoxidation reactions by [Crv(salen)O]+ complexes with a
similar p* value (p™ = —2.7). [65] Thus, the proposed mechanism in
Scheme 2 provides the most logical rationalization of the experimental
results in the present work. It is worthwhile to note that the reported p*
values (—3.6 to —4.8) [71,72] for those electrophilic additions to al-
kenes involving a carbocation in the rate-determining steps are greater
than the p* values (—1.7 to —2.8) determined in the present sulfox-
idation, presumably due to the different level of charge transfer on
cationic atoms (carbocation versus sulfurcation).

3.5. Competition studies of catalytic sulfoxidations

One objective of our studies is to identify the kinetically competent
oxidants during catalytic turnover conditions that could lead to a better
understanding of the reaction mechanism. However, in most catalytic
reactions the concentrations of active oxidants do not accumulate to
detectable concentrations. Furthermore, our previous studies with
various high-valent metal-oxo species indicate that a high-valent metal-
oxo species detected in a reaction might not be the true oxidant in the
system. [20,36] In this regard, chromium porphyrin complexes have
been used as synthetic catalysts for various oxidation reactions, where
the involvement of high-valent metal-oxo species was indicated.
[37,38,45] Similarly, we have found that chromium(IIl) porphyrins
catalyzed efficient oxidation of sulfides in the presence of PhI(OAc),. For
example, under optimized conditions, i.e., 0.2 mol% of [cr'™por)cl]
(1), 0.5 mmol substrate and 0.75 mmol PhI(OAc); in 2 mL CH3CN
containing 5 pL H,O at room temperature, thioanisole was quantatively
oxidized to the corresponding sulfoxide product with 93% selectivity.
Thus, we have attempted to determine whether the generated
chromium-oxo species observed in our kinetic studies is the actual
oxidant formed during catalytic conditions. To assess whether the same
oxo species is active in the two sets of conditions, one can compare the
ratios of products formed under catalytic turnover conditions to the
ratios of absolute rate constants measured in the direct kinetic studies.
[36]

Toward this end, we carried out a set of competitive oxidations using
[cr'Por)Cl] (1) as catalysts with PhI(OAc), as the oxygen source as
described in the experimental section. In catalytic competition studies, a
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Table 2
Relative rate constants from kinetic studies and competition catalytic
oxidations.”

Porphyrin Substrates Rate constant Rate constant Phl
ratios by 2" ratios by 3¢ (0Ac),"

TMP p-F-PhSMe/ 28 0.83 0.92
PhSMe
p-Cl-PhSMe/ 22 0.33 0.30
PhSMe
p-Me-PhSMe/ 30 4.0 3.2
PhSMe
p-MeO-PhSMe/ 33 14.0 13.0
PhSMe

TDFPP p-F-PhSMe/ 5.6 1.33 1.10
PhSMe

TPFPP p-F-PhSMe/ 3.1 1.15 1.01
PhSMe

@ A reaction solution containing equal amounts of two substrates, e.g., thio-
anisole (0.25 mmol) and substituted thioanisole (0.25 mmol), chromium(III)
porphyrin catalyst (1 pmol) was prepared in CH3CN (2 mL). Iodobenzene
diacetate PhI(OAc), (0.1 mmol) was added with 5 pL H,O, and the mixture was
stirred for ca. 15 min at room temperature.

b Ratios of absolute rate constants from kinetic results with chromium(IV)-oxo
porphyrins (2).

¢ Ratios of absolute rate constants from kinetic results with chromium(V)-oxo
porphyrins (3).

4 Ratios of relative rate constant from competitive oxidations with chromium
(II) porphyrin catalysts at ambient temperature. All competition ratios are av-
erages of 2-3 determinations with +5%standard deviations of the reported
values.

