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Under visible light irradiation, the carbonyl ruthenium(Il) porphyrin complexes efficiently catalyze the
selective oxidation of sulfides to sulfoxides with iodobenzene diacetate [PhI(OAc), ] as the oxygen source.
Various thioanisoles and allylic sulfides were oxidized to the corresponding sulfoxides without overoxi-
dation to sulfones. The high selectivity of this unprecedented oxygen-transfer process is mechanistically
rationalized by a low-reactivity ruthenium(IV)-oxo species which can be detected in the reaction of car-
bonyl ruthenium(Il) porphyrin with iodobenzene diacetate. To the best of our knowledge, this is the first
demonstration of a mild and high-yield method for the highly selective sulfoxidations by ruthenium
porphyrins and PhI(OAc),.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The selective oxidation of sulfides to sulfoxides (sulfoxida-
tion) is of great importance in organic synthesis [1]. Organic
sulfoxides are valuable synthetic reagents for the production of
a variety of chemically and biologically significant molecules.
Optically active sulfoxides are also useful intermediates in medic-
inal and pharmaceutical chemistry to prepare the therapeutic
agents such as antiulcer (proton pump inhibitors), antibacterial,
antifungal, antiatherosclerotic, antihypertensive and cardiotonic
agents, as well as psychotonics and vasodilators [2]. A large vari-
ety of electrophilic reagents such as peracids, hydrogen peroxide,
hypochlorite, sodium periodate, iodosobenzene, peroxyacids, and
highly toxic oxo metal oxidants have been utilized for the oxidation
of conventional sulfides with the aim of obtaining high selectivity
for sulfoxide over sulfone [3,4]. However, the methods that are cur-
rently reported rarely provide the ideal combination of selectivity,
fast reaction kinetics, and high product yields. The search for the
efficient and selective catalytic oxidation reactions for the sulfoxide
preparation has continued to be the interest of chemical research.

Abbreviations: Por, porphyrin dianion; TMP, 5,10,15,20-tetramesitylporphyrin
dianion; TPFPP, 5,10,15,20-tetrakispentafluorophenylporphyrin dianion; Phi(OAc),,
iodobenzene diacetate; PhIO, iodosobenzene; TBHP, tert-butyl hydroperoxide; m-
CPBA, m-chloroperoxybenzoic acid; 2,6-Cl,PyNO, 2,6-dichloropyridine N-oxide.
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In the past decades, many transition metal complexes [5] have
been synthesized to mimic the predominant oxidation catalysts in
Nature, namely the cytochrome P450 enzymes [6]. In biomimetic
catalytic oxidations, a transition metal catalyst is oxidized to a
high-valent metal-oxo species [7] by a sacrificial oxidant, and
then the reactive transition metal-oxo intermediate oxidizes the
substrate [8]. In this regard, ruthenium porphyrin complexes are
among the most extensively studied biomimetic oxidation cat-
alysts in view of their rich coordination and redox chemistry
[9,10]. Ruthenium porphyrins can be used to catalyze the oxida-
tion of a wide variety of organic substrates, particularly for various
alkenes, benzylic hydrocarbons and arenes [11]. Product turnovers
of over 10,000 can be reached by recycling the catalysts several
times or by performing the oxidation at low catalyst loadings, as
demonstrated in a number of selected cases [12,13]. The synthetic
ruthenium porphyrins associated with various sacrificial oxidants
such asiodosobenzene (PhlO), tert-butyl hydroperoxide (TBHP) and
m-chloroperoxybenzoic acid (m-CPBA) can catalyze a wide vari-
ety of oxidation reactions including epoxidation, hydroxylation
and oxidation of amines, sulfides, alcohols and aldehydes [11,14].
In particular, with heteroaromatic N-oxides as oxygen source,
ruthenium porphyrin complexes exhibit high region-, chemo-
and stereoselectivity in the catalytic oxidation of a variety of
hydrocarbons [13,15,16]. Notably, the well-characterized trans-
dioxoruthenium(VI) porphyrins, formulated as [Ru"!(Por)0; ], have
been shown to catalyze the clean aerobic epoxidation of olefins in
the absence of a reducing agent under mild conditions [17,18]. In
addition, stoichiometric oxidation of alkenes and C—H bonds by
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Scheme 1. Catalytic oxidation of sulfides by ruthenium porphyrins (1) in the presence of PhI(OAc), and visible light.

isolable [RuV!(Por)0,] revealed a useful insight into the mecha-
nisms of the catalytic oxidation processes [9,14,19].

