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Abstract
Hybrid composite material was obtained through encapsulation of H3PW12O40 (PW) into HKUST-1 (Cu3(BTC)2, BTC

= 1,3,5-benzenetricarboxylic acid), in molar composition of 5 Cu(NO3)2 · 3H2O /2.8 BTC/ 0.3 PW/ 0.6 CTAB by adding

solutions of PW and copper salts to mixture of BTC and surfactant. The catalyst was characterized by various techni-

ques including powder X-ray diffraction (XRD), Fourier transform infrared (FT-IR), scanning electron microscopy

(SEM), energy dispersive X-ray (EDX), laser particle size analyzer, Brunauer Emmett-Teller (BET). The acidity of the

catalyst was measured by a potentiometric titration with n-butylamine and PW/HKUST-1 presented very strong acidic

sites with Ei > 100 mV. This nano catalyst was successfully used for the synthesis of various β-keto enol ethers at 45 °C

with 51–98% yield after 5–75 min. The catalyst was easily recycled and reused at least four times without significant

loss of its activity (94% yield after forth run). The presence of the PW in PW/HKUST-1 and reused PW/HKUST-1

structure, eliminating any doubt about collapse of the HKUST-1 after catalytic reaction and can be followed by FT-IR,

XRD and SEM techniques. Brönsted and Lewis acidity of the PW/HKUST-1 catalyst was distinguished by studying the

FT-IR and determined by chemisorption of pyridine. The strength and dispersion of the protons on PW/HKUST-1 was

considerably high and active surface protons became more available for reactant.

Keywords: Heteropoly acid; Metal-organic framework; β-Keto enol ethers; Heterogeneous catalysts; Hybrid composi-

te material.

1. Introduction

In the last decade, metal organic frameworks (MOF-
s) as one of the most important families of materials, con-
structed from metal containing nodes and organic linkers,
has been considered as in several applications such as gas
storage/separation and catalysis.1–4 The crystalline, po-
rous structure in combination with huge surface area and
pore volumes results in unique properties of these mate-
rials such as large porosity, high surface area, open metal
centers, abundant aromatic ligands and ease of synthe-
sis2,5–10 Up to now, several reactions have been carried out
using MOFs as solid Lewis acid catalysts or catalyst sup-
ports but MOF materials usually do not possess Brönsted
acidity, therefore some attempts have been made to intro-
duce such functionality into them.11 Recently, the use of

conventional nano-metal functionality in combination
with acidic supports such as Al2O3 and MOFs supports in-
vestigated in recent years12–16 Heteropoly acids (HPAs)
can act as excellent acid, redox, and bi-functional ca-
talysts in a variety of synthetically useful selective trans-
formations of organic substances, due to their strong
Brönsted acidity and fast reversible multi-electron redox
transformation activities.17 The excellent catalytic perfor-
mance of HPAs qualifies them as prime candidates for the
designed construction of multi-functional materials com-
bining porosity and catalytic activity.18 However, applica-
tions of HPAs are limited by their low specific surface
area and low stability under catalytic conditions. One of
the strategies to overcome these drawbacks consists of
their encapsulation within porous solid matrixes19 such as
MOFs20. As a well-known MOF, a stable host HKUST-1,
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can encapsulated various Keggin-type HPAs, and attracti-
ve catalytic performance can be endowed by these HPA-
s/HKUST-1.21–23 The opportunity of incorporating HPAs
in porous MOFs arises as an attractive pathway to exploit
the catalytic activity of these species and opens the oppor-
tunity to create new catalytic systems.24 Among the diffe-
rent protocols for the synthesis of useful building blocks,
we selected the synthesis of β-keto enol ethers because of
their very high impact as synthons for the preparation of
bioactive compounds, terpenoids, 4-alkylated-2-cyclohe-
xenones, 2-aryl and 2-alkenyl-3- alkoxycyclohexenones
and bicycle [2,2,2] octenones.25–27 Also, they act as die-
nophiles in Diels–Alder reactions.28 However, the synthe-
sis of β-keto enol ethers has received little attention despi-
te their wide range of applications29–31 and developing a
new, cost-effective and green protocol for this transforma-
tion is still a challenging task. The present work reports
the use of H3PW12O40 on HKUST-1 (PW/HKUST-1) as an
active and recyclable catalyst in the synthesis of β-keto
enol ethers. 

