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The decarboxylative coupling of cinnamic acids with alcohols and the oxidative coupling of alkenes with
aldehydes are typical organic reactions. Considering the characteristics and mechanisms of the reactions,
the Cu-doped zeolite-X catalyst (Cu-X) with Lewis basic sites was synthesized and used for the two reac-
tions. Compared with Cu, Cu2O, and CuBr2 catalysts (4–21%), the Cu-X catalyst (99%) shows extraordinary
high activity in the decarboxylative coupling of cinnamic acids with alcohols. In addition, the Cu-X cat-
alyst presents excellent performance in the oxidative coupling of alkenes with aldehydes. The strong
interaction between Cu+ and the zeolite framework benefits the transformation of Cu2+ and Cu+ in the
redox process, enhancing the reaction activity. More importantly, the Lewis basic sites on the Cu-X cat-
alyst could favor the adsorption of the cinnamic acid, resulting in electron-rich density in the C@C bond,
and therefore greatly improving the reaction activity.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Developing highly efficient heterogeneous catalysts is of great
importance in organic chemistry with a view to practical applica-
tions [1–7]. Up to now, endeavors to realize heterogeneous cataly-
sis have been made for many important reactions, such as Heck,
Suzuki, and Ullmann couplings [8–11]. Thus, significant positive
information crossing from homogeneous to the heterogeneous
catalysis has been achieved [12–17]. Nevertheless, the structure,
properties, and stability of the active centers in heterogeneous cat-
alysts are difficult to control in a flexible way to meet the demands
of reaction activity and selectivity. Modern synthetic chemistry
especially tends to be more complicated [18–22], seeking to design
more elaborate catalytic active centers. Therefore, it must consider
the reaction characteristics, reaction mechanisms, and even the
structure and nature of the reactant molecules, and should
combine the support properties to rationally construct the active
centers in heterogeneous catalysts.
As an example, the decarboxylative coupling of cinnamic acids
with alcohols is a useful route for the synthesis of allyl alcohol
derivatives [23–25], which are important intermediates for the
preparation of pharmaceuticals and organic materials [26,27].
From Fig. 1, cinnamic acid (CA) coordinates with Cu2+ species to
form a complex [28]. Subsequently, the C@C bond in the complex
is attacked by the a-carbon-centered radical, forming an active
intermediate that transforms to allyl alcohol by reductive elimina-
tion, accompanying the formation of CO2 and the transformation of
Cu2+ to Cu+ [29]. Therefore, in this process, the activation of the
C@C bond in the CA molecule is a key step.

In principle, enhancing the electron density of the C@C bond of
the Cu-coordinated complex could enhance the electrophilic
attacks of a-carbon-centered radicals (Fig. 1), which would result
in an increase in reaction activity. Notably, the Lewis basic site is
an electron donor; thus the catalyst with Lewis basicity should
favor the adsorption of CA as well as enhancing the electron den-
sity in the C@C bond. Therefore, developing a porous heteroge-
neous catalyst with both Lewis basic and metal sites could
greatly promote reaction activity.

Associated studies have revealed that the crystalline alumi-
nasilicate zeolite X with three-dimensional large pore structure
benefits reactant molecule diffusion [30,31]. In especial, the nega-
tively charged frameworks with low Si/Al ratios (<1.5) endow zeo-
lite X with relatively strong Lewis basicity [32–34]. Thus, it is a
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Fig. 1. Mechanism of decarboxylative coupling of CA with ethanol.
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reasonable goal to synthesize transition metal-doped zeolite X
with Lewis basic and metal sites for decarboxylative coupling of
CAs with alcohols, alkylbenzenes, cycloalkanes, and cyclic ethers.