Although a large number of reports on the catalytic behav-
ior of ruthenium porphyrins have appeared in the past two
decades with major focus on alkene epoxidation and activated
alkane hydroxylation, only very few studies have been reported
with limited success on oxidation of sulfides by these well stud-
ied ruthenium porphyrins [20]. Recently, we have reported the
kinetic studies of sulfide oxidation by the well characterized
trans-dioxoruthenium(VI) porphyrins [21]. We have also shown
that trans-dioxoruthenium(VI) porphyrin complexes can be readily
produced by irradiation of porphyrin-ruthenium(IV) dichlorate
complexes with visible light [22,23]. In this work, we aim to fully
explore the potential of ruthenium porphyrins toward catalytic
sulfoxidation reactions with iodobenzene diacetate, abbreviated
as [PhI(OAc), ], which is commercially available and easy to han-
dle. In contrast to the sacrificial oxidants in common use for
metalloporhyrin catalyzed reactions, PhI(OAc), does not show
appreciable reactivity toward organic substrates or dose not dam-
age the porphyrin catalysts under the usual catalytic conditions.
Due to the mild oxidizing ability, PhI(OAc), has been less often
employed in the metalloporphyrin-catalyzed oxidations. Coll-
man and Nam reported, respectively, the use of PhI(OAc), as
terminal oxidant for the iron(Ill) porphyrin catalyzed oxidation
of hydrocarbons [24,25]. Adam and coworkers also described a
highly selective oxidation of alcohols by chromium(III) salen with
PhI(OAc); [26].In addition, Nishiyama and co-workers showed that
PhI(OAc), is a better oxidant than PhIO in ruthenium-pyridine-
2,6-dicarboxylate complex-catalyzed epoxidation of trans-stilbene
[27]. In the present study, we report that PhI(OAc), is an effi-
cient oxygen source associated with ruthenium porphyrins for the
selective oxidation of sulfides to sulfoxides, which of catalytic effi-
ciency is greatly enhanced by visible light irradiation (Scheme 1).
In all cases, quantitative conversions of sulfides and exclusive
selectivities for sulfoxides were obtained. Meanwhile, we show
that a low-reactivity ruthenium(IV)-oxo porphyrin intermediate is
detected by the oxidation of the ruthenium(II) carbonyl precursor
with PhI(OAc),, which is ascribed to the observed excellent selec-
tivity for sulfoxide. To the best of our knowledge, using PhI(OAc),
for the selective sulfoxidation reactions catalyzed by ruthenium
porphyrin complexes is unprecedented.

2. Experimental
2.1. Materials and instrumentation

All commercial reagents were of the best available purity
and were used as supplied unless otherwise specified. lodoben-
zene diacetate or (diacetoxyiodo)benzene, [PhI(OAc),], was
purchase from Aldrich Chemical Co. and used as such. m-
Chloroperoxybenzoic acid (m-CPBA) (77%) from Aldrich Chemical
Co. was purified by precipitation-crystallization from methy-
lene chloride and n-hexane, and then dried in vacuum.

Iodosobenzene (PhIO) and tert-butyl hydroperoxide (TBHP) were
purchased from the TCI America Co. and was used as obtained. All
reactive substrates of organic sulfides for catalytic oxidations were
passed through a dry column of active alumina (Grade 1) before
use. 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin (H,TPFPP)
was commercially available from Aldrich and used as received.
5,10,15,20-Tetramesitylporphyrin (H,TMP) was prepared accord-
ing to the known methods [28]. The corresponding ruthenium(Il)
carbonyl complexes Rul!(Por)(CO), RulY(Por)Cl, and Ruv!(Por)0,
used for catalytic sulfoxidadtions were prepared by literature
methods|[14] and characterized by '"H NMR, IR and UV-vis spec-
troscopies, matching those reported [14,17,29].

UV-vis spectra were recorded on an Agilent 8453 diode array
spectrophotometer. IR spectra were obtained on a Bio-Rad FT-IR
spectrometer. 'H NMR was performed on a JEOL ECA-500 MHz
spectrometer at 298 K with tetramethylsilane (TMS) as inter-
nal standard. Chemical shrifts (ppm) are reported relative to
TMS. Gas chromatograph analyses were conducted on an Agilent
GC6890/MS5973 equipped with a flame ionization detector (FID)
using a DB-5 capillary column. The above GC/MS system is also cou-
pled with an auto sample injector. Reactions of Ru''(Por)(CO) (1)
with excess of PhI(OAc), were conducted in a chloroform solution
at23+2°C.

