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Ligand-free Pd-catalyzed oxidation of styrenes at room temperature
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Abatrast: A convenient protocol for the oxidation of a styrene to the corresponding methyl ketone was

developed. Without the requirement of an extra additive or ligand, this method allows Wacker-type

oxidation to proceed efficiently at room temperature in the presence of a commercially available palladium

trifluoroacetate catalyst and inexpensive aqueous tert-butyl peroxide. This transformation is highly

functional group tolerant. Furthermore, aliphatic alkenes, di-substituted alkenes and internal alkenes could

also be converted into the corresponding ketones.
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The development of an effective procedure for
oxidizing a readily available terminal alkene to a ketone
is very important in organic synthesis, agrochemicals
and pharmaceuticals!'?. One of the landmark
achievements is using a palladium/copper catalyst
system which is known as Wacker-Tsuji oxidation'*?.
However, the reaction rate and selectivity need to be
improved in many cases'®. Consequently, a great many
methods have been developed for the oxidation of an
alkene to the corresponding ketone. Efforts have been
focused on the identification of new catalyst systems
that enable efficient catalytic turnover of the palladium
catalyst without needing a copper salt as a
co-catalyst” '), The systems of palladium catalyst
combined with benzoquinone/NaNO,/HCIO, and metal
macrocycle/quinone have been reported for the oxidation
of olefins to ketones!'*". The uses of other oxidants

[14] [15]

, chromium trioxide' ™ and

[17]

such as potassium bromate

benzoquinone!'®, iron(II) sulphate!'” and hypervalent
iodine"™ have also been developed. Oxygen is an

attractive oxidant from an economic point of view, and a
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number of methods for the oxidation of terminal olefins
have been developed'”*!". However, the methods are
not effective for the oxidation of styrenes to their
corresponding acetophenones in many cases. In addition,
most of the methods required relatively harsh
conditions.

We were attracted to the use of the peroxides as the
terminal oxidant in our aim to develop a new catalytic
system for Wacker-type oxidation of an alkene under
relatively mild conditions. In this regard, hydrogen
peroxide has been examined and found to be a
sustainable oxidant for Wacker-type reactions>*>*,
Especially for the Pd-catalyzed oxidation of styrenes,

[25]

reports have been shown that ionic liquids'~ and phase

transfer catalysts'>"

Pd(II)/H,O, system for the oxidation of styrenes. The

could improve the performance of

group of Muldoon studied the effect of a ligand in the
reaction and found that a 2-(2-pyridyl)benzoxazole
(PBO) ligated palladium catalyst allowed a variety of
alkenes to transform efficiently into their corresponding
methyl ketones under Pd(II)/H,O, conditions (Fig.
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1(a))*". On the other hand, Sigman and co-workers
used tert-butyl peroxide (TBHP) under Pd and Ag co-
catalysts system for the oxidation of styrenes (Fig. 1(b)).
In their protocol, the presence of 2,6-diisopropylphenyl
ligand was necessary to achieve the desired product™!,
The group also found that a quinoline-2-oxazoline
(Quinox) modulated Pd catalyst could also efficiently
transform aliphatic olefins to ketones?”.. The absence of
the ligands led to considerable levels of oxidative
cleavage, which resulted in low yields®”. Although a
few ligand-free methods for the oxidation of styrenes
have been reported, an elevated reaction temperature
was required to afford the satisfied yields"®".

(a) muldoon's system using Pd(PBO)(MeCN),(OTf), and H,0,
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(c) our system using commercially available Pd catalyst with
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Fig. 1 Ligand modulated catalyst for oxidation of styrene

Herein, we report a method for the oxidation of a
styrene by the use of commercially available palladium
trifluoroacetate (Pd(TFA),) catalyst and TBHP oxidant
at room temperature. This protocol is simple and
convenient, and can be performed under air without the
requirement of any extra additive or ligand. A variety of
substituted alkenes have been examined and found to be

oxidized to the corresponding ketones in good yields.
1 Experiment

11 General information

All chemicals used in this work were purchased
from commercial sources and used without further
purification. Column chromatography was generally

performed on silica gel (300-400 mesh) and reactions

were monitored by thin-layer chromatography (TLC)
using UV light to visualize the course of the reactions.
'H NMR spectras recorded at 400 MHz are referenced
to the residual solvent peak at 7.26 ppm (CDCl;). *C
NMR spectras recorded at 126 MHz are referenced to
the residual solvent peak at 77.0 ppm (CDCl,).
1.2 General procedure

A tube was added Pd(TFA), (0.025 mmol), alkenes
(0.500 mmol), tert-butyl peroxide (70% solution in H,O,
0.750 mmol) and dichloroethane (DCE) (1.0 mL). The
reaction mixture was stirred at the indicated temperature
for 12h. After this time, the reaction mixture was
filtered and quenched with saturated Na,SO; solution
(consumption of residual TBHP), extracted with ethyl
acetate. The combined organic layer was dried over with
Na,SO, and concentrated in vacuum. The resulting
residue was purified by silica gel column chromato-
graphy (petroleum ether/ethyl acetate) to afford the

corresponding product.
2 Resultsand discussion

As a starting point, the oxidation of styrene (1a)
catalyzed by palladium acetate Pd(OAc), (2 mol%) in
the presence of Na,S,0g (1.0 equiv) as an oxidant in
MeCN at 50  for 12 h was studied. Fortunately, 7% of
the methyl ketone (2a) was obtained (Table 1, entry 1).
TBHP was found to be the most efficient oxidant among
those that were tested, giving the desired product in 25%
yield (Table 1, entry 4). We then carried out the solvent
screen and found that DCE was the most suitable (Table
1, entries 5-7). Increasing the loading of catalyst to 5
mol% gave a slightly higher yield compared with that
using 2 mol% of Pd(OAc),. However, no improvement
was achieved by increasing the catalyst loading further
(Table 1, entries 8 and 9).
also proceeded well at room temperature, affording the
desired product in 53% yield (Table 1, entry 10). TFA

has previously been found to aid the oxidation of olefins,
[32]

