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Abstract: A series of mixed oxides of CuO, CeO,, and SiO, were prepared by gel combustion and em-
ployed for the first time as efficient solid catalysts in a solvent-less liquid-phase cross-dehydrogenative
coupling. The facile one-pot catalyst synthesis resulted in highly porous materials presenting large
specific surface areas and strong metal-support interactions. The interaction with highly dispersed
CeO; enhanced the redox properties of the CuO species. The CuO-CeO,-5i0, composites exhib-
ited excellent catalytic performance for the selective coupling between 1,1-diphenylethylene and
tetrahydrofuran with a yield up to 85% of 2-(2,2-diphenylvinyl)-tetrahydrofuran in the presence of
di-tert-butyl peroxide (DTPB) and KI. Albeit both CuO and CeO, species are proved to be responsible
for the catalytic conversion, a great synergistic improvement in the catalytic activity was obtained
by extended contact between the oxide phases by high porosity in comparison with the reactions
using individual Cu or Ce catalysts. The activity of the composite catalyst was shown to be highly
stable after five successive reaction cycles. Furthermore, the study scope was extended to the syn-
thesis of different derivatives via composite-catalyzed coupling of C(sz)—H with C(sp3—H) adjacent
to a heteroatom. The good yields recorded proved the general validity of this composite for the
cross-dehydrogenative coupling reaction rarely performed on solid catalysts.

Keywords: mixed oxides; synergistic effect; cross-dehydrogenative coupling; alkenylation; solid catalyst

1. Introduction

In recent years, cross-dehydrogenative coupling (CDC) to directly build a C-C bond
from two simple C-H bonds has emerged as an attractive goal in organic synthesis [1,2].
Offering great benefits including improving atom economy, step efficiency, and reducing
cost and waste, the CDC reaction is a more efficient synthetic protocol to access product
molecules compared to traditional cross-couplings, which often require the use of pre-
functionalized halides and organometallic reagents [1,3-5]. In particular, a-C(sp®)-H of
ethers and amines can be selectively coupled with C(sp®)-H or C(sp?)-H, leading to more
complex structural motifs which have been usually found in natural products, pharma-
ceuticals, agrochemicals, biologically active molecules, and functional materials [6-8]. The
CDC for the a-functionalization of ethers and amines is still a grand challenge because
of the inert and ubiquitous nature of the C(sp®)-H bond. Many efforts to expand this
convenient method have been reported in the past decade, in which first-row transition
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metals, namely copper, iron, cobalt, are the most used catalysts [6,9-12]. Liu and co-workers
investigated the x-functionalization of ethers with olefins in the presence of Cul catalyst to
obtain x-alkenylated ethers [13]. Furthermore, the FeCls- or CoCl,-catalyzed CDC between
oc—C(sp3)—H of ethers and C(spz)—H of coumarin derivatives has been also reported [5,14].
These works were focused on CDC via homogeneous catalysis, whose production, pu-
rification, and environmental impacts raise significant concerns. From the perspective of
green chemistry, it is, therefore, crucial to developing solid catalysts-mediated routes which
allow easy catalyst separation and recycling and reduce product contamination. Khang
and co-workers have recently synthesized o-functionalized ethers via CDC in the presence
of a perovskite-based catalyst, in which doping LaCoO3 with Sr was required to obtain
significantly improved catalytic activity [15]. In general, the use of recyclable heteroge-
neous catalytic systems for the a-alkenylation of C(sp®)-H has been rarely reported in
the literature.