2.2. General procedure for photocatalytic sulfoxidations

In general, a Rayonet photoreactor (RPR-100) with a wave-
length range of 400-500 nm (Amax =420 nm) from 300 W mercury
lamps (RPR-4190 x 12) was used for the photocatalytic reactions.
The photochemical reactions typically consisted of 0.5-1.0 mg of
catalyst (approximate 0.5-1 wmol) in 2 mL of chloroform contain-
ing 0.5mmol of organic substrates. 1.5 equivalent of PhI(OAc),
(0.75 mmol) was added to the reaction solution as it was irradiated
at 25 +2°C. Aliquots of the reaction solution at constant time inter-
val were analyzed by 'H NMR or GC/MS to determine the formed
products and yields with an internal standard (diphenylmethane).
All reactions were run at least in duplicate, and the data reported
represent the average of these reactions. Monitoring reaction by
UV-vis spectroscopy before and after reactions indicated that no
significant degradation of ruthenium catalyst was found after 24 h
photolysis.

2.3. Catalytic competitive oxidations

A CHCl3 solution containing equal amounts of two sub-
strates, e.g. thioanisole (0.5 mmol) and substituted thioanisole
(0.5 mmol), ruthenium(Il) porphyrin catalyst (1 umol) and an inter-
nal standard of diphenylmethane (0.1 mmol) was prepared (final
volume =2 mL). The internal standard was shown to be stable to the
oxidation conditions in control reactions. PhI(OAc), (0.4 mmol) as
limiting reagent was added, and the mixture was irradiated under
visible lights at ambient temperature (25 £ 2 °C) until the reaction
was complete. Relative rate ratios for oxidations were determined
based on the amounts of products (sulfoxides) by '"H NMR or GC
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Fig. 1. Time courses of oxidation of thioanisole (0.5mmol) with PhI(OAc);
(0.75mmol) in CDCl3 (2mL) at room temperature catalyzed by 1 (1pumol):,
Ru''(TMP) (CO) (1a) without visible light (diamond); Ru"(TMP)(CO) (1a) with visible
light (circle); Ru"(TPFPP)(CO) (1b) with visible light (cube). Aliquots were taken at
selected time intervals for product analyses with '"H NMR.

(FID, DB-5). The values reported in Table 5 are the averages of 2-3
runs with a minor error (<5%).

3. Results and discussions
3.1. Screening the catalytic oxidation of thioanisole

Although the iodobenzene diacetate, PhI(OAc),, has been widely
used as a mild oxidant for some time [25,27], apparently it had
hitherto not been used for ruthenium porphyrin-catalyzed sul-
foxidation reactions. Therefore, we have first investigated the
PhI(OAc); as oxygen source in the catalytic oxidation of thioanisole
(2a) with different ruthenium porphyrin catalysts. Our immedi-
ate goal in this section was to identify the most efficient systems
and optimal conditions from the screening reactions. In order
to work under homogeneous conditions and follow the reaction
course via "H NMR, the reactions were performed in CDCl3 at room
temperature using a 0.2 mol% catalyst loading and a 1:1.5 ration
of thioanisole and PhI(OAc),. Our results collected in Fig. 1 and
Table 1 show the carbonyl ruthenium(Il) tetramesitylporphyrin

(1a) catalyzed the oxidation of thioanisole very slowly, only ca.
10% conversion was observed after 24 h. Gratifyingly, under visi-
ble light irradiation (Amax =420 nm), the reaction proceeded much
rapidly and thioanisole 2a was smoothly and quantitatively oxi-
dized to corresponding methyl phenyl sulfoxide (3a) in high yield
and short reaction times (entry 2 in Table 1 and Fig. 1). The sulfox-
ide was the only identifiable oxidation product (>99% by GC) and
the usual undesirable over oxidation of sulfoxide (3a) to sulfone
(4a) was not observed, which manifests the high chemoselectivity
of this reaction.

It has been well established that ruthenium(Il) carbonyl por-
phyrins undergo photo-induced decarbonylation reactions [30].
The observed remarkable photo-stimulation with visible light was
consistent with photoejection of the carbonyl ligand to generate the
ruthenium(II) porphyrin that is much more active form of catalyst
to react with PhI(OAc),. Therefore, all reactions were carried out
under visible light irradiation in a Rayonet photoreactor. The con-
trol experiments show that no formation of sulfoxide (<5%) was
detected when the reaction was carried out under light irradiation
in the absence of either ruthenium porphyrin catalyst or PhI(OAc),.
In addition, monitoring catalytic reaction by UV-vis spectroscopy
indicated that the no significant degradation of porphyrin
catalyst was observed under visible light photolysis (see Fig. S1 in
the Supplementary material).