2. Experimental

2. 1. Materials and Preliminary 
Characterization

Copper(II) nitrate trihydrate (99–104%), 1,3,5-ben-
zen-tricarboxylate acid (BTC) (98%), cetyl trimethylam-
monium bromide (CTAB) (99+%), and PW (99+%) were
obtained from Merck. Absolute ethanol (98%), dimedone
(98%), n-butylamine (99%), ethyl acetate (98%), n-hexa-
ne acetonitrile (98%), propanol (99%), butanol (98%),
methanol (98%), tert-butanol (98%), cyclohexanol (99%),
benzyl alcohol (99%), 4-methoxybenzyl alcohol (98%),
3-methoxybenzyl alcohol (98%), 2-nitrobenzyl alcohol
(97%) and 2-propanol (99.5%) were obtained from Al-
drich and used without further purification. (FT-IR) was
recorded as KBr pellets using a Shimadzu 470 spectrop-
hotometer, spectra range (400–4000 cm–1), wave number
accuracy 0.1 cm–1, resolution: 4 cm–1 and about 200 scans
were averaged to one spectrum. Morphology of the ca-
talyst was studied by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX)
on a model XL30 Philips. The size distribution of the
samples was obtained using a laser particle size analyzer
(HPPS 5001, Malvern, UK) and X-ray diffraction (XRD)
pattern of the synthesized catalyst was obtained by using
an X-ray diffractometer (Xpert MPD), Co-Kα (k = 0.154
nm) in the angular range 2θ = 1–15, step size (2θ):
0.0200, scan step time (s): 1.0000, scan rate (2θ) of 5°
min–1. The accelerating voltage and applied current were
40 kV and 40 mA, respectively. Brunauer Emmett-Teller
(BET) surface areas and pore volumes were measured on
a sorptometer kelvin 1042 using nitrogen adsorption at 77
K. The inductively coupled plasma atomic emission spec-

troscopy (ICP-AES) on a Spectro Ciros CCD spectrome-
ter were used to leaching measurements.

2. 2. Preparation of the Catalyst

PW/HKUST-1 material was prepared from a synthe-
sis mixture containing a molar composition of 5 Cu(NO3)2

· 3H2O /2.8 BTC/ 0.3 PW/ 0.6 CTAB. For the synthesis of
PW/HKUST-1, the mixture of BTC (0.21 g) and 0.07 g of
CTAB in absolute ethanol (12 mL) was prepared, then
PW (0.3 g) and Cu(NO3)2 · 3H2O (0.4 g) were dissolved in
distilled water (10 mL). Both solutions were combined
and mixed under vigorous stirring (1000 rpm) for appro-
ximately 30 min at room temperature. The mixture was
aged without stirring for 4 days at room temperature. The
blue solid was then collected by filtration, washed with di-
stilled water three times and dried at 60 °C for 24 h.
CTAB was removed by Soxhlet extraction with ethanol
performed for 24 h. The product was dried in air at 60 °C
for 24 h.

2. 3. Acidity Measurement

For the potentiometric titration, 0.05 g of solid was
suspended in acetonitrile (90 mL) and stirred for 3 h. The
suspension was titrated with a 0.05 mol/L solution of n-
butylamine in acetonitrile. The potential variation was
measured with a Hanna 302 pH meter using a double
junction electrode.32

2. 4. Catalytic Reaction

A mixture of dimedone (1.0 mmol) and alcohol (4
mL) was stirred in the presence of the catalyst (0.06 g) at
45 °C. After completion of the reaction as indicated by
TLC, the catalyst was separated by decantation (or filtra-
tion). The excess alcohol in the filtrate was removed by
rotary evaporator and the crude purified by column chro-
matography over silica-gel (ethyl acetate/hexane, 1:4). All
products were identified by comparing of their spectral
data, 1H-NMR 13C-NMR, with those of the authentic sam-
ples.31,33–36

3. Results and Discussion 

3. 1. Catalyst Characterization
The presence of the PW in the HKUST-1 framework

was established by FT-IR (Fig. 1). FT-IR spectroscopies
confirmed that the structures of HKUST-1 and the PW are
retained in the composite PW/HKUST-1. The vibrational
spectra of the composite exhibit the characteristic bands
of both the HKUST-1 support and the Keggin structure of
the phosphotungstate anion. In particular, the FT-IR spec-
trum of PW contains bands at 1080 cm–1 (PO4), 982 cm–1

(W=O), and 892 and 796 cm–1 (W–O–W). For
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PW/HKUST-1 the PO4 and W=O vibration bands are shif-
ted in comparison to bulk PW. This shift discloses the
confinement effect of PW inside the porous solid. 