21
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Fig. 7. Hammett correlation studies (log k¢ vs 67) for the [cr™(T™mP)Cl]-
catalyzed oxidation of para-substituted thioanisoles by PhI(OAc), in CH3CN at
23 + 2 °C. Labels show substituents on the para-position of substrates.

limiting amount of PhI(OAc), (0.2 equiv.) was used in order to maintain
similar concentrations of the paired substrates during the course of re-
actions. The amounts of oxidation products formed were determined by
GC-MS analysis. Each sulfide substrate was oxidized to the corre-
sponding sulfoxide with negligible sulfone (< 1%) from the over-
oxidation of the sulfoxide. Table 2 contains relative rate constants ra-
tios (kre)) from direct kinetic studies with 2 and 3, and product ratios
from catalytic competition reactions. As evident in Table 2, the ratios of
absolute rate constants of 2 found in direct kinetic studies differed
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Fig. 8. (A) The representative GC traces for catalytic oxidation of thioanisole (0.5 mmol) with PhI(OAc), by [Cr™(TPFPP)]CI (1 pmol) in CHsCN in the presence of
H,0 (10 pL) over 12 h; (B) MS spectrum of sulfoxide product with H%GO; (C) MS spectrum of sulfoxide product with H%SO.

dramatically from the oxidation ratios for competition oxidation re-
actions of the two substrates in all systems studied here. In contrast, the
ratio of rate constants for reactions of 3 with the paired substrates is
similar to the ratio of products found in competitive catalytic oxidations
(Table 2). Difference in inherent reactivities of the substrates obviously
influence the ratio of products, but the close match between the ratios of
absolute rate constants and the ratios of products from the competition
experiment strongly suggests that chromium(V)-oxo 3 were the premier
oxidants in the catalytic oxidation reactions,

Additional support for a Cr¥-oxo oxidant involved in the catalytic
oxidations is seen from the linear free-energy analysis for competitive
oxidations of the para-substituted thioanisoles by catalyst 1a. Fig. 7
depicts a linear correlation (R = 0.98) of logk:.j[kre] = k(Y-thioanisole)/k
(thioanisole)] versus Hammett 6" substituent constant. The observed
slope (p™) of the plot is — 1.71 + 0.22, almost identical to that observed
in the direct kinetic studies of 3a with substituted thioanisoles (p* =
—1.69 + 0.17). Importantly, when the catalytic sulfoxidation reaction
by [cr'(Por)Cl] with PhIO(Ac), was carried out in the presence of a
small amount of H320 (10 L), the corresponding '80-enriched sulfoxide
product (m/z of 142) was detected by MS (Fig. 8). The competitive
product studies, Hammett correlation analysis and the '®O-isotope
labelling experiment led us to conclude that the observed chromium(V)-
oxo species is the primary oxidant under the catalytic turnover condi-
tions, even though they could not be detected during the reactions.

4. Conclusion

In conclusion, we report the generation and kinetic study of
chromium(IV)-oxo and chromium(V)-oxo porphyrins in three systems
for sulfide oxidation reactions. In addition to the chemical oxidation of
chromium(III) complexes by PhI(OAc),, the visible-light irradiation of
chromium(III) chlorates provides alternative access to chromium(IV)-
oxo porphyrins. One-electron oxidation of [crV(Por)(0)] by AgClO4
produced chromium(V)-oxo species [Cr¥(Por)(0)]" in CH3CN solution.
The kinetic results from this work provide a direct comparison of re-
activities of porphyrin-chromium(IV)/(V)-oxo complexes in sulfide
oxidation reactions under identical conditions. As anticipated,
chromium(V)-oxo species are orders of magnitude more reactive than
the corresponding chromium(IV)-oxo porphyrins, in which the sub-
stantially greater rate constants were obtained with electron-deficient
[CrV(TDFPP)(0)]* and [CrY(TPFPP)(O)]* systems than those with the
electron-rich [CrY(TMP)(0)]*. The order of reactivity of [crVPor)(0)]
and [CrY(Por)(0)]" for the oxidation of the same substrate follows
TPFPP > TDFPP > TMP, consistent with the expectation for electrophilic
metal-oxo oxidants based on the electron-demand of the ligands.

Hammett analyses with conventional 6" values gave a linear correlation
in reactions of substituted thioanisoles with [Cr¥(Por)(0)] - indicating a
positive charge developed on the benzylic sulfur atom during the tran-
sition states. The kinetic, spectral and Hammett correlation studies
suggest that sulfoxidation reaction with [Cr¥(Por)(0)]T most likely
proceeds through the electrophilic attack mechanism with the formation
of a sulfur cation in the rate-determining step. In addition, the compe-
tition product studies implicated that the chromium(V)-oxo species
observed in the kinetic studies is the primary oxidant for the catalytic
sulfide oxidations by chromium(III) porphyrins with PhI(OAc)s.
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