As expected, the catalytic activity (100% convn in 4h) was
enhanced with more PhI(OAc), present (Table 1, entry 3). Instead
of CDCl3, the use of CD,Cl, as the solvent resulted in a similar
yield (entry 4). The reaction was also carried out in other sol-
vents like toluene, diethyl ether, ethyl acetate, acetonitrile. Due
to the poor solubility of PhI(OAc), in all these solvents, much
slower reactions were obtained with up to 30% conversions into
products (data not shown). In terms of different oxidation states
form of ruthenium catalyst, strikingly, the Ru!V(TMP)Cl, proved
to be completely inactive in the sulfoxidation reaction (entry
5), which is in marked contrast to the epoxidation of unfunc-
tionalized alkenes with 2,6-dichoropyridine N-oxide, for which
dichlororuthenium(IV) porphyrins are considerably more efficient
compared to the carbonyl ruthenium(Il) catalyst [16]. Much lower
conversion was also observed in the oxidation of thioanisole
catalyzed by RuV(TMP)O, (entry 6). These results indicate that
ruthenium(IV) and ruthenium(VI) are not accessible for the gen-
eration of active intermediate in the catalytic oxidation of sulfides
by PhI(OAc),. The electron-deficient catalyst Rul'(TPFPP)(CO) (1b),

Table 1
Catalytic oxidation of thioanisole by ruthenium porphyrins with iodobenzene diacetate under visible light irradiation?
s RuPor (0.2 mol%) I QL
Ph™""Me : PrMe  * ph e
Phi(OAc), (1.5 eqiv.)
2a CDCls, 25 °C 3a 4a

irradiation with 420 nm

Entry Catalyst t(h) Convn (%)° mb (%)° Selectivity (3a:4a)°
1¢ Ru!/(TMP)(CO) 24 10 >95 >99:1

2 6 94 >95 >99:1

3d 4 100 >95 >99:1

4¢ 6 92 >95 >99:1

5 RulV(TMP)Cl, 24 <5 >95 nd.!

6 RuV(TMP)O, 24 15 >95 95:5

7 Ru'(TPFPP)(CO) 24 90 >95 >99:1

a All reactions were conducted with visible light irradiation (Amax =420 nm) in a Rayonet reactor or otherwise noted. Reactions were carried out in CDCl; at ca. 25°C with
a 1:1.5 molar ratio of thioanisole versus PhI(OAc), and 0.2 mol% catalyst at an initial substrate concentration of 0.25 M.

b Conversions (convn), mass balance (mb) and product selectivity were determined by 'H NMR (JEOL 500 M) and/or quantitative GC-MS analysis on the crude reaction
mixture after the reaction is quenched by sodium hydroxide solution (consuming all oxygen source).

¢ Without visible light irradiation.

d 2 equivalent of PhI(OAc), (1 mmol) was used.
¢ In Cchlz.

f n.d.=Not determined.
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Table 2
Catalytic oxidation of thioanisole by the ruthenium(Il) poprhyrin (1a) with various oxygen sources in the presence of visible light®
o 0
s Ru'(TMP)(CO) (0.2 mol%) g . \\S//
Ph” " "Me N -9~
oxygen source (1.5 eqiv.) Ph Me Ph Me
2a CDCls, 25 °C 3a 4a

irradiation with 420 nm

Entry Oxygen source t(h) Convn (%)° mb (%)° Selectivity (3a:4a)"
1 PhI(OAc); 6 94 >95 >99:1

2 PhIO 12 89 96 91:9

3¢ m-CPBA 12 100 92 45:55

4 TBHP 12 90 >95 93:7

5 2,6-Cl,PyNO 24 33 >95 >99:1

2 All reactions were conducted with visible light irradiation (Amax =420 nm) in a Rayonet reactor. Reactions were carried out in CDCls at ca. 25°C with a 1:1.5 molar ratio
of thioanisole versus oxygen source and 0.2 mol% catalyst at an initial substrate concentration of 0.25 M.

b Conversions (convn), mass balance (mb) and product ratios were determined by "H NMR (JEOL 500 M) or by quantitative GC-MS analysis with an internal standard
(diphenylmethane) on the crude reaction mixture after the reaction is quenched by sodium hydroxide solution (consuming all oxygen source).

