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Introduction

Metalloporphyrin oxidation catalysts not only constitute
unique biomimetic models for cytochrome P-450 enzymes
(which play an important role in biosynthesis, metabolism,
and oxidative transformations) but also have practical appli-
cations in organic oxidation reactions. A significant number
of metalloporphyrin oxidation catalysts have been devel-
oped since the leading works by Groves and co-workers,[1a]

and some of these can catalyze the hydroxylation of alkanes
and epoxidation of unfunctionalized alkenes with high
regio-, shape- and stereoselectivity under mild conditions.[1]

Ruthenium–porphyrin complexes are among the most ex-
tensively studied metalloporphyrin catalysts for hydrocarbon
oxidation.

In 1985, Groves and Quinn discovered that a sterically
bulky dioxoruthenium(vi) porphyrin, [RuVI(tmp)O2] (tmp=

meso-tetramesitylporphyrinato dianion), can catalyze the
aerobic epoxidation of alkenes.[2] Afterwards, Marchon and
co-workers observed the [RuVI(tmp)O2]-catalyzed aerobic
oxidation of unsaturated steroids.[3] Hirobe and co-workers
discovered the epoxidation of alkenes, hydroxylation of al-
kanes, and oxidation of arenes and steroids with heteroaro-
matic N-oxides such as 2,6-dichloropyridine N-oxide (2,6-
Cl2pyNO) in the presence of catalyst [RuVI(por)O2] or [RuII-
(por)(CO)] (por= porphyrin in general).[4] Groves and co-
workers reported the hydroxylation/epoxidation of hydro-
carbons with 2,6-Cl2pyNO catalyzed by the highly fluorinat-
ed ruthenium porphyrin [RuII(F20-tpp)(CO)] (F20-tpp=

meso-tetrakis(pentafluorophenyl)porphyrinato dianion).[5]

By employing chiral [RuVI(por*)O2] or [RuII(por*)(CO)] as
catalysts (por*=chiral porphyrin in general), we and Gross,
Berkessel, and Simonneaux realized the enantioselective ox-
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idation of hydrocarbons with 2,6-Cl2pyNO, PhIO, or dioxy-
gen.[6–9] We also reported the epoxidation of alkenes with
2,6-Cl2pyNO catalyzed by the [RuII(por)(CO)] grafted onto
mesoporous molecular sieve MCM-41[10a] and MCM-48,[10c]

Merrifield�s peptide resin,[10b] dendrimers,[10d] and soluble
polymers.[10e] A catalyst of [RuII(por)(CO)] immobilized in a
highly cross-linked polymer for the alkene epoxidation with
2,6-Cl2pyNO was subsequently reported by Severin and Nes-
tler.[11] The alkene epoxidation catalyzed by [RuVI(tmp)O2]
can also be performed with N2O as oxidant, as found by
Yamada and co-workers.[12] Recently, we reported the epoxi-
dation of cycloalkenes with 2,6-Cl2pyNO catalyzed by
[RuII(2,6-Cl2tpp)(CO)] (2,6-Cl2tpp =meso-tetrakis(2,6-di-
chlorophenyl)porphyrinato dianion).[13]

The [RuVI(por)O2]- or [RuII(por)(CO)]-catalyzed oxida-
tions show attractive features such as 1) almost complete b-
selectivity in the epoxidation of cholesteryl esters;[3a–c,10c–10e]

2) extremely high turnover number of up to 1.2 � 105 in the
hydroxylation of adamantane;[4e, 5] 3) high selectivity, versa-
tility, and reusability in the epoxidation of alkenes catalyzed
by the polymer-supported [RuII(por)(CO)];[10b] and 4) high
enantioselectivity for the asymmetric epoxidation of sty-
rene.[6c,7] However, [RuVI(por)O2] catalysts are unstable and
must be freshly prepared or generated in situ, whereas the
oxidation by stable catalysts [RuII(por)(CO)] (except for
por= F20-tpp) usually requires a long reaction time (24–48 h)
to complete. It would be of particular interest to develop a
stable ruthenium porphyrin oxidation catalyst that not only
shows extraordinary selectivity and versatility, but also ex-
hibits a high reactivity.

In a previous work, we found that the stable chiral di-
chlororuthenium(iv) porphyrin [RuIV(D4-por*)Cl2] (D4-
por*= D4-symmetric 5,10,15,20-tetrakis((1S,4R,5R,8S)-
1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracen-9-yl)-
porphyrinato dianion), characterized by spectroscopic
means, exhibited substantially higher catalytic activity
toward asymmetric alkene epoxidation with 2,6-Cl2pyNO
than the carbonyl analogue [RuII(D4-por*)(CO)].[14a] This
finding prompted us to further develop the chemistry of di-
chlororuthenium(iv)–porphyrin complexes including the
methods of preparation and structural and reactivity studies.
Herein are described the epoxidation of a wide variety of al-
kenes and oxidation of arenes and steroids with 2,6-
Cl2pyNO catalyzed by the dichlororuthenium(iv)–porphyrin
complexes [RuIV(por)Cl2] (por=2,6-Cl2tpp, tmp, ttp) (ttp=

meso-tetrakis(p-tolyl)porphyrinato dianion), along with the
crystal structures of [RuIV(por)Cl2] (por=2,6-Cl2tpp, tmp)
and [{RuIV(F20-tpp)Cl}2O]. The selective oxidation of al-
kenes to aldehydes catalyzed by [RuIV(2,6-Cl2tpp)Cl2] has
recently been reported.[14b] The present work also reports
comparative oxidation studies using [RuII(2,6-Cl2tpp)(CO)],
[RuII(F20-tpp)(CO)], [RuII(F28-tpp)(CO)] (F28-tpp =

2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrinato dianion), [{RuIV(F20-tpp)Cl}2O], and
other related ruthenium catalysts. Strikingly, [RuIV(2,6-
Cl2tpp)Cl2] is a highly efficient catalyst for 2,6-Cl2pyNO oxi-
dation of electron-deficient a,b-unsaturated ketones (which

are usually poor substrates for metalloporphyrin-mediated
oxidation) with excellent substrate conversions (up to 95 %)
and product yields (up to 99 %) within several hours. Oxida-
tion of a,b :g,d-unsaturated alkenes and 2-substituted naph-
thalenes by the “[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” pro-
tocol shows that the electronic properties of the substrates
can affect the product regioselectivity. Prior to this work, re-
ports in the literature on ruthenium–porphyrin-catalyzed ox-
idations of arenes and steroids were sparse,[3,4d, 10c–10e] and in
very few cases metalloporphyrin complexes have been em-
ployed as catalysts for the oxidation of electron-deficient al-
kenes.[10b,e,14a, 15] Therefore, [RuIV(2,6-Cl2tpp)Cl2] is an excep-
tionally active, versatile, and robust metal catalyst toward
2,6-Cl2pyNO oxidation of alkenes compared with other met-
alloporphyrin catalysts.

Results and Discussion

Syntheses and X-ray crystal structures of [RuIV(2,6-
Cl2tpp)Cl2], [RuIV(tmp)Cl2], and [{RuIV(F20-tpp)Cl}2O]: Sev-
eral methods are known for preparation of [RuIV(por)Cl2]
complexes.[16] Gross and co-workers reported that [RuIV-
(por)Cl2] could be obtained by heating a solution of [RuII-
(por)(CO)] in CCl4.

[16b,d] The chiral complex [RuIV(D4-
por*)Cl2] was prepared by this method in 95 % yield.[14a] We
attempted to prepare [RuIV(2,6-Cl2tpp)Cl2] using this proce-
dure, but found that the conversion of [RuIV(2,6-
Cl2tpp)(CO)] to [RuIV(2,6-Cl2tpp)Cl2] was only 50 % even
after refluxing a solution of [RuIV(2,6-Cl2tpp)(CO)] in CCl4

for 48 h.
Interestingly, the reaction of freshly prepared [RuVI(2,6-

Cl2tpp)O2] with excess Me3SiCl in CH2Cl2 at room tempera-
ture gave [RuIV(2,6-Cl2tpp)Cl2] in 90 % yield (Scheme 1),

similar to the reaction of [RuVI(ttp)O2] with Me3SiCl to give
[RuIV(ttp)Cl2].[16c] A similar treatment of [RuVI(tmp)O2]
with Me3SiCl afforded [RuIV(tmp)Cl2] in 80 % yield. Howev-
er, when the reaction was extended to [RuVI(F20-tpp)O2], a
dinuclear complex, [{RuIV(F20-tpp)Cl}2O], was obtained in
62 % yield (Scheme 1); no [RuIV(F20-tpp)Cl2] was isolated.

The 1H NMR spectrum of [RuIV(2,6-Cl2tpp)Cl2] shows the
signal of the pyrrolic protons (Hb) at d=�53.4 ppm, similar
to the corresponding signals reported for the paramagnetic

Scheme 1. Preparation of [RuIV(2,6-Cl2tpp)Cl2] and [{RuIV(F20-
tpp)Cl}2O].
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[RuIV(tmp)Cl2]
[16d] and [RuIV(ttp)Cl2].[16c] The electrospray

mass spectrum of [RuIV(2,6-Cl2tpp)Cl2] shows the parent ion
peak at m/z= 1059.7. Complex [{RuIV(F20-tpp)Cl}2O] is dia-
magnetic and features the Hb signal at d=8.98 ppm in the
1H NMR spectrum; its FAB mass spectrum shows peaks at
m/z= 1109 and 1090 assignable to the fragments [Ru(F20-
tpp)Cl]+ and [Ru(F20-tpp)O]+ , respectively.