Here, we synthesized Cu-doped zeolite X (Cu-X) and envisioned
its use to catalyze the decarboxylative coupling reaction in high
activity. For comparison, Cu-doped zeolite Y (Cu-Y) and meso-
porous ZSM-5 (Cu-MZSM-5) were also prepared. Compared with
the Cu, Cu2O, and CuBr2 catalysts reported in the literature [29],
the Cu-Y, Cu-MZSM-5, and especially the Cu-X catalysts show
extraordinarily high activity at very low Cu content (the mole ratio
of the substrate to Cu is 336:1). This should be attributed to the
fact that the Cu-X catalyst not only possesses active Cu+ and Cu2+

sites but also provides abundant Lewis basic sites. The strong inter-
action between Cu species and the zeolite framework benefits the
transformation of Cu2+ and Cu+ in the reaction, and the Lewis basic
sites as electron donors enhance the electron density of the C@C
bond in the CA molecule, which greatly facilitates the C@C bond
radical addition with electrophilic a-carbon-centered radicals. Fur-
thermore, this catalyst design concept was also applied to synthe-
size Fe-, Co-, and Ni-doped zeolite X as highly active catalysts for
the preparation of very useful a,b-epoxy ketone compounds via
direct oxidative coupling of alkenes with aldehydes.

2. Experimental

2.1. Materials synthesis

Cu-containing zeolite X (Cu-X) was prepared from a starting
aluminosilicate gel with molar ratio 1 Al2O3/3.5 Na2O/3 SiO2/0.08
CuO/186 H2O. In a typical run, water glass (9.9 mL) was mixed with
an aqueous solution (25.4 mL, 7.7 wt.%) of NaOH under vigorous
stirring for 1 h. Then the aqueous solution (27.0 mL, 11.8 wt.%) of
NaAlO2 was added and further stirred for 1 h at room temperature.
After that, the reaction mixture was stirred at 75 �C for another 4 h.
Finally, an aqueous solution (2.0 mL, 0.3467 g) of Cu(NO3)2�3H2O
was added dropwise and stirred for 1 h to yield an aluminosilicate
gel. The gel was transferred into a Teflon-coated stainless steel
autoclave for static crystallization at 100 �C for 84 h. After filtration
and washing, the sample was dried overnight at 120 �C and cal-
cined in air at 550 �C. Fe-, Co-, and Ni-containing zeolite X (Fe-X,
Co-X, and Ni-X) were also synthesized in similar procedures by
the addition of Fe2(NO3)3�9H2O (0.6693 g), Co(NO3)2�6H2O
(0.456 g), and Ni(NO3)2�6H2O (0.4622 g), respectively.

Cu-containing zeolite Y (Cu-Y) was prepared from a starting
aluminosilicate gel with molar ratio 1 Al2O3/4 Na2O/9 SiO2/0.32
CuO/170 H2O. In a typical preparation, water glass (19.4 mL),
H2O (3.6 mL), and a solution (3.4 mL) of zeolite Y seed (prepared
by mixing NaAlO2 (1.409 g), H2O (18.1 mL), NaOH (5.0776 g), and
water glass (17.3 mL), followed by aging at room temperature for
24–36 h) were mixed. After 30 min of stirring at room tempera-
ture, an aqueous solution (2.0 mL, 0.3467 g) of Cu(NO3)2�3H2O
was added dropwise and further stirred for 1 h. After that, an aque-
ous solution (5.7 mL, 23.4 wt.%) of Al2(SO4)3 and an aqueous solu-
tion (5.95 mL, 18.2 wt.%) of NaAlO2 and NaOH (9.2 wt.%) were
added. The mixture was stirred at room temperature for 60 min,
producing a viscous aluminosilicate gel. The gel was transferred
into a Teflon-coated stainless steel autoclave for crystallization at
100 �C for 24 h. After filtration and washing, the sample was dried
overnight at 120 �C and calcined in air at 550 �C.

The Cu-containing mesoporous zeolite ZSM-5 (Cu-MZSM-5)
was synthesized using silane of N,N-dimethyl-N-octadecyl-N-(3-t
riethoxysilylpropyl)ammonium bromide (TPOAB) as a mesoscale
template according to our previous work [35]. The molar ratio of
various compositions was 1 Al2O3/1 Na2O/2.5 CuO/69 SiO2/15.1
TPAOH/13.2 TPOAB/1552 H2O. Typically, NaAlO2 (0.16 g) was dis-
solved in water (18.0 mL), followed by addition of tetrapropylam-
monium hydroxide (TPAOH, 12.0 mL) and tetraethyl orthosilicate
(TEOS, 15.0 mL). After the mixture was stirred at room tempera-
ture for 4.5 h, Cu(NO3)2�3H2O (0.6 g) was then introduced and the
reaction mixture was stirred at 75 �C for another 5 h. Finally,
TPOAB (7.5 mL) was added dropwise and stirred for 1 h to yield
an aluminosilicate gel. The gel was transferred into a Teflon-
coated stainless steel autoclave for static crystallization at 180 �C
for 72 h. The resultant product was filtered, washed, dried over-
night at 120 �C, and calcined in air at 550 �C for 5 h.

