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ABSTRACT: An efficient method for the oxidation of benzylic sp3 C−H bond to produce ketones or esters using rhenium(V)
complexes as catalysts has been developed. Moreover, the amination of benzylic sp3 C−H bond with NH2Ts in the presence of
NBS has also been reported in moderate to good yields under the catalyst of rhenium(V)-based complexes.
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Direct C−H bond activation based on transition metal catal-
ysis provides a straightforward method for the synthesis

of valuable heteroatom-containing compounds and also represents
one of the formidable challenges in organic chemistry.1−6

Oxidation and amination of a saturated sp3 C−H bond can
quickly install an oxygen atom or an amino group on a carbon
atom and have attracted considerable attention, since most of
the known drugs and natural products are oxygen- and nitrogen-
containing compounds.7−9

Initially, Cr(VI)-10 or Mn(VII)-based11 reagents were employed
in the reactions of the oxidation of benzylic sp3 C−H bond
either in stoichiometric or excess quantities. Recently, several
protocols for sp3 C−H bond oxidation catalyzed by transition
metal complexes, such as Ru, Rh, and Au etc.,12−28 have been
reported. In addition, amination of sp3 C−H bond with simple
amides via transition metal catalysts has been developed.29−46

Although methyltrioxorhenium is an efficient oxidation trans-
formation catalyst,47−51 the difficult availability and expensive
nature limits its further applications in organic catalytic reactions.
Therefore, it is of significance to develop more facile syntheses of
different valence rhenium catalysts. Toste and Abu-Omar et al.
reported a variety of high-valence rhenium oxo and imido
complexes, which have shown efficient activities in catalytic
reduction reaction.52− 57 Moreover, Kuninobu and Takai have
developed low-valence rhenium(I) complexes for the direct sp2

C−H bond activation process.58−67 To the best of our
knowledge, there have been few reports on sp3 C−H bond
activation reaction under the catalysis of high-valence, low
toxicity, and air-stable rhenium complexes.68 Until now, only a
few examples of C−H bond oxidation69,70 and none of the
amination reaction catalyzed by rhenium(V) complexes have
been reported. In this paper, we report the oxidation and

amination reactions of the benzylic sp3 C−H bond based on
high-valence rhenium(V) catalysts.
In the first series of experiments, diphenylmethane was chosen

as the model substrate. We investigated the optimization reaction
conditions, including the solvents, temperature, rhenium catal-
ysts, and oxidants. The results are summarized in Table 1. When
dichloromethane (DCM), 1,2-dichloroethane (DCE), and
acetonitrile (MeCN) were used as the solvent in the presence
of 5 mol % of ReOCl3(OPPh3)(SMe2) at 60 °C, no correspond-
ing product was observed (entries 1−3). The product could be
obtained in 21% and 35% yield when 10 and 20 mol % of
pyridine was used in MeCN (entries 4−5). When the reaction
was tested in pyridine, the yield was increased to 64% (entry 6).
During this process, pyridine may play two roles: ligand and
solvent. When the reaction temperature was increased to 90 °C,
the yield increased to 97% (entry 7). After testing different
rhenium catalysts, such as [n-Bu4N][ReO4], ReOCl3(PPh3)2,
ReO2I(PPh3)2, and ReOI2(OEt)(PPh3)2, we found that
ReOCl3(OPPh3)(SMe2) exhibits the most effective catalyst
(entries 7−11). The result of screening of different oxidants
indicated that TBHP could play a pivotal role for the high
efficiency of the desired product (entries 12−13). The reaction
was absent in the absence of the rhenium catalysts (entry 14).
Having established the optimal reaction conditions, a wide

range of benzylic reagents were tested to explore the generality
of this oxidation transformation. The reactions were conducted
with 5 mol % of ReOCl3(OPPh3)(SMe2) and 2 equiv of TBHP
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in 0.5 mL of pyridine at 90 °C for 20 h. As shown in Table 2,
all substrates accomplished the reaction smoothly, and the
corresponding products were obtained in moderate to excellent
yields. We found that diphenylmethane type substrates gave the
corresponding products in excellent yields (entries 1−3). Less
activated substrates with one annelated aryl group or one
heteroaryl group in a cyclic structure led to benzylic oxidation
products in moderate yields between 61% and 76% (entries
4−6). The ethylbenzene substituents could also be oxidized to
form the corresponding acetophenones in moderate to good
yields (entries 7−10). When phenyl propane and phenyl butane
were tested, only moderated yields were obtained (entries 11, 12).
The isobutylbenzene resulted in a lower yield in comparison
with ethylbenzene (34% vs 88%), which may be due to the
steric effect (entries 7, 13). Cyclohexane was also tested under
the optimal reaction conditions; however, the result was not as
positive as presented above (entry 14).
Inspired by the above good results of the benzylic sp3 C−H