Figures 1 and 2 depict the structures of [RuIV(2,6-
Cl2tpp)Cl2], [RuIV(tmp)Cl2], and [{RuIV(F20-tpp)Cl}2O]. The
crystallographic data and selected bond lengths and angles
are given in Tables 1 and 2. Note that there are two inde-
pendent molecules in the asymmetric unit of [RuIV-
(tmp)Cl2]. The [RuIV(2,6-Cl2tpp)Cl2] molecule (Figure 1,
upper) has a crystallographic center of symmetry at the Ru
atom. For [{RuIV(F20-tpp)Cl}2O] (Figure 2, Ru�O:
1.8088(6) �), there is a crystallographic C2 axis that passes
through the bridging O atom and is perpendicular to the Cl-
Ru-O-Ru-Cl axis. The porphyrin rings are almost planar in
the two mononuclear complexes, with mean displacement of
0.0125 � for [RuIV(2,6-Cl2tpp)Cl2] and 0.0208, 0.0560 � for
[RuIV(tmp)Cl2] from the least-squares planes. Appreciable
dome distortions (mean displacement: 0.0935 �) are ob-
served for the porphyrin rings in [{RuIV(F20-tpp)Cl}2O], with

the Ru atoms being 0.30 � out of the corresponding mean
planes toward the O atoms. The Ru�Cl distances of
2.288(2) � in [RuIV(2,6-Cl2tpp)Cl2] and 2.292(4) � (average)
in [RuIV(tmp)Cl2] are slightly shorter than that in [{RuIV(F20-
tpp)Cl}2O] (2.322(2) �) and in the previously reported
[{RuIV(oep)Cl}2O] (2.320(6) �, oep= 2,3,7,8,12,13,17,18-oc-
taethylporphyrinato dianion).[17] [RuIV(2,6-Cl2tpp)Cl2] and
[RuIV(tmp)Cl2] are the first structurally characterized mono-
nuclear dichlororuthenium(iv)–porphyrin complexes.

We measured the cyclic voltammogram of [RuIV(tmp)Cl2]
(Figure 3), which shows a quasi-reversible oxidation couple
at E1/2 =0.80 V and a reversible reduction couple at E1/2 =

�0.02 V (vs Cp2Fe+ /0). With reference to previous studies
on the electrochemistry of related ruthenium–porphyrin
complexes,[16c,18] the quasi-reversible oxidation couple can be
assigned to the porphyrin-centered process, [RuIV-
(tmp)Cl2]�e�![RuIV(tmpC+)Cl2], whereas the reduction
couple can be assigned to the reduction of RuIV to RuIII.
The E1/2 of the RuIV/III couple for the related [RuIV-
(dpp)(pz)2] (dpp= 2,3,5,7,8,10,12,13,15,17,18,20- dodecaphe-
nylporphyrinato dianion, pz=pyrazolate) was reported to

Figure 1. Structures of [RuIV(2,6-Cl2tpp)Cl2] and [RuIV(tmp)Cl2] with
omission of hydrogen atoms. Thermal ellipsoids were drawn at a 30%
probability level. Note that the unit cell of [RuIV(tmp)Cl2] contains two
independent types of molecules, only one of which is shown here. Figure 2. Structure of [{RuIV(F20-tpp)Cl}2O] with omission of hydrogen

atoms. Thermal ellipsoids were drawn at a 30% probability level. The
upper part of this figure shows top and side views of the molecule along
the Cl1-Ru1-O1-Ru1’-Cl’ axis and the C2 axis, respectively.
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be �0.41 V versus Cp2Fe+ /0,[18b]

revealing that pz� is more effec-
tive than Cl� in stabilizing the
RuIV oxidation state.

Epoxidation of styrene cata-
lyzed by [RuIV(2,6-Cl2tpp)Cl2]
and other ruthenium–porphyrin
complexes

Effect of oxidants : Table 3 gives
the results for the reactions of
styrene with oxidants PhIO,
TBHP (tert-butyl hydroperox-
ide), UHP (urea hydrogen per-
oxide adduct), and 2,6-X2pyNO
(X=Cl, Br, Me, H) in the
presence of catalytic amounts
of [RuIV(2,6-Cl2tpp)Cl2] or
[RuII(2,6-Cl2tpp)(CO)]. Com-
plex [RuIV(2,6-Cl2tpp)Cl2] dis-
played a markedly higher reac-
tivity than [RuII(2,6-Cl2tpp)-

(CO)] for all these oxidants except PhIO (see the conver-
sion values in Table 3). The main product in the oxidation
with UHP and 2,6-X2pyNO (entries 5–11, 13) is styrene
oxide (up to 90 % yield). However, the oxidation with PhIO
or TBHP afforded benzaldehyde as the main product (up to
70 % yield, entries 1–4).

Of the four pyridine N-oxides shown in Table 3, 2,6-
Cl2pyNO was the most effective oxidant for the [RuIV(2,6-
Cl2tpp)Cl2]-catalyzed styrene epoxidation, featuring a sub-
strate conversion of 99 % and an epoxide yield of 89 %
(entry 7). The highest yield of styrene oxide in Table 3 cor-
responds to UHP, but this oxidant resulted in a low conver-
sion of �38 % (entries 5 and 6). Therefore, UHP was not
used as oxidant in subsequent oxidation reactions.

Table 2. Selected bond lengths [�] and angles [8] for [RuIV(2,6-
Cl2tpp)Cl2], [RuIV(tmp)Cl2], and [{RuIV(F20-tpp)Cl}2O].

[RuIV(2,6-Cl2tpp)Cl2]
Ru1�N1 2.035(7) Ru1�C1 2.288(2)
Ru1�N2 2.045(6)
N1-Ru1-N2 89.5(3) N1-Ru1-N2’ 90.5(3)
N1-Ru1-Cl1’ 89.0(2) N1’-Ru1-Cl1’ 91.0(2)
N2-Ru1-Cl1’ 90.9(2) N2’-Ru1-Cl1’ 89.1(2)

[RuIV(tmp)Cl2]
[a]

Ru1�N1 2.023(9) Ru1�N2 2.011(9)
Ru1�N3 2.033(8) Ru1�N4 2.029(9)
Ru2�N5 2.04(1) Ru2�N6 2.041(9)
Ru2�N7 2.014(9) Ru2�N8 2.04(1)
Ru1�Cl1 2.302(4) Ru1�Cl2 2.282(4)
Ru2�Cl3 2.290(3) Ru2�Cl4 2.292(3)
N1-Ru1-N2 89.5(4) N2-Ru1-N4 178.8(4)
N1-Ru1-N4 89.6(4) N2-Ru1-N3 90.6(4)
N1-Ru1-N3 179.5(4) N4-Ru1-N3 90.4(4)
Cl1-Ru1-Cl2 179.3(1) Cl3-Ru2-Cl4 179.3(1)

[{RuIV(F20-tpp)Cl}2O]
Ru1�O1 1.8088(6) Ru1�N2 2.019(5)
Ru1�N4 2.047(5) Ru1�N3 2.051(5)
Ru1�N1 2.056(5) Ru1�Cl1 2.322(2)
Ru1’�O1 1.8088(6)
O1-Ru1-N2 93.6(2) O1-Ru1-N4 93.4(2)
O1-Ru1-N1 93.0(2) O1-Ru1-N3 93.0(2)
N2-Ru1-N4 173.0(2) N2-Ru1-N3 89.9(2)
N3-Ru1-N4 89.5(2) N2-Ru1-N1 90.4(2)
N3-Ru1-N1 174.0(2) N1-Ru1-N4 89.5(2)
O1-Ru1-Cl1 179.6(2) N2-Ru1-Cl1 86.8(2)
N4-Ru1-Cl1 86.2(2) N3-Ru1-Cl1 87.2(2)
N1-Ru1-Cl1 86.9(2) Ru1-O1-Ru1’ 180.0(3)

[a] There are two types of independent molecules in the unit cell.

Table 1. Crystallographic data for [RuIV(2,6-Cl2tpp)Cl2], [RuIV(tmp)Cl2], and [{RuIV(F20-tpp)Cl}2O].

[RuIV(2,6-Cl2tpp)Cl2]· [RuIV(tmp)Cl2]· [{RuIV(F20-tpp)Cl}2O]·
2CHCl3·C6H14 0.5CHCl3 2H2O·CHCl3

formula C44H20Cl10N4Ru·
2CHCl3·C6H14

C56H52Cl2N4Ru·
0.5CHCl3

C88H16Cl2F40N8ORu2·
2H2O·CHCl3

Mr 1385.12 1012.67 2389.53
crystal system monoclinic monoclinic tetragonal
space group P21/c P21/c I41/a
l [�] 0.71073 0.71069 0.71073
T [K] 301 293 294
a [�] 12.322(3) 19.141(4) 27.128(3)
b [�] 18.903(4) 25.293(5) 27.128(3)
c [�] 12.828(3) 24.875(5) 31.137(5)
a [8] 90 90 90
b [8] 95.65(3) 94.95(3) 90
g [8] 90 90 90
V [�3] 2973(1) 11998(4) 22914(5)
Z 2 8 8
1calcd [gcm�3] 1.547 1.121 1.385
m(MoKa) [mm�1] 1.022 0.452 0.490
F(000) 1384 4184 9344
crystal size [mm] 0.25 � 0.1� 0.05 0.4� 0.4 � 0.1 0.38 � 0.10 � 0.10
R1 0.059 0.081 0.079
wR2 0.15 0.25 0.21
goodness-of-fit 0.93 0.97 1.16
largest diff. peak/hole [e��3] 0.618/�0.426 1.171/�0.503 0.998/�0.991

Figure 3. Cyclic voltammogram of [RuIV(tmp)Cl2] measured at a scan
rate of 50 mV s�1 in CH2Cl2 containing 0.1 mol dm�3 tertrabutylammoni-
um hexafluorophosphate at room temperature.
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Surprisingly, complex [{RuIV(F20-tpp)Cl}2O] could also cat-
alyze the oxidation of styrene with 2,6-Cl2pyNO, PhIO, and
TBHP (see Table S1 in the Supporting Information), al-
though this complex exhibited a lower catalytic efficiency
for styrene epoxidation than [RuIV(2,6-Cl2tpp)Cl2]. The 2,6-
Cl2pyNO oxidation of styrene in CH2Cl2 at 40 8C in the pres-
ence of 0.1 mol % of [{RuIV(F20-tpp)Cl}2O] afforded styrene
oxide, benzaldehyde, and phenylacetaldehyde in 67 %, 8 %,
and 25 % yield, respectively, with 25 % conversion within
24 h. With TBHP as oxidant, the oxidation of styrene cata-
lyzed by [{RuIV(F20-tpp)Cl}2O] gave benzaldehyde in 90 %

yield. This contrasts with the
low catalytic activity observed
for [{RuIV(ttp)X}2O] (X= Cl,
OMe, OEt).[19]

Time course : The 2,6-
Cl2pyNO epoxidation of styrene
catalyzed by [RuIV(2,6-
Cl2tpp)Cl2] in benzene or di-
chloromethane at room temper-
ature with a catalyst/substrate/
oxidant molar ratio of
1:1000:1100 exhibited no appar-
ent induction period and pro-
ceeded much more rapidly than
by [RuII(2,6-Cl2tpp)(CO)]
(which showed an induction
period of around 2 h) and
[{RuIV(F20-tpp)Cl}2O], as is evi-
dent from the time course plots
depicted in Figure 4 (cf. curves
B, F, and G). Dichloromethane
is a better solvent than benzene
for the [RuIV(2,6-Cl2tpp)Cl2]-
catalyzed reaction (cf. curves B
and E); in the former solvent,

the oxidation catalyzed by [RuIV(2,6-Cl2tpp)Cl2] was even
faster than by [RuVI(2,6-Cl2tpp)O2] (cf. curves B and C) and
was only slightly affected by the presence of dioxygen (cf.
curves B and D). No appreciable oxidation of styrene occur-
red with [{RuIV(ttp)(OEt)}2O] as catalyst (curve H).