¢ In the absence of the ruthenium(II) catalyst, control experiment shows m-CPBA gave 100% conversion with 70:21 ratio of sulfoxide versus sulfone over 24 h.

which has been used a robust catalyst in many oxidation reactions,
also gave the sulfoxide exclusively. Compared to 1a, 1b was less
reactive and a longer reaction time (24 h) was needed to observe a
complete substrate conversion (entry 7).

3.2. Comparison of various oxygen sources in the catalytic
oxidation of thioanisole

The promising results with the PhI(OAc), in Table 1 prompted
us to evaluate other common oxygen sources in the rutheniu(Il)
porphyrin-catalyzed oxidation of thioanisole for the intended pur-
pose of comparison. A screening of diverse oxygen source under
identical experimental conditions disclosed that the mild oxygen
source PhI(OAc), was especially effective for selective oxidation
of sulfide to sulfoxide, as representative results are shown in
Table 2. The use of more oxidizing oxygen source like iodosoben-
zene (PhIO), m-chloroperoxybenzoic acid (m-CPBA) or tert-butyl
hydroperoxide (TBHP) gave quantitative conversions albeit with
minor to significant sulfone formation (Table 2, entries 2-4).
The most likely explanation is that these oxygen sources, having
more oxidizing abilities, might generate more reactive oxidizing
intermediates with ruthenium porphyrin catalyst than that with
PhI(OAc);,.[29,31] Similar to the catalytic expoxidation of unfunc-
tionlized alkenes [13], 2,6-dichloropyridine N-oxide (2,6-Cl,PyNO)
as the oxygen source afforded excellent selectivity to sulfoxide,
however, with a very poor conversion of 33% after 24 h (entry 5).
Besides the high chemoselectivity, an additional advantage of the
PhI(OAc), compared to the other oxidants, is the fact that it will
not cause the degradation of the porphyrin catalysts. Thus, a sim-
ilar catalytic activity with excellent selectivity was achieved even
at the very low catalyst loading of only 0.05 mol% (data not shown
here).

3.3. Catalytic oxidation of substituted thioanisoles and allylic
sulfides by Phl(OAc),

The substrate scope of the unprecedented catalytic sulfoxida-
tions was explored under optimized conditions. Table 3 lists the
oxidized products and corresponding selectivities using the 1a and
1b as the catalyst, respectively. In analogy with what we observed
for 2a, all catalytic oxidation of substituted thioanisoles proceeded
with a quantitative conversion into the corresponding sulfoxides
with excellent selectivity (100%) and mass balance (>95%), and in
all cases no traces of sulfones were detected. Significant for prepar-
ative purposes, the reactions gave comparable yields in isolated
products (entries 1 and 7).

We also followed the time courses of para-substituted
thioanisoles oxidations by Ru!/(TMP)(CO) (1a) and PhI(OAc), under
visible light photolysis (Fig. 2). The introduction of electron-
donating and electron-demanding substituents in the aryl ring of
substrates gave a noticeable effect. As is evident, the introduction of
electron-donating groups like methyl or methoxy groups resulted
in increased reactivities compared to thioanisole (entries 5, 6, 11,
12 in Table 3), while reduced reactivities were observed in the pres-
ence of electron-demanding groups like Cl or Br groups. However,
the log ke [k;e = k(substituted thioanisole)/k(thioanisole)] versus
Hammett substituent constant (o) did not give a linear correlation
for the catalytic oxidation of substituted sulfides under compet-
itive conditions. Previously, we showed that the stoichiometric
thioanisoles oxidation by trans-dioxoruthenium(VI) porphyrins in
which cases both electron-donating and -withdrawing substituents
moderately slow down the reactions [21]. Apparently, involvement
of trans-dioxoruthenium(VI) species as the premier reactive inter-
mediate in present study is implausible.

The present results demonstrate that the ruthenium porphyrin
with PhI(OAc); is an efficient catalytic system for the selective oxi-
dation of sulfides. Its efficacy for epoxidation was also tested with
cis-cyclooctene as substrates under the optimized reaction con-
ditions. Surprisingly, no appreciable reactivity (<1% convn) was
observed after 24 h for the unfunctionalized alkene. This result
stimulates us to test this protocol for the oxidation of allylic sulfides.