Y and MZSM-5 were exchanged with 1 M NH4NO3 solution at
80 �C for 4 h. After filtration, the samples were dried overnight at
120 �C and calcined at 500 �C for 4 h, transforming to acidic H-
form zeolite Y (HY) and H-form zeolite MZSM-5 (HMZSM-5).

2.2. Characterization

The X-ray powder diffraction (XRD) patternwas recorded on a D/
MAX 2500/PC powder diffractometer (Rigaku) using a Cu Ka radia-
tion source operated at 40 kV and 200 mA. Nitrogen physisorption
was conducted at �196 �C on a Micromeritics ASAP 2020M appara-
tus. The sample was degassed at 300 �C for 8 h before the measure-
ment. Specific surface area was calculated from the adsorption data
using the Brunauer–Emmett–Teller (BET) equation. The Cu content
and the Si/Al ratioswere determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) with a Perkin-Elmer
3300DV emission spectrometer. The transmission electron micro-
scopy (TEM) image was obtained on a JEM-2100F microscope with
a limited line resolution capacity of 1.4 Å at 200 kV. Before charac-
terization by TEM, the sample was cut into thin slices and dropped
onto a Ni grid coatedwith a carbonmembrane. X-ray photoelectron
spectroscopy (XPS) experimentswereperformedonanESCALABMK
II system. The basicity of the zeolite sampleswasmeasuredonaBru-
ker TENSOR 27 infrared spectroscope (IR) equipped with a reactor
cell. Before being dosed with pyrrole, the sample was outgassed
overnight at 400 �C and 10�3 Pa. After cooling to room temperature,
the sample was exposed to pyrrole vapor until saturated, followed
by evacuation at 65 �C for 60 min. The spectrum was recorded at
65 �C with a 2 cm�1 resolution and using a 32-scan spectrum. The
UV–vis diffuse reflectance (UV–vis) spectrum was obtained on a
Perkin-Elmer Lambda 25 spectrometer with an integration sphere.
The IR spectrum of the CA-chemisorbed Cu-X (Cu-X-CA) sample
was obtained on a Bruker TENSOR 27 infrared spectroscope
equipped with a reactor cell. Before measurement, the Cu-X-CA
sample was evacuated to 10�3 Pa at 100 �C for 20 h, and then the
temperature was increased to 110 �C. The spectrum was obtained
in the absorbance mode and was shown after subtraction of a back-
ground spectrum obtained on the Cu-X sample. For comparison, the
IR spectrum of CA was also recorded at room temperature. The 13C
solid-state NMR spectra of Cu-X-CA and CAwere obtained on a Bru-
ker AVANCE III 400WB spectrometer operated at 9.4 T with a fre-
quency of 100.62 MHz. The Cu-X-CA sample was pre-outgassed
overnight at 100 �C and 10�1 Pa and then packed into a 4 mm zirco-
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nia rotor. The contact time was 1.5 ms, and the recycle delay was
0.5 s for Cu-X-CA and 60 s for CA, respectively, which were adjusted
to three times 1H T1 values. A ramp-contact and spinal 64decoupling
pulse programwas used. The numbers of scans of 13C CP-MAS were
156,000 for Cu-X-CA and 16 for CA, with rotor spinning rates of
14 kHz. The spectrawere calibratedusing themethine carbonatoms
of adamantane as an external standard (d = 29.47 ppm).
2.3. Activity test

