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Metal nanoparticles whose sizes are between those of bulk
and monomeric metal species have a wide range of applications;
such nanoparticles are used in various electronic, optical, and
magnetic devices as well as in the production of catalytic ma-
terials. Transition-metal nanoparticles are an important class of
catalysts used in organic synthesis.' In recent years, significant
improvements have been made to transition-metal-catalyzed
C-C and C-H bond formation reactions.” In particular, func-
tionalization of arenes via transition-metal catalysis, i.e., con-
version of arenes to more valuable derivatives, has been iden-
tified as a very img)ortant reaction that can revolutionize the
chemical industry.

Extensive studies have been carried on the use of copper in
organic synthesis because copper is a promising candidate for
a highly efficient catalyst. Recently, remarkable improvements
have been made to various copper-nanoparticle-catalyzed re-
actions such as the Ullmann reaction,4 click 1r¢:action,5 Cross-cou-
pling reactions,’ cyclization reactions,’ oxidation,’ and oxyalkyl-
ation.” We have recently identified a very attractive alternative
synthetic route to biaryl ethers. This synthetic route involves
the reaction of an aryl halide with a phenol in the presence of
Cu,0 nanocubes. '’ This process is simple and allows the form-
ation of a diverse range of biaryl ethers in excellent yields.
Another important advantage of this synthesis method is that
the catalyst can be easily recycled without loss of activity and
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Figure 1. (a) SEM image, (b) TEM image, (c) HR-TEM image, (d)
XRD pattern of the Cu,O nanocubes. The scale bars represent (a) 200
nm and (b) 200 (inset = 20 nm) (c) 2 nm.

used as such without further purification.

Herein, we report a novel difunctionalization of vinyl arenes;
in this reaction, well-designed, uniform Cu,O nanoparticles are
used to catalyze the regioselective oxyalkylation of vinyl arenes
under mild conditions.

Typically, Cu,O nanocubes are synthesized via a one-pot
polyol process using poly(vinyl pyrrolidone) (PVP) as a sur-
factant and 1,5-pentanediol (PD) as the reductant and solvent."
Figures 1a and 1b show the scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images of the
monodisperse cubic CuxO nanocubes (45.1 + 3.1 nm), respec-
tively. Figure 1c shows the high-resolution TEM (HRTEM)
image of CuO single crystals. The lattice fringe images of a
single metal core are continuous over all nanoparticle projec-
tions with the distance between neighboring fringes of 0.21 nm,
which matches with that of (200) in the cubic CuO phase. The
X-ray diffraction (XRD) spectrum in Figure 1d shows the typi-
cal reflection patterns obtained for cuprite (JCPDS No. 77-0199).
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In our study, we first carried out a reaction between styrene 1
(1.6 mL, 13.9 mmol) and tert-butyl hydroperoxide (TBHP, 2.8
mL, 25.8 mmol) in tetrahydrofuran (THF, 10 mL) (Table 1).
To ensure complete consumption of 1 in some of the reactions
that did not go to completion, we decided to optimize the re-
action conditions; for this purpose, we carried out a series of
reactions by varying the air pressure, temperature, reaction time,
and catalyst amount. As shown in Table 1, the best results were
obtained when the reaction was carried out at high temperature
or high pressure (Table 1, entries 1, 2, and 5). We carried out the
aforesaid reactions at 100 - 130 °C. The rate of substrate con-
version could be improved by further increasing the reaction
temperature. The yield of 2-(tetrahydrofuran-2-yl) phenyletha-
none 2 was very poor when the reaction was carried out at 1 atm
air pressure and 100 °C (Table 1, entry 9). On the basis these
observations, we established the optimum reaction conditions.
1 (0.3 mL, 3.0 mmol) and Cu,O nanocubes (2.0 mg, 1.4 mmol,
1.0 mol %) were added to THF (10.0 mL) in a 25-mL stainless-
steel reactor. The mixture was stirred for 1 hat 130 °C and 3 atm
air pressure. In the absence of TBHP, the reaction carried out
using 1 gave very poor yields even under the optimum condi-
tions (Table 1, entry 6). Hence, we concluded that both TBHP
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Table 1. Oxyalkylation of styrene under aerobic conditions
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Table 2. Cu,O nanocubes catalyzed oxyalkylation of the vinyl arene.”