As depicted in Fig. 2 (a, b), the SEM images of the
PW/HKUST-1 samples show that the PW/HKUST-1 cry-
stals have octahedral shape with the average size of appro-
ximately 300 nm. Fig. 2 (c, d) shows the N2-adsorp-

tion–desorption isotherm and their respective BJH distri-
bution of pore size graph. BJH pore size distribution of
PW/HKUST-1 catalyst is presented in Fig. 2 (c) with ave-
rage pore 3.8 nm. Fig. 2 (d) shows the sorption isotherms,
can be classified as type IV (in the IUPAC classification),
which is typical of mesoporous materials. 

The low angle XRD patterns of the PW/HKUST-1
was also evaluated (Fig. 3). According to XRD pattern,
synthesis method applied in this study yielded crystalline

Figure 1. FT-IR spectra of (a) PW, (b) PW/HKUST-1, (c) reused

PW/HKUST-1, (d) PW/HKUST-1 after reaction with 0.1 mol of

pyridine per gram of catalyst and (e) HKUST-1.

Figure 2. SEM images of PW/HKUST-1 (Scale bar: 1 μm), subfi-

gure shows the more clear morphology of one particle (a), SEM

images of reused PW/HKUST-1 (Scale bar: 1 μm) (b), BJH pore si-

ze distribution of PW/HKUST-1 (c) and N2-adsorption–desorption

isotherm (d). 

a)

b)

c)

d)
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PW/HKUST-1 materials and showed sharp reflections ap-
pearing at low angles (<5 °/2θ) suggesting a high degree
of mesoscopic ordering.37 XRD patterns together with the
SEM images showed that the HKUST-1 was highly cry-
stalline. The size distribution of the PW/HKUST-1 deri-
ved from a laser particle size analyzer, illustrates in Fig. 4.
PW/HKUST-1 has a mean diameter of 190 nm and a wide
size distribution with a polydispersity of 0.8. EDX is used
to determine distribution of PW in the hybrid material by
monitoring the contents of W and P. The EDX elemental
mapping images of PW/HKUST-1 show highly dispersed
PW is successfully incorporated in HKUST-1 and uni-
form distribution of P and W (from PW) and Cu (from
HKUST-1) is also illustrate (Fig. 5). 

Figure 3. Low angle XRD patterns of PW/HKUST-1 (bottom) and

reused PW/HKUST-1(up).

Figure 4. Grain size distribution of PW/HKUST-1.

Figure 5. EDX elemental mapping images for the composite mate-

rial PW/HKUST-1.

The nature of the acid sites (Brönsted and Lewis) of
the catalyst sample was determined by in situ FT-IR spec-
troscopy with chemisorbed pyridine. A calcinated powder
sample in a sample holder was placed in specially desig-
ned cell. Then pyridine vapor was introduced under N2

flow and the FT-IR spectrum was recorded.
Acidity of the PW/HKUST-1 catalyst was distinguis-

hed by studying the FT-IR spectrum of the catalyst after
reaction with pyridine (Fig. 1(d)). Pyridine molecules we-
re adsorbed on Lewis acid sites (1610 and 1450 cm–1) and

formed the pyridinium ion by interaction with Brönsted
acid sites (1640 and 1540 cm–1). Both types of adsorbed
species contribute to the band at 1490 cm–1.32 FT-IR spec-
trum of the catalyst shows contribution of pyridine adducts
in the region 1400–1700 cm–1. The formation of pyridi-
nium ion was observed by absorptions at 1482, 1560 and
1605 cm–1 (expanding region in Fig. 1). These results indi-
cate that PW/HKUST-1 contains the strongest acid sites.