The typical experimental procedure for the decarboxylative
coupling reaction was as follows: Cu-X catalyst (5 mg), CA 1
(0.5 mmol), TBHP (1.0 mmol, 70% aqueous solution), and ethanol
2 (2.0 mL) were placed in a sealed tube (10 mL). The reaction
was heated at 110 �C for 4 h. After the reaction finished, the cata-
lyst was separated by centrifugation and filtration to obtain the liq-
uid phase. The liquid products were analyzed by an Agilent 1260
Infinity Liquid Chromatogram. The pure product was obtained by
flash column chromatography on silica gel using petroleum ether
(60–90 �C) and ethyl acetate as eluents. Compounds described in
the literature were characterized by comparing their 1H and 13C
NMR spectra and MS data with the reported data. The 1H NMR
(500 and 400 MHz) and 13C NMR (125 and 100 MHz) were
recorded with spectrometers at 20 �C using CDCl3 as the solvent.
Chemical shifts are given in parts per million relative to TMS as
the internal standard at room temperature:

The typical experimental procedure for synthesis of a,b-epoxy
ketones: catalyst (40 mg) was added to a Schlenk tube equipped
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Fig. 2. (a) XRD patterns of Cu-X and X zeolites, (b) TEM image of Cu-X zeolite, (c) XPS sp
Cu-X, Cu-Y, and Cu-MZSM-5 samples.
with a magnetic stirrer bar. Styrene (0.5 mmol), benzaldehyde
(2 equiv, 1.0 mmol), TBHP (1.0 mmol, 70% aqueous solution), and
acetonitrile (2.0 mL) as a solvent were injected into the reaction
tube. The reaction mixture was then heated to 90 �C and stirred
for 8 h. Once the reaction was finished, the catalyst was separated
by centrifugation and filtration to obtain the liquid phase. The liquid
products were analyzed with an Agilent 1260 Infinity Liquid Chro-
matogram. The pure product was obtained by flash column chro-
matography on silica gel (petroleum ether/ethyl acetate = 50:1):
2.4. Cinnamic acid adsorption experiment

The typical adsorption experimental procedure was carried out
in a 25 mL sealed tube with a magnetic stirrer bar. The CA (14 mg)
was dissolved in cyclohexane (10 mL), and then 1.0 g catalyst was
added. The mixture was heated at 110 �C for 6 h under stirring.
After cooling to room temperature, the liquid phase was analyzed
with an Agilent 1260 Infinity Liquid Chromatogram. The solid sam-
ple was washed with cyclohexane (15 mL) 20 times and dried at
60 �C for 48 h. The solid sample was used for characterization of
UV–vis DRS, IR, and solid state NMR.

3. Result and discussion

3.1. General properties of the catalysts

The XRD patterns in Fig. 2a reveal that the Cu-X sample has
well-resolved peaks in the range 4–50� with faujasite structure.
Although the crystalline phases of Cu species are not detected,
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Fig. 3. Dependence of the CA conversion and product selectivity on reaction time
over Cu-X catalyst (5 mg catalyst, 0.5 mmol CA, 1.0 mmol TBHP, 2.0 mL ethanol,
reaction temperature 110 �C).

Table 3
Effect of the metal content in the Cu-X and Cu-Y catalysts on catalytic activity in the
decarboxylative coupling of CA with ethanol.a
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the Cu content in the Cu-X sample is 1.9 wt.%, determined by
inductively coupled plasma analysis, suggesting that the Cu species
are highly dispersed in the zeolite X structure. The TEM images of
the thin sectioned samples show that Cu-X has a highly crystalline
micropore structure and the Cu particles cannot be observed
(Fig. 2b and Fig. S1 in the Supplementary Information). However,
the energy-dispersive X-ray spectroscopy point analysis confirms
the presence of Cu (0.54 wt.%) in the selected zone (Fig. S2 in the
Supplementary Information), further suggesting that the Cu spe-
cies are well confined in the micropore structure of the Cu-X cata-
lyst. Sample textual parameters are presented in Table 1.