Comparison with ruthenium complexes of perfluorinated por-
phyrin and Schiff bases : In view of the rapid oxidation of
hydrocarbons with 2,6-Cl2pyNO catalyzed by [RuII(F20-
tpp)(CO)],[5] we examined the catalytic activity of the per-
fluorinated porphyrin complex [RuII(F28-tpp)(CO)] toward
epoxidation of styrene by 2,6-Cl2pyNO, PhIO, or TBHP. To
our surprise, [RuII(F28-tpp)(CO)] is a less efficient catalyst
than [RuII(F20-tpp)(CO)], and even exhibited a lower cata-
lytic efficiency than [RuII(2,6-Cl2tpp)(CO)] (see Table 4).
For example, when 2,6-Cl2pyNO was used as oxidant, <5 %
conversion was observed after 24 h, with styrene oxide
formed in 32 % yield (entry 1 of Table 4). Addition of HBr
or HCl did not improve the conversion and product yield, in
contrast to the marked acceleration of the [RuII(2,6-
Cl2tpp)(CO)]- or [RuII(tmp)(CO)]-catalyzed hydrocarbon
oxidation upon addition of HX (X=Cl and Br).[4c]

Ruthenium Schiff base complexes depicted in Figure 5 are
poor or ineffective catalysts for the 2,6-Cl2pyNO epoxida-
tion of styrene (see Table S2 in the Supporting Information).
After a 24 h reaction, the conversions were <15 %, and the
main product was benzaldehyde, with an enantioselectivity
(if any) of <10 % ee for the epoxide product.

Reaction mechanism : The progress of the catalytic reaction
was followed through monitoring the changes of the Soret
(408 nm) and b band (515 nm) of [RuIV(tmp)Cl2] (4 �

Table 3. Epoxidation of styrene catalyzed by [RuIV(2,6-Cl2tpp)Cl2] and [RuII(2,6-Cl2tpp)(CO)] with different
oxidants.[a]

Entry Catalyst Oxidant Conv Yield [%][c]

[%][b] I II III

1 [RuIV(2,6-Cl2tpp)Cl2] PhIO 5 32 63 5
2 [RuII(2,6-Cl2tpp)(CO)] PhIO 41 30 61 9
3 [RuIV(2,6-Cl2tpp)Cl2] TBHP 64 12 70 18
4 [RuII(2,6-Cl2tpp)(CO)] TBHP 42 20 66 14
5 [RuIV(2,6-Cl2tpp)Cl2] UHP 38 90 2 8
6 [RuII(2,6-Cl2tpp)(CO)] UHP 20 86 8 6
7 [RuIV(2,6-Cl2tpp)Cl2] 2,6-Cl2pyNO 99 89 8 3
8 [RuII(2,6-Cl2tpp)(CO)] 2,6-Cl2pyNO 32 80 15 5
9 [RuIV(2,6-Cl2tpp)Cl2] 2,6-Br2pyNO 76 85 10 5
10 [RuII(2,6-Cl2tpp)(CO)] 2,6-Br2pyNO 20 86 8 6
11 [RuIV(2,6-Cl2tpp)Cl2] 2,6-Me2pyNO 28 66 20 12
12 [RuII(2,6-Cl2tpp)(CO)] 2,6-Me2pyNO [d] [d] [d] [d]

13 [RuIV(2,6-Cl2tpp)Cl2] pyNO 10 60 35 5
14 [RuII(2,6-Cl2tpp)(CO)] pyNO [d] [d] [d] [d]

[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/styrene molar ratio=1:550:500 (entries 1–6, 13 and 14,
for 24 h), 1:1100:1000 (entries 7–12 for 5 h). [b] Conversions were determined by GC using 1,4-dichloroben-
zene as standard. [c] Based on the amount of consumed substrates. [d] No reaction.

Figure 4. Time course plots for epoxidation of styrene with 2,6-Cl2pyNO
catalyzed by various ruthenium–porphyrin complexes at room tempera-
ture (catalyst/substrate/oxidant molar ratio =1:1000:1100).
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10�4
m). For a solution of styrene and [RuIV(tmp)Cl2] in a

molar ratio of 10 000:1 in CH2Cl2, the absorbance at 408 nm
decreased slightly (<5 %) and the 515 nm band shifted to
526 nm after 2 h. One equivalent of 2,6-Cl2pyNO (relative
to styrene) was then added to this solution, but the conver-
sion of styrene was low (15 %) after a reaction time of 1 h.
This is in contrast to the styrene conversion of 68 % found

when a similar CH2Cl2 solution of [RuIV(tmp)Cl2] and 2,6-
Cl2pyNO (also in the molar ratio of 10 000:1) was allowed to
react with styrene for 1 h. Thus, addition of 2,6-Cl2pyNO at
the beginning of the reaction was important for the catalysis.
In the absence of styrene, a solution of 2,6-Cl2pyNO and
[RuIV(tmp)Cl2] (10 000:1) in dichloromethane was monitored
by UV-visible spectrophotometry. For the initial 2 h, the ab-
sorbance at 408 and 515 nm did not change and no shift of
the b band was observed. Upon subsequent addition of one
equivalent of styrene (relative to 2,6-Cl2pyNO) and stirring
the mixture for 1 h, the conversion of styrene and the yield
of styrene oxide based on consumed styrene were found to
be 69 % and 90 %, respectively; there was no shift in lmax of
the Soret band (408 nm) and b band (515 nm), but only a
slight decrease (10 %) in the absorbance at 408 nm.

1H NMR spectroscopy (in CDCl3) was employed to moni-
tor the progress of styrene oxidation with 2,6-Cl2pyNO cata-
lyzed by [RuIV(tmp)Cl2] with 1,3,5-tribromobenzene as inter-
nal standard. Figure 6 shows the time course of the reaction.
The amount of [RuIV(tmp)Cl2] slightly decreased (<5 %,
based on the intensity of the phenyl proton signal at
12.5 ppm) in the absence of styrene (catalyst/2,6-Cl2pyNO
molar ratio =1:100) for the first 20 min. After styrene was
added, the conversion of styrene was only 14 % and the
amount of the catalyst [RuIV(tmp)Cl2] was reduced to 83 %
of its initial amount after 2 min. After that, the conversion
of styrene and the yield of styrene oxide based on consumed
styrene dramatically increased (from 14 % to 96 % and 10 %
to 90 %, respectively), but the amount of the [RuIV(tmp)Cl2]
catalyst only decreased from 83 % to 77 % after 20 min. This
is not consistent with [RuIV(tmp)Cl2] being the active species
in these catalytic reactions.

We scaled up the epoxidation reaction [catalyst
(0.02 mmol), styrene (20 mmol), and 2,6-Cl2pyNO
(22 mmol)], which was completed within 2 h. The 1H NMR

Table 4. Epoxidation of styrene with different oxidants catalyzed by
[RuII(F28-tpp)(CO)], [RuII(F20-tpp)(CO)], and [RuII(2,6-Cl2tpp)(CO)].[a]

Entry Catalyst Oxidant Conv. Yield [%][c]

[%][b] I II III

1 [RuII(F28-tpp)(CO)] 2,6-Cl2pyNO <5 32 64 4
2 [RuII(F20-tpp)(CO)] 2,6-Cl2pyNO 54 67 20 13
3 [RuII(2,6-Cl2tpp)(CO)] 2,6-Cl2pyNO 62 92 7 1
4 [RuII(F28-tpp)(CO)] PhIO 15 32 56 14
5 [RuII(F20-tpp)(CO)] PhIO 44 21 68 11
6 [RuII(2,6-Cl2tpp)(CO)] PhIO 41 30 61 9
7 [RuII(F28-tpp)(CO)] TBHP 35 0 92 0
8 [RuII(F20-tpp)(CO)] TBHP 74 0 99 0
9 [RuII(2,6-Cl2tpp)(CO)] TBHP 42 20 66 14

[a] Reaction conditions: CH2Cl2, 40 8C, 24 h, catalyst/oxidant/styrene
molar ratio=1:1100:1000. [b] Conversions were determined by GC using
1,4-dichlorobenzene as standard. [c] Based on the amount of consumed
substrates.

Figure 5. Schematic structures of ruthenium Schiff base complexes.