Entry Cat (mol %) Air (atm) Temp (°C) Time (h) Yield (%)°

1 0.5mol% 5 130 1 100 (68)
2 1 mol % 5 130 0.5 97 (81)
3 1 mol % 5 100 1 90 (83)
4 1 mol % 5 100 0.5 68 (40)
5 1 mol % 3 130 1 98 (75)
6 1 mol % 3 130 1 10 (7)°
7 1 mol % 3 100 1 50 (44)
8 1 mol % 1 130 1 86 (70)
9 1 mol % 1 100 1 33 (33)
10 CuBr 3 130 1 67 (62)

“Determined by 'H-NMR. Yields are based on the amount of vinyl arene
used. Yields in parentheses are isolated yields after column chromato-
graphy on silica. "Reaction undergoing in the absence of TBHP.

and Cu,O nanocubes are essential for oxidative carbonyalkyl-
ation. Cu,O nanocubes gave a 72% yield in the second run, which
were recovered from the reaction of entry 5 via centrifugation.
Unfortunately, the structure of the Cu,O nanocubes changed
after the reaction (TEM images are analyzed). This observation
suggests that atomic leaching from the nanoparticles occurs
during the reaction, which is considered to be the result of the
high temperature that the reaction takes place.

The substrate scope of the Cu,O-nanocube-catalyzed oxy-
alkylation of vinyl arenes is summarized in Table 2. From the
table, it is clear that this reaction can be extended to a wide
variety of substituted and unsubstituted vinyl arenes (Table 2,
entries 1-8). Interestingly, the conversion yield was very low
when vinyl arenes with a methyl group at the 2- and 4-positions
were employed (Table 2, entry 9). The steric effect on the vinyl
arene had a very weak effect on the reactivity. The desired
products were isolated in good yield, i.e., the conversion rate
was good, when the substrate had methyl groups at the 3- and
4-positions (Table 2, entries 1, and 2). The presence of elect-
ron-donating (methoxy) or electron-withdrawing (halogen and
acetate) groups in the substrate influenced the product yield to
a certain extent (Table 2, entries 4-7). The carbon-halogen bonds
in the abovementioned electron-withdrawing groups were un-
affected under the present reaction conditions. Unexpectedly
high yields of the product were achieved when the electron-
withdrawing group contained a halogen. Chloromethyl benzene
afforded the expected product 1-(4-(chloromethyl)phenyl)-2-
(tetrahydrofuran-2-yl)ethanone in 100% yield (entry 8).

In conclusion, we synthesized uniform Cu;O nanocubes on
a gram scale. We used well-designed, uniform Cu,O nanocubes
for the catalytic oxyalkylation of various vinyl arenes and ob-
tained the desired products in good yields and with high regio-
selectivity. The abovementioned process is simple and allows
the formation of a diverse range of oxyalkylated vinyl arenes in
excellent yields. The high chemical reactivity of the nanoparti-
cles is an important factor that affects the yield of the reaction.
This lab is currently examining the scope of this catalytic system
using various shape and size Cu,O nanocubes. Attempts to im-
prove the catalytic activities and to study the role of the TBHP
are in progress. On the basis of the present results, we state
that transition-metal nanoparticles can be used as catalysts for
a wide variety of organic transformations.
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“Reaction conditions: styrene (13.9 mmol), catalyst (1 gnol %, 2.0 mg,
11.4 mmol), solvent (10.0 mL) at 130 °C, 1h, 3 atm air. "Determined by
H-NMR. Yields are based on the amount of vinyl arene used.
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