100 o
MeO

80 - =P
. */H
=
= 60 4
S ¢l
=
o 40 4 Br
3

20

0 ; ; . ; ;

0 2 4 6 8 10 12
Time (h)

Fig. 2. Time courses of oxidation of para-substituted (4-X) thioanisoles (0.5 mmol)
with PhI(OAc), (0.75 mmol) in CDCl; (2 mL) at room temperature catalyzed by 1a
(1 wmol) under visible light irradiation. X=H (dot), MeO (triangle), Me (circle), Cl
(square) and Br (diamond).
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Table 3
Catalytic oxidation of substituted thioanisoles by ruthenium porphyrin (1) and PhI(OAc), with visible light®.
Entry Catalyst 1 Substrate 2 Product 3 Convn (%)° Yield (%)° Time (h)
S~ Q
1 Ru''(TMP)(CO) 1a ©/ 100 (90)°

7 Ru''(TMP)(CO) 1b ©/

o
10 =
n ey
E weol

@S\ 8 100
@S‘ 6 100 100
F

@S\ 24 100
@S‘ 6 100 100
F

S-
8 100 100
e
OS‘ 12 100 100
Br
/@S‘ 5 100 100
Me
@S‘ 4 100 100
MeO

100 (93)¢

- 8 100 100
e
@S‘ 6 100 100
Br
OS\ 6 100 100
Me
@S‘ 6 100 100
MeO

2 Unless otherwise specified, all reactions were carried out in CDCls at ca. 25 °C in the presence of 1.5 equiv. of PhI(OAc), and 0.2 mol% catalyst; only sulfoxide was detected

by "H NMR or GC/MS analysis of the crude reaction mixture.

b Based on the conversion of thioanisoles and determined by 'H NMR or GC/MS analysis of the crude reaction mixture; material balance > 95%.
¢ Isolated material after silica-gel chromatography with methylene and n-hexane as eluent.

The oxidation of sulfides in the presence of electron-rich double
bonds is often problematic with many traditional oxidants such as
m-CPBA, NalOg4, and catalytic systems because of interference with
epoxidations [3]. With ruthenium(II) catalyst and PhI(OAc),, no
epoxidation took place and excellent chemoselectivities for sulfox-
ide were obtained albeit with somewhat low conversions (Table 4).
Similarly, presence of hydoxy group did not disturb the selec-
tive oxidation of sulfide to sulfoixde and no alcohol oxidation was
observed (entry 3 in Table 4).

3.4. Mechanistic studies of active oxidizing species

Prior to the present studies, the use of ruthenium porphyrins
for metal-catalyzed sulfoxidations has met with limited success
in view of the low reactivity and, in most cases, undesirable
over-oxidation to sulfones. We now show that ruthenium por-
phyrins catalyze the highly selective oxidation of thioanisoles and
allylic sulfides by PhI(OAc);, in the presence of visible light. The

preparative utility and synthetic value of the new catalytic system
presented above are indisputable, but mechanistic understand-
ing of the complex oxygen-transfer processes is important for the
design of still more effective and selective oxidants with general
applicability.

In fact, trans-dioxoruthenium(VI) porphyrin is capable of oxi-
dizing olefins and activated hydrocarbons to undergo reduction
[11]. However, the fact that no expoxidation or hydroxylation
was observed in the catalytic oxidation of allylic/hydroxy sul-
fides by ruthenium porphyrin and PhI(OAc), strongly suggests that
trans-dioxoruthenium(VI) porphyrin is not a viable oxidizing inter-
mediate in above catalytic cycle, even if it does have the ability to
effect substrate oxidations.

To accentuate this point, the competitive sulfoxidation reac-
tions catalyzed by carbonyl ruthenium(Il) porphyrin complexes (1)
with PhI(OAc); were conducted as described in Section 2. The pur-
pose of the competition studies is to evaluate whether the same
species was active in the two sets of conditions by comparing the
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Table 4
Catalytic oxidation of allylic or hydoxy sulfides by ruthenium porphyrin (1) and Phl(OAc), with visible light®.
Entry Catalyst Substrate Product Convn (%)° Yield (%)b
s q
1 Rull(TMP)(CO) 1a Ph” " Ph’SA 40 100
s 2
NP Xy
2 = /\/S\/\
s 0
3¢ HO™ N\ "~"0H 100 100
HO/\/S\/\OH
s ?
4 Rull(TPFPP)(CO) 1b PR SN 32 100
s 2
N \/\
5 = P NN 64 100

2 Unless otherwise specified, all reactions were carried out in CDCl3 at ca. 25 °C in the presence of 1.0 equiv. of PhI(OAc), and 0.2 mol% catalyst; only sulfoxide was detected

by 'H NMR analysis of the crude reaction mixture.