Figure 6. Time course plots for epoxidation of styrene with 2,6-Cl2pyNO
catalyzed by [RuIV(tmp)Cl2] (catalyst/styrene/2,6-Cl2pyNO= 1:100:100).
The reactions were monitored by 1H NMR spectroscopy (300 MHz,
CDCl3) with 1,3,5-tribromobenzene as internal standard.
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spectrum of the reaction mixture showed that the pyrrolic
proton signal of [RuIV(tmp)Cl2] at �54 ppm decreased in in-
tensity (30 %) and some unassigned broad peaks at �10,
�12, and �23 ppm developed.[20] Interestingly, when the re-
action mixture was stirred for 72 h at room temperature, sty-
rene oxide was found to be partly converted into phenyl
acetylaldehyde in 14 % yield (based on styrene epoxide).
We note that neither [RuII(tmp)(CO)] nor [RuIV(tmp)Cl2]
catalyzed ring opening of styrene epoxide. Based on this
finding, we propose that the [RuIV(tmp)Cl2] catalyst con-
verts to some other species, presumably a RuIII species ac-
cording to the work by Groves and co-workers,[5] which
functions as Lewis acid for epoxide-ring-opening reactions
similar to that of iron(iii)–porphyrin catalysts.[21]

RuV–oxo species or RuIV–oxo–porphyrin radical cation
have generally been proposed as the reactive intermediate
in ruthenium–porphyrin-catalyzed oxidation of hydrocar-
bons by 2,6-Cl2pyNO.[5,22] In this work, [RuII(F28-tpp)(CO)]
provided an opportunity to examine the electronic effect of
the porphyrinato ligand on catalytic oxidation. It is known
that b-halogenation induces a large anodic shift in the oxida-
tion potential of porphyrinato ring, thus disfavoring the for-
mation of porphyrin p radical cation in the [Ru(F28-tpp)]
case, and RuV–oxo species of F28-tpp would be expected to
be oxidizing. Indeed, we found that the reaction of [RuVI-
(F28-tpp)O2] with styrene is ten times faster than that of
[RuVI(F20-tpp)O2] in CH2Cl2 at room temperature.[23] How-
ever, as shown by entries 1–3 of Table 4, with 2,6-Cl2pyNO
as oxidant and at 40 8C for 24 h, [RuII(F28-tpp)(CO)] exhibit-
ed lower reactivity (conversion: <5 %) toward epoxidation
of styrene than [RuII(2,6-Cl2tpp)(CO)] and [RuII(F20-
tpp)(CO)] (conversion: 62 % and 54 %, respectively). Simi-
lar findings were found with PhIO or TBHP used as a termi-
nal oxidant. Thus [RuII(F28-tpp)(CO)] is not an effective cat-
alyst for catalytic oxidation, in contrast to the increased re-
activity of [RuVI(F28-tpp)O2] relative to that of [RuVI(F20-
tpp)O2] and [RuVI(2,6-Cl2tpp)O2].[23]

Nam, Que, and co-workers reported the formation and
characterization of an adduct complex formed between an
iron–porphyrin and iodosylbenzene;[24a] Collman and co-
workers showed small but appreciable dependence of selec-
tivity on the nature of oxygen atom donor used in the iron–
porphyrin- and manganese–corrole-catalyzed epoxidation of
styrene and cis-cyclooctene.[25] Figure 7 depicts the plots of
logkrel (see Experimental Section) versus Hammett s+ sub-
stituent constant for the [RuIV(2,6-Cl2tpp)Cl2]-catalyzed ep-
oxidation of styrenes with 2,6-Cl2pyNO, 2,6-Br2pyNO, and
2,6-Me2pyNO as oxidants, which show linear correlation
with slopes (1+) of �1.35, �1.07, and �0.61, respectively
(R=0.998, 0.995, and 0.996, respectively). With 2,6-
Cl2pyNO, the 1+ value is �0.72 when a heterogenized
[RuII(2,6-Cl2tpp)(CO)] catalyst was used,[10a] which is about
twofold smaller than that using [RuIV(2,6-Cl2tpp)Cl2] as cat-
alyst. The ligation of pyridine N-oxide, solvent, or other nu-
cleophile generated during the catalysis to the putative
“RuV=O” intermediate[5] could account for the different 1+

values.

Following the work of Nam[24b] and Collman,[25] we exam-
ined competitive epoxidation of styrene and cis-cyclooctene
using different pyridine N-oxides as oxidants and [RuIV(2,6-
Cl2tpp)Cl2] as catalyst. As shown in Table 5, the use of dif-

ferent pyridine N-oxides did not affect the selectivity of the
reactions. This is consistent with the proposal that a reactive
“RuV=O” species was responsible for the oxidation.[5] Based
on these observations, and the suggestion by Groves and co-
workers,[5] a small amount of RuIII species, generated from
the RuIV in situ, was transformed to a “RuV=O” species
upon addition of 2,6-Cl2pyNO. However, the possibility of
the formation of pyridine N-oxide-coordinated RuIV=O spe-
cies similar to that proposed by Gross and Ini[6d] cannot be
excluded.

Figure 7. Hammett correlation studies (log krel vs s+) for [RuIV(2,6-
Cl2tpp)Cl2]-catalyzed epoxidation of styrenes p-YC6H4CH=CH2 (Y=

MeO, Me, F, H, Cl) and 3-NO2C6H4CH=CH2 with 2,6-Cl2pyNO, 2,6-
Br2pyNO, and 2,6-Me2pyNO.

Table 5. Competitive epoxidation of styrene and cis-cyclooctene with dif-
ferent pyridine N-oxides catalyzed by [RuIV(2,6-Cl2tpp)Cl2].[a]

Entry Catalyst Convcis-cyclooctene/Convstyrene
[b]

T [8C] IV V VI VII

1 [RuIV(2,6-Cl2tpp)Cl2] 25 1.70 1.77 1.84 1.88
2 [RuIV(2,6-Cl2tpp)Cl2] 0 2.40 2.45 2.65 2.46
3 [RuII(2,6-Cl2tpp)(CO)] 25 1.67 1.70 [c] [c]

[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/styrene/cis-cyclo-
octene molar ratio=1:1100:1000:1000. [b] Determined by GC using 1,4-
dichlorobenzene as standard. [c] No reaction.
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Epoxidation of conjugated
enynes and electron-deficient
alkenes : Epoxidation of conju-
gated enynes and electron-defi-
cient alkenes (such as a,b-un-
saturated ketones) provides
useful intermediates for organic
synthesis.[26] Although several
efficient methods for these re-
actions with metal catalysts,[27]

including the Weitz–Scheffer
reaction, can give the corre-
sponding epoxides in high
yields and enantioselectivity,
electrophilic oxidants are less
studied for these transfor-
mations.[10b, 14a, 15,28] The previ-
ously reported “[RuII(Pybox)-
(Pydic)] + PhI(OAc)2” protocol
(Pybox = bis(oxazolinyl)pyri-
dine; Pydic=pyridine-2,6-dicarb-
oxylate)[28] and ferric porphy-
rin–peroxo complexes[15] could
only give the epoxides in mod-
erate yields (60–70 %). Jacob-
sen and co-workers have re-
ported the asymmetric epoxida-
tion of cinnimate esters cata-
lyzed by chiral Mn–salen com-
plexes.[29] Recently, we reported
that [RuIV(D4-por*)Cl2]

[14a] and
other ruthenium–porphyrin
complexes[10b,e] catalyzed the
epoxidation of electron-defi-
cient alkenes with less than
70 % conversion. In this work,
we found that the [RuIV(2,6-
Cl2tpp)Cl2]-catalyzed 2,6-
Cl2pyNO oxidation of 1) elec-
tron-deficient alkenes (1–7, 10–
12, 19, 20); 2) allylic substituted
cyclohexenes (13, 14); 3) cyclo-
pentenone (15) and cyclohexe-
nones (16, 17); 4) conjugated
alkene (18); and 5) conjugated
enynes (8, 9) (see Table 6) af-
forded the corresponding epox-
ides 21–24, 26–36, 38, 40, and
41 or other oxidation products
(25, 37, 39) in up to 99 % yield with up to 99 % substrate
conversion and with high regio- and diastereoselectivity and
catalytic product turnover after a reaction time of 6–8 h.
These results are unprecedented for metalloporphyrin catalysts.

Treatment of 1,4-naphthoquinone (1, 1 mmol) with 2,6-
Cl2pyNO (1.1 mmol) and catalyst [RuIV(2,6-Cl2tpp)Cl2]
(1 mmol) in CH2Cl2 at 40 8C for 6 h afforded 21 in 99 % yield
with substrate conversion of 95 % (entry 1 in Table 6).

When [RuIV(tmp)Cl2], [RuIV(ttp)Cl2], [RuII(2,6-
Cl2tpp)(CO)], or [RuII(F20-tpp)(CO)] was used as catalyst, a
considerably longer reaction time was required to attain
similar substrate conversion (>80 %, entries 2–5 in Table 6).
The m-oxo dimer [{RuIV(F20-tpp)Cl}2O] was not effective for
this transformation, as only 7 % substrate conversion was at-
tained after a reaction time of 24 h (entry 6 in Table 6). To
further investigate the stability of the catalyst toward the ox-

Table 6. Oxidation of a,b-unsaturated ketones and conjugated enynes with 2,6-Cl2pyNO catalyzed by rutheni-
um–porphyrin complexes.[a]

Entry Catalyst Substrate Product t [h] Conv [%] Yield [%][b] TON[c]

1 [RuIV(2,6-Cl2tpp)Cl2] 1 21 6 95 99 940
2 [RuIV(tmp)Cl2] 1 21 8 90 99 890
3 [RuIV(ttp)Cl2] 1 21 10 80 95 760
4 [RuII(2,6-Cl2tpp)(CO)] 1 21 48 80 99 790
5 [RuII(F20-tpp)(CO)] 1 21 12 90 99 890
6 [{RuIV(F20-tpp)Cl}2O] 1 21 24 7 99 69
7[d] [RuIV(2,6-Cl2tpp)Cl2] 1 21 48 65 99 6.4� 103