Interestingly, the reaction

however~, no improvement in the yield was observed

by adding an extra equivalent of TFA in this case (Table



52

2018

Table 1 Optimization of oxidation of styrene!”
(0]

O/\CH catalyst, oxidant ©)LMe
solvent, 7(°C)

a

Entry Cat/(mol%)
1 Pd(OAc), (2)

Solvent T/ Yeild/%
MeCN 50 7

Oxidant
NaszOg

2 Pd(OAc), (2) (NH)S,03 MeCN 50 NR
3 Pd(OAc),(2) H,0, MeCN 50 10
4  Pd(OAc),(2) TBHP MeCN 50 25
5  Pd(OAc), (2) TBHP HO 50 15
6 Pd(OAc),(2) TBHP DMSO 50 7
7  Pd(OAc), (2) TBHP DCE 50 35
8  Pd(OAc),(5) TBHP DCE 50 46
9  Pd(OAc), (10) TBHP DCE 50 48
10 Pd(OAc),(5) TBHP DCE 25 53
11 Pd(OAc),(5) TBHP DCE 25 554
12 Pd(OAc), (5) TBHP DCE 25 47%
13 Pd(TFA),(5) TBHP DCE 25 75

14 PdCl, (5) TBHP DCE 25 52

Note: (1) Yields are of pure isolated products, the reactions were

performed by using 0.5 mmol of 1a, 1.5 equiv of oxidants in 1 mL of
solvent for 12 h; (2) An equivalent of TFA was added in the reaction;

(3) An equivalent NaOAc was added in the reaction.

1, entry 11). The addition of NaOAc slightly decreased
the yield to 47% (Table 1, entry 12). Finally, we found
that the use of Pd(TFA), as a catalyst allowed the
oxidation to proceed efficiently, giving the methyl
ketone product in 75% yield (Table 1, entry 13).
Importantly, only small amount of benzaldehyde was
obtained under these conditions.

With suitable conditions, we turned our attention to
the scope of the substrates. Gratifyingly, this oxidative
process was very general (Fig. 2), with both electron-
donating and -withdrawing groups being tolerated well
(for example, p-OMe (Fig. 2 (2e)) and p-F (Fig. 2 (2f))
were obtained in 78% and 70% isolated yield,
respectively). The methyl group at different positions
were tested and all were found to be compatible (Fig. 2
(2b-2d)). Satisfyingly, the reaction conditions were
compatible with Cl and Br without the observation of
any homocoupling products (Fig. 2 (2g) and (2h)),
providing a convenient handle for further functionali-
zation. The chloromethyl group is an important motif in

organic synthesis, and it was found that the substrate,

1-(chloromethyl)-4-vinylbenzene, could be oxidized
efficiently to the corresponding methyl ketone in 85%

yield (Fig. 2 (2i)).

PA(TFA), (5mol%) 0
< TBHP (1.5 equi
R, _TBHP (1.5 equiv) | Me
DCE, 25°C, 12h
! 2

O O
O w4 @40 o § Mo,

2a, 72% 2b, 74%  2c,68%  2d, 63% 2e, 78%(80%)’
O o) O
F—< >—( Cl—< >—( —< >—( ,—< >—(
Me Me Me (I Me
2f, 70% 2g, 62% 2h, 71% 2i, 85%

*: The reactions were performed by using 10 mmol (1.34 g) of

1-methoxy-4-vinylbenzene; #: Yields are of pure isolated products.

Fig. 2 Scope of the oxidation of styrene derivatives®

This methodology is easily scalable. Applying our
standard conditions, without any modification to the
oxidation of 4-methoxystyrene(10 mmol, 1.34 g) in the
presence of Pd(TFA), catalyst and TBHP oxidant,
afforded the corresponding methyl ketone in 80%
isolated yield (Fig. 2 (2¢)).

To extend the application of this method, some
other types of alkenes were also tested. Interestingly, the
di-substituted terminal alkenes could also be oxidized to
the ketones at 50  (Fig. 3 (4a) and (4b)). This trans-
formation may undergo epoxidation, re-arrangement,
oxidation and decarboxylation sequence!®*). The aliphatic
alkene was examined and found to be a suitable substrate
under the oxidizing conditions (Fig. 3 (3c)), giving the
corresponding product in an acceptable 32% yield at 50

(Fig. 3 (4c)). Finally, the internal alkene 1,2-dipheny-
lethene 3d was treated with the same conditions, giving
1,2-diphenylethan-1-one in 30% yield (Fig. 3 (4d)).

PA(TFA), (5 mol%)
TBHP (1.5 equiv)

Alkenes ketones
A DCE, 25°C, 12 h 4
CH, 0 CH, 0
e e
3a 4a, 50% 3b 4b, 66%
(0]
0 oL e
~
B CH W Me Y P
~ B NS L o
3¢ 4c, 32% 3d 4d, 30%

Fig. 3 Scope of the oxidation of alkenes

*: Yields are of pure isolated products.
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3 Conclusions

We report a readily available Pd(TFA), catalyzed
oxidation of an alkene to a methyl ketone without
adding an extra ligand or additive. This protocol allows
a variety of styrenes bearing both electron-withdrawing
and electron-donating groups to undergo oxidation to
the corresponding methyl ketones at room temperature
under air. In addition, a couple of selected aliphatic
alkenes, di-substituted alkenes and internal alkenes
could also undergo this oxidative process, affording the

corresponding ketones.
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