bond oxidation, we further drew our attention to the amination
of benzylic sp3 C−H bond by using various rhenium(V) catal-
ysts. Amination of the sp3 C−H bond could be achieved by direct
insertion of nitrene (TsNIPh, etc.)7,13,20 or in situ-generated
nitrene arising from the oxidation of amide (TsNH2/PhI(OAc)2,
NBS/TsNH2, etc.).

71−74 In our reaction, diphenylmethane was
chosen as the substrate for the optimization of the catalysis
protocol using the aforementioned methods. As shown in Table 3,
while using ReOI2(OEt)(PPh3)2 as the catalyst, we found that the
combination of TsNH2 and NBS proved to be the most efficient
amination reagent (entries 1−3). Then various rhenium-based
catalysts were screened, and ReOI2(OEt)(PPh3)2 was found to be
the most efficient catalyst for this transformation (entries 4−8).
Instead of amination product, bromodiphenylmethane was
formed under the none-catalyzed conditions (entry 9). How-
ever, bromodiphenylmethane was subjected to the catalytic con-
dition of the reaction, and no amination products were formed.
With the optimized reaction conditions in hand, we

investigated the scope of this protocol using TsNH2 as the N
source and ReOI2(OEt)(PPh3)2 as the catalyst (Table 4). It was

found that diarylmethylene could afford the corresponding
product in excellent yield up to 94% (entry 1). The aryl group
in a cyclic system and the ethylbenzene derivatives gave the
amination products in moderate yields (entries 3−6). When the
unactivated cyclohexane was tested, no corresponding product
was obtained (entry 7).
The plausible mechanism for the amination of sp3 C−H

bond catalyzed by ReOI2(OEt)(PPh3)2 was shown in Scheme 1.
The TsNH2 presumably first reacts with NBS to afford the
N-bromosulfonamide A, then A undertakes proton exchange
with the catalyst to give the intermediate complex B, which
then further produces a rhenium-nitrene intermediate C via
bromine transfer. C combines with the sp3 C−H bond of the
benzylic substrate to form the transition state D. After the
splitting of the NRe bond of D, the corresponding amination
product could be obtained, and the complex E would complete
the catalytic cycle. Further investigation by introducing radical
scavengers I2 and BHT does not quench the reaction, ruling out
the radical feature of the reaction.
In summary, we have developed a facile method for the oxida-

tion of the benzylic sp3 C−H bond with ReOCl3(OPPh3)(SMe2)
as catalyst and TBHP as oxidant in a pyridine solution. Further-
more, we have also described a simple, convenient, and practical
method for the amination of the benzylic sp3 C−H bond with
NH2Ts in the presence of NBS under the catalysis of ReOI2-
(OEt)(PPh3)2. These transformations proceed in moderate to
good yields for a wide range of benzylic compounds. This novel
reactivity of rhenium catalysts suggests that high-valence rhenium-
(V) complexes could catalyze sp3 C−H bond activation reactions
efficiently. Further studies on the C−H bond activation reaction
mechanisms catalyzed by high-valence rhenium(V) complexes are
under way in our laboratory.

■ EXPERIMENTAL SECTION

Representative Procedure for the Benzylic Oxidation:
Conversion of Diphenylmethane. A Schlenk flask was
charged with ReOCl3(OPPh3)(SMe2) (16 mg, 5 mol %), pyridine
(0.5 mL), and diphenylmethane (84 mg, 0.5 mmol). After the