8 [RuIV(2,6-Cl2tpp)Cl2] 2 22[e] 6 96 99 950
9 [RuIV(2,6-Cl2tpp)Cl2] 3 23[e] 6 80 99 790
10 [RuIV(2,6-Cl2tpp)Cl2] 4 24[e] 6 78 99 770
11 [RuIV(tmp)Cl2] 4 24[e] 6 65 99 640
12[f] [RuIV(2,6-Cl2tpp)Cl2] 5 25 12 42 85 350
13 [RuIV(2,6-Cl2tpp)Cl2] 6 26 6 85 99 840
14 [RuIV(2,6-Cl2tpp)Cl2] 7 27[g] 6 98 90 880
15 [RuIV(2,6-Cl2tpp)Cl2] 8 28[h] 6 95 88 840
16 [RuIV(2,6-Cl2tpp)Cl2] 9 29 6 99 99 980
17 [RuIV(2,6-Cl2tpp)Cl2] 10 30 8 38 90 340
18 [RuIV(2,6-Cl2tpp)Cl2] 11 31 8 46 92 420
19 [RuIV(2,6-Cl2tpp)Cl2] 12 32 8 72 90 650
20 [RuIV(2,6-Cl2tpp)Cl2] 13 33 2 99 99 980
21 [RuIV(2,6-Cl2tpp)Cl2] 14 34 2 99 99 980
22 [RuIV(2,6-Cl2tpp)Cl2] 15 35 6 95 99 940
23 [RuIV(2,6-Cl2tpp)Cl2] 16 36 6 95 90 860
24 [RuIV(2,6-Cl2tpp)Cl2] 17 37 8 75 99 740
25 [RuIV(2,6-Cl2tpp)Cl2] 18 38 +39 6 99 50 (38), 50 (39) 490
26[f] [RuIV(2,6-Cl2tpp)Cl2] 19 40 8 99 80 790
27 [RuIV(2,6-Cl2tpp)Cl2] 20 41 8 95 85 810

[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/substrate molar ratio=1:1100:1000, unless otherwise
noted. [b] Isolated yield based on the amount of consumed substrate. [c] Turnover number. [d] Catalyst/oxi-
dant/substrate molar ratio =1:10 000:11000. [e] Configuration: trans. [f] Catalyst/oxidant/substrate molar
ratio=1:2200:1000. [g] cis :trans =9:1. [h] cis :trans = 10:1.
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idation process, we examined the epoxidation of 1 in the
presence of 0.01 mmol % of [RuIV(2,6-Cl2tpp)Cl2], and a
turnover number of up to 6.4 � 103 was achieved (entry 7 in
Table 6).

Complex [RuIV(2,6-Cl2tpp)Cl2] can efficiently catalyze the
epoxidation of chalcone and trans-cinnimate esters 2–4, pro-
ducing the corresponding epoxides 22–24 in 99 % yield with
substrate conversions of 78–96 % within 6 h (entries 8–10 in
Table 6). In contrast, the [RuIV(D4-por*)Cl2]-catalyzed 2,6-
Cl2pyNO epoxidation of 2 and 4 gave 22 and 24 with sub-
strate conversion of 18 and 48 %, respectively, after 16 h.[14a]

For the oxidation of 4, [RuIV(2,6-Cl2tpp)Cl2] also exhibited a
higher catalytic efficiency than [RuIV(tmp)Cl2] (entries 10
and 11 in Table 6). The oxidation of 2’-hydroxychalcone (5)
was also examined. The aromatic ring hydroxylation product
25 was obtained with the C=C bond remaining intact (yield:
85 %, conversion: 42 %, entry 12 in Table 6). It should be
noted that when coumarin (6) was employed as a substrate,
the epoxide 26 was obtained in nearly quantitative yield
(entry 13 in Table 6) within 6 h, whereas a similar epoxida-
tion by dimethyldioxirane would require 14 days.[30]

Epoxidation of 7 and 8 catalyzed by [RuIV(2,6-Cl2tpp)Cl2]
(entries 14 and 15 in Table 6) gave 27 and 28, respectively,
with high conversions. trans-Epoxides were found as side
products (for 27, cis/trans =9:1; for 28, cis/trans =10:1). This
is comparable to the epoxidation catalyzed by chiral Mn–
salen complexes (which gave a mixture of cis- and trans-27
in a ratio of 73:10),[29] [RuIV(D4-por*)Cl2] (cis-/trans-28=

86:12),[14a] and polymer-supported ruthenium porphyrin
(cis-/trans-28=13:1).[10b] In addition, conjugated enyne 9
with a double bond in the cyclohexene ring could be epoxi-
dized to afford 29, which is an important intermediate in the
synthesis of a-allenic alcohols,[31] in high yield (entry 16 in
Table 6).

Due to electronic and steric effects, cyclic enones 10–12
derived from indanone, tetralone, and benzosuberone are
known to be sluggish substrates toward oxidation.[32] Inter-
estingly, these substrates were epoxidized to 30–32, respec-
tively, in 90–92 % yields with up to 72 % conversion within
8 h by using catalyst [RuIV(2,6-Cl2tpp)Cl2] (entries 17–19 in
Table 6).

trans-Epoxides of allylic cycloalkenes are versatile build-
ing blocks for organic synthesis and construction of biologi-
cally active natural products,[33,34] and recently manganese–
and ruthenium–porphyrin complexes were proved to be effi-
cient catalysts for the synthesis of this class of epoxides.[13]

As shown in entry 20 of Table 6, by using [RuIV(2,6-
Cl2tpp)Cl2)] as catalyst, 13 was converted into 33 in 99 %
yield and 99 % conversion within 2 h at 40 8C, with a moder-
ate selectivity of trans/cis =1:5, which is different from that
obtained using manganese–porphyrin catalysts (cis/trans=

1:4).[13] Strikingly, for 14 with a protected 3-hydroxyl group,
the trans-epoxide 34 was obtained in 99 % yield with turn-
over number (TON) of 980 within 2 h (entry 21 in Table 6).

To examine the diastereoselectivity in epoxidation of elec-
tron-deficient cycloalkenes catalyzed by [RuIV(2,6-
Cl2tpp)Cl2], we performed the epoxidation of allylic substi-

tuted cyclopentenone 15 and cyclohexenone 16. As shown
in entries 22 and 23 of Table 6, 15 and 16 were converted
into trans-epoxides 35 and 36, respectively, in up to 99 %
yield with 95 % conversion and with a TON of up to 940
after 6 h at 40 8C. A TON of 3000 was achieved when the
epoxidation of 15 was performed for 48 h with lower catalyst
loading. Evidently, [RuIV(2,6-Cl2tpp)Cl2] exhibited a mark-
edly higher reactivity and product turnover than [RuII(2,6-
Cl2tpp)(CO)] (48 h, TON=80)[13] in catalyzing these epoxi-
dation reactions.

It is interesting to note that the [RuIV(2,6-Cl2tpp)Cl2]-cata-
lyzed oxidation of isophorone 17 afforded a,b-unsaturated
diketone 37 in 99 % yield (entry 24 in Table 6). This is differ-
ent from the results using metal peroxide as oxidant, which
gave the epoxide as major product.[35] A manganese por-
phyrin has also been reported to catalyze the oxidation of
17 to the diketone product 37 (with oxygen as oxidant in the
presence of triethyl amine).[36] This may be due to the pres-
ence of g-CH2 and a-CH3 groups in 17; the g-CH2 group
would be more readily oxidized than the alkene double
bond, the latter is obstructed by the a-CH3 group.

We are interested in the regioselective epoxidation of
electron-deficient a,b :g,d conjugated alkenes. Previous work
has shown that the a,b-double bond is more reactive to-
wards a nucleophilic oxidant than the g,d-bond, but this re-
gioselectivity has rarely been encountered with electrophilic
oxidants.[37] For example, dimethyldioxirane was reported to
oxidize (E,E)-cinnamylideneacetophenones to give the cor-
responding diepoxides with minor a,b-monoepoxide.[37c] In
this work, different conjugated alkenes 18–20 were em-
ployed to investigate the electronic effect of these alkenes
on the regioselectivity of the oxidations under our reaction
conditions (entries 25–27, Table 6). First, epoxidation of 18
gave g,d-monoepoxide 38 in 50 % yield and aldehyde 39 in
50 % yield after 6 h, revealing that the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol favored oxidation of
terminal double bonds. The (E,E)-cinnamylideneacetophe-
none substrate 19 was chosen as it contains an electron-with-
drawing carbonyl group. Oxidation of 19 afforded the
a,b :g,d-diepoxide 40 as the main product (80 % yield); only
minor g,d-monoepoxide (5 % yield) was detected. A 60 %
yield of a,b :g,d-diepoxide was obtained by using dimethyl-
dioxirane as oxidant.[37c,38] For substrate 20, which contains
an electron-withdrawing COOMe group, the major product
was trans-a,b-monoepoxide 41 (yield: 85 %), with trans-g,d-
monoepoxide obtained in 10 % yield; this shows that the
less electron-rich C=C bond of 20 was favorably epoxidized.
To our knowledge, this is the first catalytic epoxidation of
electron-deficient a,b :g,d-conjugated alkene to afford trans-
a,b-monoepoxides with an adjacent COOMe group, which
is a useful building block for natural product synthesis.[39]

The present finding is comparable to the results obtained
for the Darzens reaction involving stoichiometric reactions
between aldehyde and a-halo carbonyl compounds.[39]

Oxidation of arenes : Oxidative transformation of arenes to
quinones is of importance due to the biological activities
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and synthetic applications of quinones. In particular, p-ben-
zoquinones are useful building blocks for the synthesis of
antitumor compounds such as chaloxone and Strepomycetes
metabolite LL-C10037a.[40] From a biological perspective,
arenes can be metabolized in vivo by cytochrome P-450 to
form quinones.[40b] From a chemical point of view, prepara-
tion of quinones by direct oxidation of arenes would be an
advanced synthetic method.[41] The most commonly em-
ployed procedures for oxidation of arenes require an excess
of metal-based oxidants such as CrO3, which pose severe
problems to the environment.[42] Metal catalysts such as
methyltrioxorhenium(viii) (MTO) as well as iron– and man-
ganese–porphyrin complexes have been reported for these
oxidations.[43] However, product turnover numbers (TONs)
of less than 100 were observed. Hirobe and co-workers first
reported that the “ruthenium–porphyrin +2,6-Cl2pyNO”
protocol could be employed to selectively convert aromatic
compounds to quinones in the presence of HBr or HCl with
turnover numbers of up to 500.[4d,f] Groves and co-workers
reported that oxidation of benzene with 2,6-Cl2pyNO cata-
lyzed by [RuII(F20-tpp)(CO)] gave 1,4-benzoquinone in the
absence of acid.[5] Encouraged by these findings, we exam-
ined the “[RuIV(2,6-Cl2tpp)Cl2]+ 2,6-Cl2pyNO” protocol for
oxidation of arenes in the absence of an acid additive.