Also, the potentiometric titration38 curves obtained
for HKUST-1, PW, PW/HKUST-1 are presented in Fig. 6.
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It is considered that the initial electrode potential (Ei) indi-
cates the maximum strength of the acid sites and that the
value from which the plateau is reached (mmol amine per
g catalyst) indicates the total number of acid sites (n) that
are present in the titrated solid. PW and PW/HKUST-1
presented very strong acidic sites according to the classifi-
cation ranges (Ei > 100 mV (very strong), 0 < Ei < 100 m-
V (strong), –100 < Ei < 0 mV (weak) and Ei < –100 mV
(very weak) and more acidic in comparison with HKUST-
1. PW is well dispersed on the support surface and does
not leach during the reaction. Therefore, a larger fraction
of active sites are exposed to the surface, and this catalyst
may exhibit excellent activity in organic reactions, even
with a low catalyst loading. PW/HKUST-1 has an elemen-
tal composition comprising 39% W, 16% Cu, 17% C, and
0.56% P which was determined by ICP.

ment in time of the reaction and yield was observed as the
catalyst quantity increased from 0.02 to 0.06 g. Thus, 0.06
g of PW/HKUST-1 was the suitable choice for catalyst
loading. Yield of the product was 64, 93, and 95% when
reaction temperature was 25, 45, and 60 °C respectively in
the presence of 0.06 g of the catalyst and after 5 min.
When the reaction temperature reached to 45 °C in the
presence of 0.06 g of the catalyst the best result was obtai-
ned. According to the potentiometric titration results it
seems that this yield was achieved per 0.084 mmol of ac-
tive site of the catalyst (n = 1.4 total number of acidic si-
tes; mmole acid site/g of the catalyst). When PW neat was
used as catalyst in this optimized reaction conditions 94%
of the corresponding product was obtained after 5 min,
but the catalyst is in homogenous phase and hard recovery
of the catalyst is as a disadvantages of this method.

For comparison, the HKUST-1 material in the ab-
sence of PW, was used as a catalyst in the model reaction.
The porous HKUST-1 itself shows 31% yield after 20

Figure 6. Potentiometric titration curves of HKUST-1, PW,

PW/HKUST-1.

Figure 7. Effect of catalyst loading in the model reaction (4 ml

methanol, 1 mmol dimedone, and mixing rate: 500 rpm at 45 °C).

Scheme 1. Model reaction for the synthesis of β-keto enol ethers using PW/HKUST-1

3. 2. Catalytic Reaction 

The model reaction was carried out for studying the
effect of catalyst loading and temperature on the product
yield (Scheme 1). Initially, the quantity of the catalyst
used in this reaction was optimized (Fig. 7). Influence of
the amount of the catalyst on the model reaction was car-
ried out at 45 °C when 4 ml methanol and 1 mmol dime-
done were used and mixing rate was 500 rpm. Improve-
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min. This observation revealed that Keggin PW species
occluded in HKUST-1 pores significantly improved the
catalytic activity of HKUST-1.

To evaluate the scope of the PW/HKUST-1 for the
synthesis of β-keto enol ethers, different alcohols were
used as reactants (Table 1). Primary, and secondary alco-
hols, reacted with dimedone without any significant diffe-
rence to give the corresponding products in good to excel-
lent yields. tert-Butanol was also reacted with dimedone
to provide the corresponding β-keto enol ether in 50%
yield (entry 6), while some previous approaches did not
apply this alcohol or gave negative results for similar reac-
tions.34–36,39,40

same experimental conditions. The results in Fig. 8 sho-
wed that synthesis of the product could reach 94% after
being recycled for four times. It was observed that the ca-
talytic system could be recycled at least four times with
little decrease in catalytic activity and the amount of
weight losing in this form of recovery was 5.5 wt.% but
in continuous reaction system of course it should be con-
sidered more.

Table 1 Synthesis of β-keto enol ethers using PW/HKUST-1 as ca-

talyst.

Entry Alcohols Time (min) Yield )%(a

1 MeOH 5 98

2 EtOH 10 98

3 Propanol 10 91

4 Butanol 75 86

5 30 92

6 75 51

7 25 98

8 75 94

9 20 93

10 15 92

11 30 64

12 55 71

a Isolated yields, all products were identified by comparing their

spectral data with those of the authentic samples.21–24,28,29

3. 3. Catalyst Recyclability
The recyclability of the PW/HKUST-1 was investi-

gated to test the efficiency of this catalyst in consecutive
cycles for the synthesis of β-keto enol ethers. The solid
catalyst was recovered at the end of each reaction by sim-
ple filtration followed by washing with MeCN, dried at
60 °C and then reused in a fresh model reaction using the

Figure 8 Effect of catalytic reusability and weight recovery (after 5

min) in the model reaction.