Table 1. Optimization of the Reaction Conditionsa

entry catalyst oxidant temp (°C) solvent yield (%)b

1 ReOCl3(OPPh3)(SMe2) 70% TBHP (aq.) 60 DCM N. R.
2 ReOCl3(OPPh3)(SMe2) 70% TBHP (aq.) 60 DCE N. R.
3 ReOCl3(OPPh3)(SMe2) 70% TBHP (aq.) 60 CH3CN N. R.
4c ReOCl3(OPPh3)(SMe2) 70% TBHP (aq.) 60 CH3CN 21
5d ReOCl3(OPPh3)(SMe2) 70% TBHP (aq.) 60 CH3CN 35
6 ReOCl3(OPPh3)(SMe2) 70% TBHP (aq.) 60 pyridine 63
7 ReOCl3(OPPh3)(SMe2) 70% TBHP (aq.) 90 pyridine 97
8 ReO2I(PPh3)2 70% TBHP (aq.) 90 pyridine 52
9 ReOCl3(PPh3)2 70% TBHP (aq.) 90 pyridine 24
10 [n-Bu4N][ReO4] 70% TBHP (aq.) 90 pyridine 43
11 ReOI2(OEt)(PPh3)2 70% TBHP (aq.) 90 pyridine 59
12 ReOCl3(OPPh3)(SMe2) H2O2 90 pyridine N. R.
13 ReOCl3(OPPh3)(SMe2) O2 90 pyridine N. R.
14 no catalysts 70% TBHP (aq.) 90 pyridine <10%

aAll reactions were performed on a 0.5 mmol scale of substrate with 2 equiv of oxidant in 0.5 mL of solvent. bIsolated yields. c10 mol % of pyridine
was used. d20 mol % of pyridine was used.
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addition of TBHP (70% in H2O; 130 μL, 1 mmol), the reaction
mixture was heated at 90 °C for 20 h. The mixture was then
allowed to cool to room temperature and poured into a 1 N
solution of aqueous HCl (10 mL) to remove the pyridine. The

organic phase was extracted with Et2O (3 × 10 mL), washed
with brine, and dried by Na2SO4. After filtration, the solvents of
the filtrate were evaporated (rotary evaporator). The remaining

Table 2. ReOCl3(OPPh3)(SMe2)-Catalyzed Benzylic
Oxidationa

aAll reactions were performed on a 0.5 mmol scale of substrates with
5 mol % catalyst and 2 equiv of 70% TBHP in 0.5 mL of pyridine at
90 °C for 20 h. bIsolated yields.

Table 3. Rhenium Base-Catalyzed Diphenylmethane
Aminationa

entry catalyst methodb yield (%)c

1 ReOI2(OEt)(PPh3)2 A 58
2 ReOI2(OEt)(PPh3)2 B 64
3 ReOI2(OEt)(PPh3)2 C 94
4 KReO4 C 65
5 NH4ReO4 C 78
6 ReOCl3(OPPh3)(SMe2) C 83
7 [nBu4N][ReOCl4] C 83
8 ReO2I(PPh3)2 C 66
9 d no catalysts C

aAll reactions were performed on a 0.25 mmol scale of amine with
0.05 mol % catalyst. bMethod A: Reaction was performed at 50 °C for
1 day with a catalyst/amine/PhI(OAc)2 molar ratio of 1:20:60. Method
B: Reaction was performed at 90 °C for 20 h with a catalyst/N-source
(PhINTs) molar ratio of 1:20. Method C: Reactions were per-
formed at 90 °C for 1 day with a catalyst/amine/NBS molar ratio of 1:20:30.
cIsolated yields, based on the amount of amine. dNo amination product
was detected, but bromodiphenylmethane was formed.

Table 4. ReOI2(OEt)(PPh3)2 Catalyzed Amination of
Benzylic sp3 C−H Bondsa

aReaction was performed at 90 °C for 20 h with a catalyst/amine/NBS
molar ratio of 1:20:30. bIsolated yields, based on the amount of amine.
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mixture was separated by column chromatography (silica gel;
ethyl acetate/petroleum ether = 1:20 as eluent), affording
benzophenone; yield: 88 mg (97%).
Representative Procedure for the Benzylic Amination:

Conversion of Diphenylmethane. A Schlenk flask was
charged with ReOI2(OEt)(PPh3)2 (13 mg, 5 mol %), NBS
(54 mg, 0.3 mmol), and NH2Ts (43 mg, 0.25 mmol). After the
addition of diphenylmethane (1 mL), the reaction mixture was
heated at 90 °C for 20 h. The mixture was then allowed to cool
to room temperature and separated by column chromatography
(silica gel; ethyl acetate/petroleum ether = 1: 5 as eluent),
affording the desired product; yield: 79 mg (94%).
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