b Based on the conversion of thioanisoles and determined by 'H NMR analysis of the crude reaction mixture; mass balance >95%. The products were fully characterized

by 'H NMR after column chromatography.
¢ 1.5 equiv. of PhI(OAc), was used.

ratios of products formed under catalytic turnover conditions to the
ratios of rate constants measured in the direct kinetic studies [32].
If the same oxidant was present in both cases, the ratios of abso-
lute rate constants from direct kinetic measurements and relative
rate constants from the competition studies should be similar [33],
although a coincident similarity for two different oxidants could
not be excluded. When the ratios were not similar, however, the
active oxidants under the two sets of conditions must be different
[21,34].

Table 5 contains the results of kinetic results with trans-
dioxoruthenium(VI) porphyrin complexes from our recent study
[21] and competition reactions where PhI(OAc), was employed
as sacrificial oxygen source, respectively. Each sulfide substrate
was oxidized to the corresponding sulfoxide in nearly quantita-
tive yield based on the oxidant consumed. In this study, a limiting
amount of PhI(OAc), was used to keep the conversion less than
20% to avoid the effect of substrate concentration on the prod-
uct ratios. As evident in Table 5, the results from the competition
studies suggest that an unusually different behavior is apparent
during catalytic turnover conditions with porphyrin-ruthenium(II)
carbonyl complexes. For most of the cases, the ratios of absolute
rate constants found in direct kinetic studies differed from the
oxidation ratios for competition oxidation reactions of the two
substrates. The differences appear to be statistically significant in

the ratios of substrate oxidation rates. The oxidation rate ratios
for each pair of substrates were found to be much more larger
(more selective) when PhI(OAc), employed compared to that from
the absolute rate constants ratio of RuY!(Por)0,, implying that the
active oxidant generated under catalytic turnover condition with
PhI(OAc), should be less reactive than RuY!(Por)0,. Therefore, a
trans-dioxoruthenium(VI) is unlikely to be the active oxidant under
turnover conditions.

To further probe the identity of the active oxidizing species
under catalytic conditions, we conducted the chemical oxidation
reaction of ruthenium(Il) catalyst 1 by PhI(OAc), in CHCI3 in the
absence of sulfides (Fig. 3). As shown in Fig. 3A, with five equivalent
of PhI(OAc),, the precursor Ru''(TMP)(CO) (1a) was quantitatively
converted to a species 5a with clearly resolved isosbestic points.
The absorption spectrum of 5a with a weak Soret band at 406 nm
and broad absorption bands around 550-750 nm was essentially
identical to that of the known ruhenium(IV) mono-oxo porphyrin,
which was independently prepared from a reported method[29]
(the Supplementary material, Fig. S2). Further addition of PhI(OAc);
with up to 20 equivalent resulted in conversion of 1a to another
species 6a with a red shift of the Soret band to 422 nm and blue shift
of Q band to 518 nm, again with clean isosbestic points (Fig. 3B). The
later signal of the final product is characteristic of the well-known
trans-dioxoruthenium(VI) poprhyrin, i.e. RuVI(TMP)O, [31]. These

Table 5
Comparison of competition catalytic oxidations with ratios of absolute rate constants of trans-dioxoruthenium(VI) porphyrins®.
Porphyrin system Substrates Method Krer®
TPFPP p-Fluorothioanisole/thioanisole Kinetic results 0.94
PhI(OAc), 1.49
TPFPP p-Chlorothioanisole/thioanisole Kinetic results 0.71
PhI(OAc), 3.22
TPFPP p-Methylthioanisole/thioanisole Kinetic results 0.66
PhI(OAc), 2.23
TPFPP p-Methoxythioanisole/thioanisole Kinetic results 0.64
PhI(OAc), 3.7
TMP p-Fluorothioanisole/thioanisole Kinetic results 0.375
PhI(OAc); 1.47
TMP p-Chlorothioanisole/thioanisole Kinetic results 1.01
PhI(OAc), 3.12

2 A reaction solution containing equal amounts of two substrates, e.g., thioanisole (0.5 mmol) and substituted thioanisole (0.5 mmol), ruthenium(Il) porphyrin catalyst
(1 wmol) and an internal standard of diphenylmethane (0.1 mmol) was prepared in CH3Cl (5 mL). PhI(OAc), (0.4 mmol) was added, and the mixture was stirred overnight