3. 4. Stability of the Catalyst

The stability of the catalyst was evaluated by the
characterization of the solid recovered after four consecu-
tive cycles. Regarding the vibrational spectroscopy, the
FT-IR spectra of the PW/HKUST-1 after catalytic reaction
(Fig. 1(c)) are identical to the corresponding spectrum of
fresh catalyst, displaying both the typical bands of
HKUST-1 and the PW. The low angle XRD pattern of the
reused PW/HKUST-1 exhibits an identical profile to the
pattern of the composite before catalytic reaction (Fig. 3,
up one). In fact, the main diffraction peaks of HKUST-1
are located at the same diffraction angles in both patterns,
meaning that the crystalline structure of the HKUST-1 is
retained after the catalytic cycles. Regarding the electro-
nic microscopy studies, the morphology of the reused
PW/HKUST-1 after four cycle observed in the SEM ima-
ge (Fig. 2) is similar to that of the corresponding composi-
te of fresh catalyst and significant changes in the crystal
morphology of the nanosized PW/HKUST-1 was not ob-
served by SEM.

4. Conclusions 

The PW/HKUST-1 composite material with average
size of approximately 300 nm was prepared using simple
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reaction technique. The acidity of the catalyst was measu-
red by a potentiometric titration with n-butylamine and
PW/HKUST-1 presented very strong acidic sites with Ei >
100 mV. This nano catalyst was successfully used for the
synthesis of various β-keto enol ethers at 45 °C with
51–98% yield after 5–75 min. The catalyst was easily
recycled and reused at least four times without significant
loss of its activity (94% yield after forth run). The presen-
ce of the PW in PW/HKUST-1 and reused PW/HKUST-1
structure, eliminating any doubt about collapse of the
HKUST-1 after catalytic reaction was followed by FT-IR,
XRD and SEM techniques. Brönsted and Lewis acidity of
the PW/HKUST-1 catalyst was distinguished by studying
the FT-IR. The strength and dispersion of the protons on
PW/HKUST-1 was considerably high and active surface
protons became more available for reactant.
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Povzetek
Hibridni kompozitni material smo pripravili z enkapsulacijo H3PW12O40 (PW) v HKUST-1 (Cu3(BTC)2, BTC=1,3,5-

benzenetrikarboksilan kislina), v molarnem razmerju 5 Cu(NO3)2·3H2O /2.8 BTC/ 0.3 PW/ 0.6 CTAB z dodatkom raz-

topine H3PW12O40 in soli bakra v me{anico BTC-ja in surfaktanta. Katalizator smo karakterizirali z naslednjimi tehni-

kami: rentgensko pra{kovno difrakcijo (XRD), infrarde~o spektroskopijo (FT-IR), vrsti~no elektronsko spektroskopijo

(SEM), energijsko disperzivno rentgensko spektroskopijo (EDX), laserskim analizatorjem za dolo~anje velikosti delcev

in Brunauer Emmett-Teller metodo (BET). Kislost katalizatorja smo izmerili s potenciometri~no titracijo z n-butilami-

nom in v materialu PW/HKUST-1 dolo~ili zelo kisla mesta z Ei > 100 mV. Tako pripravljen nanokatalizator smo us-

pe{no uporabili za sintezo razli~nih β-keto enol etrov pri 45 °C z izkoristki od 51 % do 98 % in ~asom reakcij med 5 in

75 minut. Katalizator smo lahko reciklirali in ponovno uporabili brez znantnega zmanj{anja njegove aktivnosti (94 %

izkoristek po ~etrtem ciklu). Prisotnost PW v strukturi PW/HKUST-1 in v strukturi ponovno uporabljenega

PW/HKUST-1 odpravlja vse dvome o kolapsu HKUST-1 po kataliti~ni reakciji in jo lahko zasledujemo s FT-IR, XRD

in SEM tehnikami. Brönstedovo in Lewisovo kislost PW/HKUST-1 katalizatorja smo dolo~ili z FT-IR metodo in kemo-

sorbcijo piridina. Mo~ in disperzija protonov na PW/HKUST-1 je bila precej visoka, aktivna povr{ina protonov pa je po-

stala dostopnej{a za reaktante. 