The oxidation reactions were carried out in CH2Cl2 in
sealed flasks at 40 8C and were followed by TLC (Table 7).
Alkoxybenzene derivatives such as m-trimethoxybenzene
(44) and m-dimethoxybenzene (45) were oxidized to p-ben-
zoquinones 54 and 55 in 99 % yield with 99 % and 94 % con-
versions, respectively (entries 3 and 5 in Table 7). For the
oxidation of 44, the turnover number can be as high as 2.0 �
104 (entry 4 in Table 7). For less reactive substrates such as
naphthalene (42) and phenanthrene (43), the oxidations
gave 1,4-naphthoquinone (1) and 9,10-phenanthroquinone
(53) in 99 % yield with 40 and 58 % conversions, respectively
(entries 1 and 2 in Table 7). Using Herrmann�s “MTO+

H2O2 + Ac2O+ HOAc” protocol, a highly concentrated (up
to 83 %) H2O2 solution would be required to achieve good
substrate conversion.[43e]

2-Methylnaphthalene (46) was oxidized by the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol to give 6- and 2-
methyl-1,4-naphthoquinones (56 and 57) in a ratio of 6.6:1
with high conversion (80 %, entry 6 in Table 7); this ratio is
higher than that obtained by using the “[RuII(2,6-
Cl2tpp)(CO)]+ 2,6-Cl2pyNO” protocol (the ratio of 56/57 is
3.3:1, conversion= 46 %). Previous work by Meunier and
Bernadou showed that the Fe– and Mn–porphyrin-catalyzed
oxidation of 46 resulted in lower regioselectivities (the 56/57
ratio varied from 0.5 to 2.5:1).[43g] Our results (56/57= 6.6:1)
are also different from those observed by using the “MTO+

hydrogen peroxide” protocol, in which case, compound 57
was obtained as the main product (56/57 is up to 1:7.5).[44] 6-
Substituted-1,4-naphthoquinones could be used as key build-
ing blocks in the synthesis of natural products such as (+)-
cordiaquinone B and some terphenylquinones, which could
be prepared through Diels–Alder condensation between
conjugated dienes and p-benzoquinones.[45] In this work, we

obtained this kind of product in 70 % yield through a one-
step oxidation of commercially available 2-methylnaphtha-
lene. To investigate the generality of the oxidation of 2-sub-
stituted naphthalenes, methoxyl 2-naphthalene (47) and
methyl 2-naphthoate (48) were used as substrates. As shown
in Table 7 (entry 7), oxidation of 47 gave two products 58
and 59 in a ratio of 45:55 and the conversion was up to
95 %. When 48 was used as substrate, only 6-substituted 1,4-
naphthoquinone 60 was obtained (99 % yield, entry 8 in
Table 7). These results indicate that, for 2-substituted naph-
thalenes, an electron-withdrawing group at the 2-position of-
fered better regioselectivity (COOMe>Me>OMe).

For heteroatom-containing compounds such as benzoin-
dole, benzofuran, and benzothiophene (49–51), the reactions
afforded the products 61–63 in 95 % yield with 99 % conver-
sion (entries 9–11 in Table 7). Previously, these oxidation
products were prepared by stoichiometric oxidation with ox-
odiperoxomolybdenum(vi).[46]

Estrone and its methoxy derivative form an important
class of arenes which are of interest in medicinal chemistry.

Table 7. Oxidation of arenes with 2,6-Cl2pyNO catalyzed by [RuIV(2,6-
Cl2tpp)Cl2].[a]

Entry Substrate Product t [h] Conv [%] Yield [%][b] TON[c]

1 42 1 12 40 99 400
2 43 53 12 58 99 570
3 44 54 6 99 99 980
4 44 54 48 68 99 2.0� 104

5 45 55 6 94 99 930
6 46 56+57 12 80 87 (56), 13 (57) 800
7 47 58+59 12 95 45 (58), 55 (59) 950
8 48 60 6 68 99 670
9 49 61 6 99 95 940
10 50 62 6 99 95 940
11 51 63 6 99 95 940
12 52 64 8 99 88 870

[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/substrate molar
ratio=1:4400:1000 (entries 1 and 2), 1:2200:1000 (entries 3, 5–12),
1:60000:30000 (entry 4). [b] Isolated yield based on the amount of con-
sumed substrate. [c] Turnover number.
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Hirobe and co-workers first reported the oxidation of es-
trone with cytochrome P-450 as catalyst, resulting in selec-
tive oxidation at the C7-position of estrone to give 10b-hy-
droxy-1,4-estradiene-3,17-dione.[47a] The oxidation of estrone
using the “[RuII(2,6-Cl2tpp)(CO)]+2,6-Cl2pyNO +HX” pro-
tocol was also reported,[47a] which afforded an intractable
dark liquid. In this work, a similar result was found with the
“[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol. However,
by changing the 3-hydroxy group of estrone to a methoxy
group, the C6-position of 52 was oxidized with the
“[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol to ketone 64
in 88 % yield with 99 % conversion (entry 12 in Table 7).
The “[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol there-
fore affords the selective oxidation of the benzylic C�H
bonds at the C6-position of protected estrone.

Oxidation of D5- and D4-steroids and estratetraene deriva-
tives : The biochemistry of steroids is of considerable interest
in the context of drug discovery, particularly for the treat-
ment of malignant diseases.[48] Selective oxidation of steroids
could lead to new epoxide and ketone derivatives that are
important intermediates for further structural elaboration of

steroid skeletons. In this work,
we found that the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” pro-
tocol displayed remarkable effi-
ciencies in 1) oxidation of D5-
unsaturated steroids 65–74 to
form epoxides 75–84, respec-
tively (Table 8), 2) oxidation of
D4-3-ketosteroids 85–88 to form
diketo-, or triketosteroids
(Table 9), and 3) oxidation of
estratetraene derivatives 92–94
to form epoxides 95–97, respec-
tively (Table 10).

b-Selective epoxidation of D5-
unsaturated steroids : 5b,6b-Ep-
oxides can be found in some
naturally occurring D5-unsatu-
rated steroids that exhibit anti-
tumor activities.[49] Previous at-
tempts to achieve metal-medi-
ated stereoselective b-epoxida-
tion of D5-unsaturated steroids
employed protocols such as
“vanadium or molybdenum cat-
alyst+alkyl hydroperoxide”,[50a]

“FeIII or TiIII acetylacetonates +

hydrogen peroxide”,[50b]

“KMnO4-copper or iron
sulphate”,[50c,f] bisoxazolineruthe-
nium(ii) complexes,[50g] and
“methyltrioxorhenium(MTO)+

H2O2”.[50h] Metalloporphyrin
complexes of manganese[50d]

and ruthenium[3,10c–e] have pre-
viously been used as catalysts for epoxidation of D5-unsatu-
rated steroids. Nevertheless, all the reported metal-catalyzed
oxidation protocols suffer from low product-turnover num-

Table 8. Epoxidation of D5-unsaturated steroids with 2,6-Cl2pyNO catalyzed by ruthenium–porphyrin com-
plexes.[a]

Entry Catalyst Substrate Product t Conv Yield [%][b] b :a TON[d]

[h] [%] (a+b) ratio[c]

1 [RuIV(2,6-Cl2tpp)Cl2] 65 75 0.5 100 95 >99:1 950
2 [RuIV(tmp)Cl2] 65 75 2 100 95 84:1 950
3 [RuIV(ttp)Cl2] 65 75 2.5 100 89 3:1 890
4 [RuII(2,6-Cl2tpp)(CO)] 65 75 12 100 92 >99:1 920
5 [RuII(F20-tpp)(CO)] 65 75 12 100 90 8:1 900
6[e] [RuIV(2,6-Cl2tpp)Cl2] 65 75 48 75 73 >99:1 1.6� 104

7 [RuIV(2,6-Cl2tpp)Cl2] 66 76 1 100 93 >99:1 930
8 [RuIV(2,6-Cl2tpp)Cl2] 67 77 1 100 96 >99:1 960
9 [RuIV(2,6-Cl2tpp)Cl2] 68 78 1 100 95 >99:1 950
10 [RuIV(2,6-Cl2tpp)Cl2] 69 79 1 99 97 >99:1 960
11 [RuIV(2,6-Cl2tpp)Cl2] 70 80 1 100 90 26:1 900
12 [RuIV(2,6-Cl2tpp)Cl2] 71 81 1 100 85 7:1 850
13 [RuIV(2,6-Cl2tpp)Cl2] 72 82 1 100 94 >99:1 940
14 [RuIV(2,6-Cl2tpp)Cl2] 73 83 1 100 96 >99:1 960
15 [RuIV(2,6-Cl2tpp)Cl2] 74 84 1 100 92 >99:1 920

[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/substrate molar ratio=1:1100:1000 (except for
entry 6). [b] Isolated yield based on starting substrate. [c] Determined by 1H NMR spectroscopy as described
in reference [51]. [d] Turnover number. [e] Catalyst/oxidant/substrate molar ratio=1:33000:30 000.

Table 9. Oxidation of D4–3-ketosteroids with 2,6-Cl2pyNO catalyzed by
[RuIV(2,6-Cl2tpp)Cl2].[a]

Entry Substrate Product t [h] Conv [%] Yield [%][b] TON[c]

1 85 89 6 99 92 910
2 86 90 6 99 95 940
3 87 88 1 99 99 980
4 88 91 4 99 89 880

[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/substrate molar
ratio=1:2200:1000 (entries 1 and 2) or 1:1100:1000 (entries 3 and 4).
[b] Isolated yield based on the amount of consumed substrate. [c] Turn-
over number.