The electron states of the Cu species in the Cu-X, Cu-Y, and Cu-
MZSM-5 samples were analyzed by X-ray photoelectron spec-
troscopy (XPS) (Fig. 2c). The binding energy of Cu2p3/2 at 932.7
and 934.6 eV for the Cu-X sample is assigned to the characteristics
of the Cu+ and Cu2+ species, respectively [36,37]. The binding
energy of Cu2p3/2 at 933.2 and 933.6 eV for the Cu-Y and Cu-
MZSM-5 catalysts is assigned to the characteristics of the Cud+

(d < 2) species (Fig. 2c) [36,37]. The presence of the Cu+ and Cud+

species in Cu-X, as well as Cu-Y and Cu-MZSM-5, could be attribu-
ted to the strong interaction of Cu species with the zeolite frame-
work [38], resulting in electron transfer from the framework
oxygen to the Cu species. The UV–vis spectra of the Cu-X, Cu-Y,
and Cu-MZSM-5 samples in Fig. S3 in the Supplementary Informa-
tion also show a broad absorption band at 230–320 nm associated
with Cu+ and Cu2+ [35,39].
Table 1
Texture parameters of all samples.

Sample SBET (m2/
g)a

Sext (m2/
g)b

Vmic (cm3/
g)c

Vmeso (cm3/
g)d

Si/
Al

X 814 27 0.32 0.01 1.2
Cu-X 772 39 0.29 0.03 1.3
Cu-Y 825 72 0.30 0.08 2.6
Cu-MZSM-

5
516 273 0.10 0.32 40.5

a BET surface area.
b External surface area.
c Microporous pore volume.
d Mesoporous pore volume.

Table 2
Decarboxylative coupling of CA with ethanol over different catalysts.a

Entry Catalyst Cu content (lmol)b Conversion (%)c Selectivity (%)

A B C

1 Xd – 44 �100 – –
2 Yd 27 92 8 –
3 MZSM-5d 18 78 22 –
4 HYd 69 15 70 15
5 HMZSM-5d 72 13 72 15
6 Cu-Xd 1.48 99 �100 – –
7 Cu-Yd 1.64 62 �100 – –
8 Cu-MZSM-5d 1.4 43 96 – –
9 Cu 10 21 �100 – –

10 Cu2O 20 8 �100 – –
11 CuBr2 10 4 �100 – –

a Reaction conditions: CA (0.5 mmol), ethanol (2.0 mL), and TBHP (1.0 mmol).
b Cu content in the reaction system.
c Cinnamic acid conversion by LC analysis.
d Zeolite catalyst of 5 mg.

Catalyst Copper content (wt.%) Conversion (%)b Selectivity (%)

Cu-Xc 0.8 75 100
1.2 85 100
1.9 88 100
2.3 87 100

Cu-Yd 0.7 51 100
1.1 67 100
2.1 62 100
2.4 64 100

a Reaction conditions: CA (0.5 mmol), ethanol (2.0 mL), catalyst (5 mg), TBHP
(1.0 mmol), at 110 �C.

b Conversion of CA by LC analysis.
c Reaction time is 3 h.
d Reaction time is 4 h.
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To characterize the basicity of the catalysts, the pyrrole-
adsorbed catalyst sample was studied by in situ infrared spec-
troscopy (IR). As shown in Fig. 2d, the characteristic peaks of NH
stretching at 3400, 3243, and 3200 cm�1, combined with the bands
at about 2922 and 2865 cm�1, reveal the basic sites on the surfaces
of the Cu-X and Cu-Y samples [40]. However, the intensities of the
absorption peaks on the Cu-X sample are much stronger than on
the Cu-Y sample, which indicates that the basicity of the Cu-X cat-
Table 4
Decarboxylative coupling of CA with alkylbenzenes, cycloalkanes, and cyclic ethers.a

Substrate 1 Substrate 2 Product Conversion (%)b

Toluene 83 (60, 41)

m-Xylene 89 (54, 35)

Cyclohexane 90 (49, 32)

Cyclooctane 75 (38, 18)

1,4-Dixoane 86 (41, 15)

Tetrahydrofuran 94 (38, 17)

a Reaction conditions: substrate 1 (0.5 mmol), substrate 2 (2.0 mL), Cu-X, Cu-Y,
and Cu-MZSM-5 catalysts (5 mg), TBHP (1.0 mmol), at 110 �C for 4 h.

b The conversions in parentheses are obtained over Cu-Y and Cu-MZSM-5 cata-
lysts (for all the reactions, the selectivity is 100%).