(12 h) under visible light irradiation at 25°C.

b Relative ratios of absolute rate constants from kinetic results with trans-dioxoruthenium(VI) porphyrin complexes[21] and for competitive oxidations with carbonyl
ruthenium(Il) porphyrin catalysts (1a and 1b). All competition ratios are averages of 2-3 determinations with standard deviations smaller than 10% of the reported values.
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Fig. 3. Time-resolved spectrum for the oxidation of 1a (5 x10-6 M) with PhI(OAc), in CHCl3 (A) 5 equivalent of PhI(OAc), over 40 min. (B) 20 equivalent of PhI(OAc), over

20 min.

results unambiguously demonstrate that PhI(OAc), can be used as a
single oxygen atom source in generating trans-dioxoruthnium(VI)
porphyrin viaa monoruthenium(IV)-oxo intermediates (Eq.(1)). Of
note, the formation of trans-dioxoruthenium(VI) porphyrin species
(6a) was not observed for the same reaction but in the presence of
organic sulfides.

PhI(OAC), PhI(OAC),

Ru'(CO)Por Ru'V(0O)Por Ruv(0),Por

1 5 ¢
Por = porphyrinato dianion

(1)

It is well known that ruthenium(IV)-oxo porphyrins are much
less reactive than the corresponding trans-dioxoruthenium(VI)
porphyrins as the latter can oxidize the alkenes to expoxides and
the former does not oxidize the alkenes but react with powerful
reductants like triphenylposphine [35]. In this study, we found that
ruthenium(IV)-oxo species (5a) when produced independently was
competent oxidant and reacted rapidly with thioanisoles to gen-
erate the corresponding ruthenium(Il) compound (Supplementary
material, Fig. $3). Similarly, the electron-demanding RuY!(TPFPP)0,
(6b) can be prepared by oxidation of the carbonyl precursor 1b with
30 equivalent of PhI(OAc),, as shown by the close spectral agree-
ment with the TMP analogue (Supplementary material, Fig. S4). Due
to the electron-demanding nature, the oxidation of Rul!(TPFPP)(CO)
to RuY!/(TPFPP)0; is much slower than that of TMP analogue.

On the basis of the present experimental facts, a catalytic
cycle is proposed in Scheme 2. First, visible light photolysis of
carbonyl precursor 1 gives a more active ruthenium(Il) species
Ru'Por. Second, oxidation of Ru'Por with PhI(OAc), generated
the ruthenium(IV)-oxo porphyrin (5) as the major oxidizing
intermediate which subsequently oxidizes an organic sulfide selec-
tively to sulfoxide without over oxidation to sulfone due to its
low reactivity. After the oxygen transfer, the ruthenium(IV)-oxo
species 5 then regenerates the precursor Ru''Por (Scheme 2).
The pivotal formation of the low-reactivity ruthenium(IV)-oxo
poprhyrin was unequivocally confirmed by the oxidation of 1a
with PhI(OAc), in the absence of sulfide substrate (Fig. 3A). The
notable absence of reactivity in the case of expoxidation and
hydroxylation compared to sulfoxidation for the oxidation of allylic
or hydroxy sulfides illustrates that the formation of more reac-
tive trans-dioxoruthenium(VI) species is not directly involved in
above catalytic cycle. We further assume that the formation of
the ruthenium(IV)-oxo intermediate is the rate-determined step,

C|:O
Ru''(Por)
1
visible light K
CcO
i
S Ru'P
N u'Por PhI(OAc),
R1/ R2
S ]
/N Il Phl + HOAc
R R Ru(Por)
5

Scheme 2. A proposed catalytic cycle for the catalytic oxidations by the ruthe-
nium(II) carbonyl porphyrin in the presence of PhI(OAc), and visible light.

which could explain the observed lower activity for the electron-
demanding system 1b in comparison to 1a.

4. Conclusions

In conclusion, an efficient method for the highly selective
oxidation of sulfides to sulfoxides with ruthenium porphrin as
catalyst in the presence of PhI(OAc), and visible light has been
developed. All the factors that effected the catalytic sulfoxida-
tion reactions were well investigated and understood. Various
thioanisoles and allylic sulfides could be successfully oxidized with
good conversions (most quantitative) and excellent selectivities.
A plausible mechanism which relies on the generation of low-
reactivity ruthenium(IV)-oxo intermediate has been proposed to
account for the observed high selectivities. Further studies to define
synthetic applications and characterize the observed transients
more fully are underway in our laboratory.
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