Chem. Eur. J. 2005, 11, 3899 – 3914 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3909

FULL PAPERHomogeneous Catalysis

www.chemeurj.org


bers (less than 100), except for the ruthenium–porphyrin
complexes grafted on dendrimers or soluble polymers
(which gave TONs of up to 900).[10d,e]

We first employed cholesterol acetate 65 as a substrate to
examine the [RuIV(2,6-Cl2tpp)Cl2]-catalyzed epoxidation of
D5-unsaturated steroids with 2,6-Cl2pyNO. The reaction was
completed within 0.5 h when conducted in CH2Cl2 with cata-
lyst/2,6-Cl2pyNO/65 molar ratio of 1:1100:1000, and afforded
a mixture of a- and b-75 in 95 % yield, with b :a ratio of
>99:1 (entry 1 in Table 8).[51] Changing the catalyst to
[RuIV(tmp)Cl2], [RuIV(ttp)Cl2], or [RuIV(por)(CO)] (por=

2,6-Cl2ttp, F20-tpp) increased the reaction time to 2–12 h for
completion of the reaction under similar conditions (en-
tries 2–5 in Table 8). It is remarkable that, with a catalyst/
2,6-Cl2pyNO/65 molar ratio of 1:33 000:30000, the [RuIV(2,6-
Cl2tpp)Cl2]-catalyzed epoxidation of 65 gave an extremely
high turnover number of 1.6 � 104, and the b :a ratio was
maintained at >99:1 (entry 6 in Table 8).

Epoxidation of D5-steroids 66–74 by using the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol with catalyst/2,6-
Cl2pyNO/substrate molar ratio of 1:1100:1000 gave epoxides
76–84, respectively, in 85–97 % yields within 1 h (entries 7–
15 in Table 8). The D5-steroid with a free C3-OH group (71)
was converted to its epoxide 81 with moderate b-selectivity
(b :a =7:1) in 85 % yield (entry 12 in Table 8). No ketone
product was observed. The D5-steroids with other C3-sub-
stituents were oxidized to their epoxides with almost com-
plete b-selectivity (entries 7–10 and 13–15 in Table 8). Inter-
estingly, the methanesulfonate and tosylate derivatives 68
and 69 (key intermediates in the conversion of epoxide to
diene) were converted into the epoxides without detectable
decomposition of the methanesulfonyl and tosyl groups. The
17-substituted steroids 72–74 also gave the products 82–84,
respectively, in high yields and excellent selectivities (en-
tries 13–15, Table 8), revealing that substituents at the 17-
position have little effect on the reactions. It is especially
striking that the [RuIV(2,6-Cl2tpp)Cl2]-catalyzed epoxida-
tions of the benzoic ester 66 and the long-chain aliphatic
ester 67 with 2,6-Cl2pyNO (entries 7 and 8 in Table 8) were
completed within 1 h. In contrast, epoxidations of these two

substrates by “[RuVI(tmp)O2]+

air”[3] and “dendritic rutheni-
um–porphyrin+2,6-Cl2py-
NO”[10d] require 24 h for com-
pletion.

Oxidation of D4-3-ketosteroids :
D4-3-Ketosteroids exhibit useful
therapeutic actions. They are
involved in the biosynthetic
step of the steroid nucleus in
vivo and are key starting mate-
rials for the synthesis of steroid
derivatives that are potential in-
hibitors of aromatase.[52] It
should be noted that D4-3-ke-
tosteroids are a,b-unsaturated

ketones. Holland and co-workers showed that oxidation of
D4-3-ketosteroids with excess sodium peroxide gave D4-3,6-
diketosteroids in moderate yields.[53a] Marchon and co-work-
ers observed that D4-3-ketosteroids such as D4-cholestene-3-
one 85 (Table 9) could not be oxidized using the
“[RuVI(tmp)O2]+ air” protocol.[3b]

We performed the [RuIV(2,6-Cl2tpp)Cl2]-catalyzed oxida-
tion of 85 and progesterone (86) in CH2Cl2 at 40 8C for 6 h
with catalyst/2,6-Cl2pyNO/substrate molar ratio of
1:2200:1000 and obtained the D4-cholestene-3,6-dione (89)
and D4-pregnene-3,6,20-trione (90) in 92 and 95 % yields
(entries 1 and 2 in Table 9), respectively. No hydroxylated
products or epoxides were detected in the reaction mixtures
(even with the 2,6-Cl2pyNO/substrate molar ratio of 1.1:1).
This is different from the oxidation of D5-cholestene-3-one
by the “[RuVI(tmp)O2]+air” system,[53b] which gave a mix-
ture of 89, 6b-hydroxy-D4-cholestene-3-one, and 6a-hydroxy-
D4-cholestene-3-one. The oxidation of D5-cholestene-3-one
to 89 can also be effected by employing the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol with 2,6-Cl2pyNO/sub-
strate molar ratio of 2.2:1, and again, no hydroxylated prod-
ucts or epoxides were detected (89 is usually obtained from
oxidation of D5-3b-alcohol or D5-3-one by using chromium
oxidants[53c,d]).

Interestingly, changing the substituent at the C17 position
in the D ring resulted in a change in the nature of the oxida-
tion product. Oxidation of 85 and 86 using this protocol
gave D4-3,6-diones (89 and 90, entries 1 and 2 in Table 9).
However, with a hydroxyl group at the C17-position (87),
the reaction was fast, affording D4-androstene-3,17-dione
(88) in 98 % overall yield within 1 h (entry 3 in Table 9).
The oxidation of 88 proceeded more slowly and gave the b-
epoxide 91 in 89 % yield after 4 h as shown in entry 4 of
Table 9 (the structure of 91 was determined by X-ray crystal
analysis, see Figure S1 in the Supporting Information). Such
dependence of the oxidation product on the C17-substituent
has not been observed for the oxidation of D4-3-ketosteroids
with TBHP or sodium peroxide[53] or the oxidation of D5-un-
saturated steroids using the “[RuIV(2,6-Cl2tpp)Cl2]+ 2,6-
Cl2pyNO” protocol described above.

Table 10. Epoxidation of estratetraene derivatives with 2,6-Cl2pyNO catalyzed by [RuIV(2,6-Cl2tpp)Cl2] and
[RuIV(tmp)Cl2].[a]

Entry Catalyst Substrate Product Conv [%] Yield [%][b] TON[c]

1 [RuIV(2,6-Cl2tpp)Cl2] 92 95 99 90 890
2 [RuIV(tmp)Cl2] 92 95 99 88 870
3 [RuIV(2,6-Cl2tpp)Cl2] 93 96 99 95 940
4 [RuIV(2,6-Cl2tpp)Cl2] 94 97 99 92 910

[a] Reaction conditions: CH2Cl2, 40 8C, 8 h, catalyst/oxidant/substrate molar ratio= 1:4000:1000. [b] Isolated
yield based on the substrate consumed. [c] Turnover number.
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Oxidation of estratetraene derivatives with C=C bond at D
ring : Steroids with an epoxide group at the C17-position of
D ring are key intermediates for natural product synthe-
sis.[54] These epoxides are usually prepared through stoichio-
metric reactions that either give low to moderate diastereo-
selectivity or require tedious experimental procedures. For
example, the C17-epoxides of estrone and its derivatives
(which have potential uses in oral contraceptive treatment
of hyperandrogenism and in the treatment of hormone-de-
pendent breast cancer in postmenopausal women[55]) can be
obtained by oxidation using m-CPBA with a diastereoselec-
tivity of a/b= 80:20,[55a, 56a,56c] by ring closure of trans-bromo-
hydrin with strong inorganic base,[56c,e] and by reaction of
the carbonyl group (C17) at D ring with sulfur ylide
(Me3SOI/KOtBu).[55c–e] However, there are few reports on
the synthesis of the C17-epoxides of unsaturated steroids
through catalytic processes.[10d,57]

We observed that treatment of the estratetraene deriva-
tives 92–94 with 2,6-Cl2pyNO in CH2Cl2 in the presence of
catalyst [RuIV(2,6-Cl2tpp)Cl2] at 40 8C for 8 h (catalyst/2,6-
Cl2pyNO/substrate molar ratio=1:4000:1000) led to epoxi-
dation of the double bond between C17 and C19 of 92 and
between C16 and C17 of 93 and 94 to give epoxides 95–97,
respectively, in 90–95 % yields with virtually complete b-se-
lectivity for 95 and a-selectivity for 96 and 97 (entries 1, 3,
and 4 in Table 10); the b-configuration of 95 and a-configu-
ration of 96 were confirmed by X-ray crystal analysis, see
Figure S2 in the Supporting Information). A similar reaction
was observed when [RuIV(tmp)Cl2] was used as catalyst
(entry 2 in Table 10). Surprisingly, in these cases, the CH2

group at the C6-position in B ring was concomitantly oxi-
dized to ketone (such oxidation could not be prevented
even when the 2,6-Cl2pyNO/substrate molar ratio was re-
duced to 1.1:1). This is unusual in the oxidation chemistry of
estratetraene derivatives and is different from the TBHP ep-
oxidation of the analogues of 92 catalyzed by the Sharpless
catalysts[57] and other oxidation methods,[56,58] and from the
2,6-Cl2pyNO epoxidation of 92 catalyzed by a [RuII-
(por)(CO)]-based dendritic ruthenium–porphyrin com-
plex,[10d] neither of which resulted in oxidation of the benzyl-
ic CH group at the C6-position.

Conclusion

The structurally characterized [RuIV(2,6-Cl2tpp)Cl2] shows a
markedly higher efficiency in catalyzing epoxidation of elec-
tron-deficient alkenes with 2,6-Cl2pyNO than the carbonyl-
ruthenium(ii)–porphyrin complexes [RuII(por)(CO)] (por=

2,6-Cl2ttp, F20-tpp) and other dichlororuthenium(iv)–por-
phyrin complexes [RuIV(tmp)Cl2] and [RuIV(ttp)Cl2]. The
epoxidation of a variety of a,b-unsaturated ketones with
2,6-Cl2pyNO catalyzed by [RuIV(2,6-Cl2tpp)Cl2] can be com-
pleted in a few hours, and exhibited high regio- and diaster-
eoselectivities with up to 99 % substrate conversion. The
“[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol is applicable
to the oxidation of arenes and affords quinones with up to

99 % substrate conversion and almost complete product se-
lectivity within several hours. [RuIV(2,6-Cl2tpp)Cl2] is also a
powerful catalyst for oxidation of steroids with 2,6-Cl2pyNO
under mild conditions. By employing this catalyst, the oxida-
tion of D5-unsaturated steroids can be completed within 0.5
or 1 h and displayed up to >99 % b-selectivity and up to
97 % epoxide yield; while the oxidation of D4-3-ketosteroids
to D4-3,6-diketosteroids or b-epoxide (which proceeded with
up to 99 % product yields within 1–6 h) is sensitive to the
substituent(s) at the remote C17-position. For oxidation of
estratetraene derivatives with C=C bond at D ring, both the
C=C and the benzylic C�H bonds at the C6-position in B
ring are oxidized, affording a new class of steroid derivatives
in up to 95 % yields. Product turnover numbers in the oxida-
tion of electron-deficient alkenes, arenes, and steroids by
using the “[RuIV(2,6-Cl2tpp)Cl2]+ 2,6-Cl2pyNO” protocol
can be as high as 6.4 �103, 2.0 �104, and 1.6 �104, respective-
ly. These results demonstrate that [RuIV(2,6-Cl2tpp)Cl2] is an
active, robust, and versatile catalyst for highly selective oxi-
dation of arenes, unsaturated steroids, and electron-deficient
alkenes using 2,6-Cl2pyNO as oxidant.