Table 5
Decarboxylative coupling of vinyl acids with alcohols.a,b

Entry Vinyl acids Alcohols

1 Ethanol

2 Isopropanol

3 Methanol

4 n-Butanol

5 Cyclohexanol

6 Ethanol

7

8

a Conversion of the vinyl acids by LC analysis.
b Selectivity is 100%. Reaction conditions: vinyl acid substrate (0.5 mmol), alcohol sub
alyst is stronger than that of the Cu-Y catalyst. The Cu-MZSM-5
catalyst has almost no basicity.
3.2. Catalyst performance

Table 2 gives the decarboxylative coupling of CA with ethanol
over a series of catalysts. Obviously, the basic zeolite X gives a
moderate CA conversion of 44% and high target product selectivity
(100%), much higher than zeolite Y and MZSM-5 (entries 1–3).
Notably, the conversion of CA over acidic HY and HMZSM-5 is
higher than over the corresponding Y and MZSM-5 and X catalyst;
however, a large amount of byproducts is formed due to esterifica-
tion and etherification reactions (entries 4, 5). These results indi-
cate that the zeolite X catalyst with basicity can inhibit the
occurrence of side reactions. When the Cu was introduced into
the zeolites, the activity of the catalysts was increased (entries
6–8). In addition, although the Cu content in the reaction systems
with Cu-X, Cu-Y, and Cu-MZSM-5 catalysts (1.4–1.64 lmol) is
much less than that in the Cu, Cu2O, and CuBr2 catalysts (10–
20 lmol), the activity of the Cu-X (99%), Cu-Y (62%), and Cu-
MZSM-5 (43%) catalysts is much higher than that of those catalysts
(4–21%, entries 6–11). The conversion of the CA with reaction time
over the Cu-X catalyst is shown in Fig. 3. The product selectivity is
close to 100% under all conversions. In addition, the reaction activ-
ity increased with increased concentration of ethanol and the oxi-
dant (TBHP) (Tables S1 and S2 in the Supplementary Information).
Table 3 gives the activity of the Cu-X and Cu-Y catalysts with dif-
ferent Cu content. Clearly, the conversion of CA over Cu-X and
Cu-Y catalysts is not obviously increased with Cu content in the
range 1.2–2.3 wt.% for Cu-X and 1.1–2.4 wt.% for Cu-Y catalysts.
Product 3 Yield (%)

3a 99

3b 90

3c 94

3d 83

3e 85

3f 86

3g 91

3h 84

strate (2.0 mL), Cu-X (5 mg), TBHP (1.0 mmol), at 110 �C for 4 h.
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However, when the Cu content in the Cu-X and Cu-Y catalysts was
decreased to 0.8 and 0.7 wt.%, respectively, the conversion of CA
over Cu-X and Cu-Y catalysts was reduced.

To further investigate the activity of the Cu-X catalyst on the
other substrates with different natures, the decarboxylative cou-
pling of CA with various compounds such as alkylbenzenes,
cycloalkanes, and cyclic ethers was tested (Table 4). The results
show that the activity of the Cu-X catalyst is higher than that of
Cu-Y and Cu-MZSM-5 catalysts.

The generality of the Cu-X catalyst was further investigated in
the decarboxylative coupling of CAs with a series of alcohols
(Table 5). Obviously, the decarboxylative cross-coupling reaction
over Cu-X catalyst shows broad tolerance for various primary
and secondary alcohols. All selected alcohols reacted with CA,
affording the corresponding allylic alcohols 3a–3e in good to high
yield (83–99%). The Cu-X catalyst also shows high activity when
the CA with electron-deficient groups is selected as substrate, giv-
ing the desired products 3f–3h in 84–91% yield. In addition, the Cu-
X catalyst was used in the coupling reaction of CAs (containing
electron-withdrawing or electron-donating groups) with mesity-
lene, affording the corresponding products in good yield (entries
1–8, Table 6). Furthermore, the Cu-X catalyst also presents excel-
lent catalytic performance in the decarboxylative coupling of vinyl
acids (containing 2-thienyl or 1-naphthyl) with mesitylene (entries
9 and 10, Table 6).
Table 6
Decarboxylative coupling of vinyl acids with mesitylene.a,b

Entry Substrate 1 Substrate 2

1

2

3

4

5

6

7

8

9

10

11

a Conversion of the vinyl acids by LC analysis.
b Selectivity is 100%. Reaction conditions: vinyl acid substrate (0.5 mmol), mesitylene
3.3. Discussion of high reaction activity

The extraordinarily high activity and broad scope of reactants
over the Cu-X catalyst should be attributed to the highly dispersed
Cu+ and Cu2+ species, and especially the relatively strong Lewis
basic sites on zeolite X. From Fig. 1, in the decarboxylative coupling
of the CA with ethanol, the transformation of the Cu2+ and Cu+ spe-
cies is required. In the case of Cu-X, Cu-Y, and Cu-MZSM-5 cata-
lysts, the strong interaction of the Cu species with the negatively
charged framework could benefit the reversible transformation of
the Cu2+ and Cu+ species under redox conditions, facilitating the
reaction activity. In contrast, such transformations are disadvanta-
geous in the Cu, Cu2O, and CuBr2 catalyst systems.

More importantly, the relatively strong Lewis basic sites on zeo-
lite X play a critical role in the improvement of the activity of the
Cu-X catalyst. As mentioned above, the activation of the C@C bond
in the CA is a key step, and the electron-rich density in the C@C
bond could benefit the attack by the a-carbon-centered radical
(Fig. 1). Compared with Cu-Y and Cu-MZSM-5 catalysts, the rela-
tively strong Lewis basic sites on the Cu-X catalyst could favor
the adsorption of the CA and enhance the electron density of the
C@C bond in the CA (Fig. 4), and thus greatly improve the reaction
activity. This suggestion is strongly supported by the CA adsorption
experiments and the UV–vis, IR, and NMR analyses of the CA-
adsorbed Cu-X sample. Table 7 shows that the adsorption capacity
(8.6–10.4 mg/gCat.) of Cu-X with different Cu content is much
Product 4 Yield (%)

4h 92

4i 75

4j 54

4k 83

4l 62

4m 77

4n 96

4o 82

4p 65

4q 91

4r 98

substrate (2.0 mL), Cu-X (5 mg), TBHP (1.0 mmol), at 110 �C for 4 h.
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Fig. 4. Enhancement of the activity of the decarboxylation of CA with ethanol over Cu-X catalyst.

Table 7
The adsorption capacity of Cu-X, Cu-Y, and Cu-MZSM-5 catalysts for CA.

Catalyst Copper-content (wt.%) Adsorption capacity (mg/gCat.)

Cu-X 2.3 10.4
1.9 9.4
1.2 8.6

X – 5.5
Cu-Y 2.1 3.1
Cu-MZSM-5 1.8 0.9
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Fig. 5. (a) UV–vis and (b) IR spectra of the CA and Cu-X-CA samples.
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higher than that of Cu-Y and Cu-MZSM-5 (3.1 and 0.9 mg/gCat.),
confirming that the strong Lewis basic sites on the Cu-X catalyst
are more favorable for the adsorption of CA molecules.

Notably, the UV–vis, IR, and NMR spectra of the CA-
chemisorbed Cu-X sample (Cu-X-CA) give more important infor-
mation (Figs. 5 and 6). The pure CA presents an absorption band
at 270.2 nm assigned to the characteristics of the conjugated p
bond in the CA molecule (Fig. 5a). After the Cu-X catalyst adsorbed
the CA, this absorption band was shifted to 277.6 nm. Electron
transfer from the Lewis basic sites on the Cu-X to the conjugated
p bond of the adsorbed CA may have occurred, resulting in
enhancement of the electron density in the C@C bond. This sugges-
tion is also supported by IR analysis of the Cu-X-CA sample
(Fig. 5b). The absence of the band at 1703 cm�1 for the free CA
molecule is evidence of the complete deprotonation of carboxyl
groups, which could be attributed to the coordination of the car-
boxylate oxygen atoms with the Cu species on the Cu-X catalyst.
As a result, the absorption bands at 1435 and 1611 cm�1 associated
with asymmetric and symmetric stretching vibrations of carboxy-
late are found in the Cu-X-CA sample. In addition, the red shift for
the C@C stretching vibrations appears in the range 1450–
1586 cm�1 in the Cu-X-CA sample, in contrast with that of the
CA molecule. This phenomenon should be due to the increase of
electronic density of the p-conjugated system caused by electron
transfer from the Lewis basic sites on the Cu-X catalyst to the con-
jugated C@C bond of the adsorbed CA. These results are consistent
with the result of the UV–vis determination.