Experimental Section

General : m-CPBA, alkenes 1–4, 6, 13, 17, arenes 42–46, 50, 51, and ste-
roids 65–67, 70, 71, 73, 74, 85–88 were purchased from Aldrich and
Acros. Alkenes 5,[59] 7–9,[29, 31, 60] 10–12,[61] 14–17,[13] 18,[62] 19, 20,[37] arenes
47, 48,[63, 64] 49,[65] estrone derivative 52,[66] cholesteryl esters 68, 69,[67]

72,[68] estratetraene derivatives 92,[69] 93,[70] 94,[71] oxidant 2,6-X2pyNO
(X= Cl, Br, Me, H),[72] the porphyrin ligands,[73] and related ruthenium
complexes of porphyrins[10] and Schiff bases[74] were prepared according
to the published procedures. All solvents were of AR grade. 1H and
13C NMR spectra were obtained on a Bruker DPX 300 or 400 spectrome-
ter by using tetramethylsilane (TMS) as an internal standard, with the
chemical shifts relative to TMS. Infrared spectra were recorded by using
Bio-Rad FTS-7 FT-IR spectrometer. UV-visible spectra were measured
on a Milton Roy Spectronic 3000 diode-array spectrophotometer. Mass
spectra were recorded on a Finnigan MAT95 (FAB), Finnigan LCQ
quadrupole ion trap (electrospray), or Jasco (EI and HRMS) mass spec-
trometer. GC measurements were carried out on a HP 5890 Series II gas
chromatograph equipped with a flame ionization detector and a 3396 Ser-
ies II integrator. Electrochemical studies were performed on a Princeton
Applied Research Model 273 A potentiostat/galvanostat coulometer with
a three-electrode cell system (working electrode: glassy carbon, counter
electrode: platinum wire, reference electrode: 0.1m Ag/AgNO3 in
MeCN). Elemental analysis was performed by the Institute of Chemistry,
the Chinese Academy of Sciences.

Preparation of [RuIV(2,6-Cl2tpp)Cl2] and [RuIV(tmp)Cl2]:m-CPBA
(0.17 g, 1 mmol) was added to a solution of [RuII(2,6-Cl2tpp)(CO)] or
[RuII(tmp)(CO)] (0.1 mmol) in CH2Cl2 (30 mL). The mixture was stirred
at room temperature for 30 min and then flashed through an alumina
column. Removal of solvent in vacuo gave [RuVI(por)O2] (por =2,6-
Cl2ttp or tmp). The freshly prepared [RuVI(por)O2] was dissolved in
CH2Cl2 (20 mL) and treated with Me3SiCl (0.2 mL). The resulting mix-
ture was stirred at room temperature under argon until the reaction
reached completion (monitored by UV-visible spectroscopy). The solvent
was removed by evaporation, and the residue was washed with methanol
(5 � 15 mL) and recrystallized from CH2Cl2/MeOH, affording [RuIV(2,6-
Cl2tpp)Cl2] or [RuIV(tmp)Cl2] as a dark red solid.

Data for [RuIV(2,6-Cl2tpp)Cl2]: Yield: 90%; 1H NMR (400 MHz, CDCl3):
d=9.51 (d, 8 H; phenyl-H), 8.81 (t, 4H; phenyl-H), �53.4 ppm (br s, 8H;
pyrrole-H); IR (KBr): ñ=1010 cm�1 (oxidation state marker band); UV/
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Vis (CH2Cl2): lmax (log e)= 410 (5.20), 520 nm (4.11); elemental analysis
calcd (%) for C44H20Cl10N4Ru·CH3OH·0.5 CH2Cl2 (1134.76): C 48.16, H
2.22, N 4.94; found: C 48.39, H 1.91, N 4.83; electrospray MS: m/z :
1059.7 [M]+ , 1024.9 [M�Cl]+ , 989.9 [M�2 Cl]+ .

Data for [RuIV(tmp)Cl2]: Yield: 80 %; 1H NMR (400 MHz, CDCl3): d=

12.47 (s, 8H; phenyl-H), 4.08 (s, 24H; o-CH3), 3.85 (s, 12 H; p-CH3),
�54.3 ppm (br s, 8H; pyrrole-H); IR (KBr): ñ=1015 cm�1 (oxidation
state marker band); UV/Vis (CH2Cl2): lmax (log e)=408 (5.23), 515 nm
(4.24); elemental analysis calcd (%) for C56H52Cl2N4Ru·2 H2O·1.5 CH2Cl2

(1116.44): C 61.86, H 5.33, N 5.02; found: C 61.92, H 5.14, N 5.21; elec-
trospray MS: m/z : 952.7 [M]+ , 917.2 [M�Cl]+, 882.8 [M�2Cl]+.

Preparation of [{RuIV(F20-tpp)Cl}2O]: This complex was prepared accord-
ing to the same procedure as that for the preparation of [RuIV(2,6-
Cl2tpp)Cl2] except that [RuII(F20-tpp)(CO)] was used instead of [RuII(2,6-
Cl2tpp)(CO)]. Yield: 62%; 1H NMR (400 MHz, CDCl3): d= 8.98 ppm (s,
16H; pyrrole-H); UV/Vis (CH2Cl2): lmax (loge)=394 (5.42), 512 (4.11),
640 nm (4.32); elemental analysis calcd (%) for C88H16Cl2F40N8OR-
u2·2CHCl3·C6H14 (2559.03, a sample recrystallized from CHCl3/hexane):
C 45.06, H 1.26, N 4.38; found: C 45.10, H 1.06, N 4.26; FAB MS: m/z :
1109 [Ru(F20-tpp)Cl]+ , 1090 [Ru(F20-tpp)O]+ , 1071 [Ru(F20-tpp)]+ .

General procedure for 2,6-Cl2pyNO oxidation of arenes, steroids, and
electron-deficient alkenes catalyzed by ruthenium–porphyrin complexes :
A mixture of substrate (1 mmol), 2,6-Cl2pyNO, and ruthenium porphyrin
in CH2Cl2 (5 mL) was stirred under argon at 40 8C (for the molar ratio of
catalyst/2,6-Cl2pyNO/substrate, see Tables 3–10). The completion of the
reaction was determined by 1H NMR spectroscopy by monitoring the ap-
propriate signal of the protons on the alkene double bond or on the aro-
matic ring. Pure oxidation product was obtained after flash chromatogra-
phy on silica gel column with ethyl acetate-hexane (1:4 v/v) as eluent.
The oxidation products 21–41,[26a,30, 37, 75] 53–55,[4d] 56–60,[43] 61–63,[46] 64,[47]

75–84,[3,76, 77] and 89–91[53] were characterized as reported in the literature.
For characterization of 95–97, see the spectral data included in Support-
ing Information.

Competitive epoxidation of substituted styrenes versus styrene with 2,6-
X2pyNO (X=Cl, Br, Me) catalyzed by [RuIV(2,6-Cl2tpp)Cl2]: Complex
[RuIV(2,6-Cl2tpp)Cl2] (0.5 mmol) was added to a solution of styrene
(0.5 mmol), substituted styrene (0.5 mmol), and 2,6-X2pyNO (0.55 mmol)
in CH2Cl2 (5 mL). The reaction mixture was stirred for 2 h at room tem-
perature. The amounts of styrenes before and after the reaction were de-
termined by GC. The relative rates krel were determined by the Equa-
tion (1) in which Yf and Yi are the final and initial quantities of substitut-
ed styrene; Hf and Hi are the final and initial quantities of styrene.

krel ¼ kY=kH ¼ logðY f=Y iÞ=logðHf=H iÞ ð1Þ

X-ray crystal structure determinations of [RuIV(2,6-Cl2tpp)Cl2], [RuIV-
(tmp)Cl2], [{RuIV(F20-tpp)Cl}2O], 91, 95, and 96 : Diffraction-quality crys-
tals of [RuIV(2,6-Cl2tpp)Cl2]·2 CHCl3·C6H14, [RuIV(tmp)Cl2]·0.5 CHCl3,
and [{RuIV(F20-tpp)Cl}2O]·2 H2O·CHCl3 were obtained by slow diffusion
of hexane into solutions of the complexes in CHCl3, whereas those of 91,
95, and 96 were obtained by slow evaporation of their solutions in ethyl
acetate/hexane. The data were collected on a MAR diffractometer with a
300 mm image plate detector for [RuIV(2,6-Cl2tpp)Cl2]·2CHCl3·C6H14 and
[RuIV(tmp)Cl2]·0.5 CHCl3, and on a Bruker SMART diffractometer for
[{RuIV(F20-tpp)Cl}2O]·2 H2O·CHCl3, 91, 95, and 96 using graphite-mono-
chromatized MoKa radiation. The structures were refined by full-matrix
least-squares against F2 by using SHELXL-97[78] program on PC.

CCDC-251906 ([RuIV(2,6-Cl2tpp)Cl2]), �251907 ([RuIV(tmp)Cl2]),
�251902 ([{RuIV(F20-tpp)Cl}2O]), �251903 (91), �251904 (95), �251905
(96) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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