In addition, the 13C NMR spectra of Cu-X-CA and CA show that
the characteristic peak of the carboxyl carbon in CA at 172.9 ppm
shifts to 176.6 ppm after the CA are chemisorbed onto Cu-X
(Fig. 6), which could be due to decreased electron density in the
carboxyl carbon. This phenomenon should be caused by the coor-
dination of carboxylate with the Cu species on the Cu-X-CA cata-
lyst. Moreover, the two peaks at 146.7 and 119.2 ppm are
characteristic of the C@C carbons in CA. The corresponding peaks
are not found at relatively low field for the Cu-X-CA sample, while
two peaks appear at high field at 28.7 and 21.7 ppm. It should be
noted that the two peaks at high field distinguished from the nor-
mal C(sp3)–C(sp3) singles, which might be ascribed to the transition
state carbons between C(sp2)–C(sp2) double and C(sp3)–C(sp3)
bonds. As a result, the C@C bond in the CA is highly activated after
the CA is chemisorbed on the Cu-X catalyst.



200 150 100 50 0

26.4

δ/ppm

CA

Cu-X-CA

172.9
146.7 119.2

176.6 28.7 21.7

(cyclohexane)

Fig. 6. The 13C NMR spectra of CA and Cu-X-CA samples (the chemical shift at 26.4 ppm is caused by the carbon from the rudimentary cyclohexane).

Table 8
The oxidative coupling of styrene with benzaldehyde over series zeolite catalysts.a

Entry Catalyst Conversion (%)b Selectivity (%)c

1 X 65 93
2 Cu-X 86 87
3 Ni-X 100 93
4 Fe-X 94 89
5 Co-X 96 94

a Reaction conditions: styrene (0.5 mmol), benzaldehyde (1.0 mmol), TBHP
(1.0 mmol), catalyst (40 mg), CH3CN (2.0 mL).

b Conversion of the styrene is obtained by LC analysis.
c Selectivity of the a,b-epoxy ketone.
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Based on this catalyst design concept, Fe-, Co-, and Ni-doped
zeolite X as high active catalysts were also synthesized and suc-
cessfully applied for direct oxidative coupling of alkenes with alde-
hydes to prepare a,b-epoxy ketones, which are crucial
intermediates for many natural products and drug molecules.
Recently, Liu and co-workers reported that the oxidative coupling
of alkenes with aldehydes was catalyzed by iron-salts-furnished
b-peroxy ketones that can be transformed further into the corre-
sponding epoxides in the presence of organic bases [41]. More
recently, we reported that the a,b-epoxy ketones can be synthe-
sized by the direct oxidative coupling of alkenes with aldehydes
over the basic zeolite X and ETS-10 catalysts [42]. In this work,
the prepared Fe-, Co-, Ni-, and Cu-doped zeolite X as functional cat-
alysts show more activity than the single basic zeolite X catalyst
(Table 8), and the scope of the substrate is listed in Table S3 in
the Supplementary Information. The plausible reaction mechanism
is shown in Fig. S4 in the Supplementary Information.
4. Conclusions

In summary, considering the characteristics and the mechanism
of the decarboxylative coupling of CAs with alcohols and the oxida-
tive coupling of alkenes with aldehydes, metal-doped zeolite-X
(Cu-X, Fe-X, Co-X, and Ni-X) catalysts were successfully synthe-
sized. The Cu-X catalyst has extraordinarily high activity in the
decarboxylative coupling of CAs with alcohols, alkylbenzenes,
cycloalkanes, and cyclic ethers. All the catalysts show superior cat-
alytic performance in the direct oxidative coupling of alkenes with
aldehydes. The catalyst design concept in this work would open a
new door for the preparation of highly active heterogeneous cata-
lysts in synthetic chemistry.
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