CuO-CeO; catalysts have attracted more and more attention due to their low cost,
high activity, and wide application in gas-phase catalysis [16-20]. Several mechanistic
studies on the catalytic CuO-CeO; systems have suggested that high oxygen storage ca-
pacity and release capability in the lattice of the fluorite-like cubic structure of ceria and
its strong interaction with CuO lead to the formation of a redox pair, namely Ce**/Ce®*
and Cu®*/Cu*, with enhanced redox properties, thereby promoting the rate of catalyzed
reactions at the metal-oxide interface [16,17,19,21-30]. It was also found that the prepa-
ration conditions had a significant influence on the particle size and dispersion as well
as on the interaction of oxide species in the composites, which in turn strongly affect the
catalytic performance [17,27,28,31]. To date, various methods to synthesize CuO-CeO,
composites have been reported, including solution combustion, thermal decomposition,
sol-gel, hydrothermal treatment, chemical vapor deposition co-precipitation, impregnation,
mechanical milling [27,29,31-33]. Among them, the solution combustion synthesis, which
is based on a cascade of fast and self-sustained redox reactions in a homogeneous solution
of reagents containing metal cations, finally forming homogeneous oxide particles, has
been considered as an excellent protocol in terms of simplicity of equipment and proce-
dure, energy and time efficiency, product quality, and possibility of obtaining a desired
composition [34—41]. However, combustion-synthesized CuO-CeO, mixed oxides usually
had a poor porosity with low surface areas of 15-80 m? g~! because of the uncontrollable
sintering of particles at high temperatures [16,23,31,42—48]. In several studies, silica precur-
sors were therefore added to the combustion solution to improve the composite porosity
and the dispersion of active sites [49-53].

Due to the above-described unique characteristics, the catalytic activity of Cu- and
Ce-containing mixed oxides was greatly improved compared to the corresponding indi-
vidual counterparts and was even comparable to that of supported noble metal catalysts
in numerous gas-phase reactions, such as oxidation of CO and hydrocarbons, water—gas
shift, reduction of NO, reduction of SO, by CO, decomposition of ammonia, combustion
of volatile organic compounds, epoxidation of propylene, wet oxidation of phenol, epox-
idation of propylene [18,20,24,27,31,42,54,55]. Nevertheless, the well-known CuO-CeO,
composite was rarely applied for liquid-phase organic transformations, despite the syner-
gistic effect of the metal species on the catalysis has been proved to be indeed promising.
Herein, we synthesized a series of porous composites containing CuO, CeO,, and SiO, by
the combustion method and investigated their catalytic activity in the dehydrogenative
alkylation of C(sp3)—H adjacent to heteroatoms. The mixed oxides catalysts exhibited
superior yields compared to single oxides and salts of copper and cerium or even to their
physical mixture. To our best knowledge, combustion preparation and application of
porous CuO-CeO,-5iO; mixed oxides for the cross-dehydrogenative coupling between
C(sp®)-H and C(sp?)-H have not yet been reported in the literature.
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2. Results and Discussion
2.1. Catalyst Characterization

The composites consisting of CuO, CeO;, and SiO, with varied compositions were
simply prepared via gel combustion. After dissolving precursors including metal nitrate
and TEOS into ethanol and slow removal of most of the ethanol from the mixture, a gel
phase containing precursors and remained ethanol was formed. Combustion of such
a gel mixture at 500 °C in air caused rapid condensation of the precursors in mixed
oxides of CuO, CeO;, and SiO, (Table 1). The samples were named as Cu;CexSi, where
x was the analyzed Ce/Cu atomic ratio. XRD patterns of the composite samples showed
different phases of mixed oxides, depending on the sample composition (Figure 1). A broad
peak at approximately 20 = 22.5° present in the patterns of all samples was assigned to
amorphous silica [56]. The diffractogram of CuSi showed two sharp peaks at 26 = 36° and
39° corresponding to (022) and (111) planes of the monoclinic CuO phase, indicating the
formation of CuQ in the composites [56,57]. As expected, new peaks at 20 =28.5°,33°,47.4°,
56.3° were observed in the patterns of the Ce-containing composites. These diffraction
peaks are indexed as (111), (200), (220), and (311) planes, respectively, corresponding to
the cubic fluorite structure of the CeO, phase [58]. Using Scherrer’s equation, the average
crystallite size of CuO was 23 & 1 nm and the crystallite size of CeO, was 5 + 0.2 nm.

Table 1. Detailed amount of precursors for the preparation of CuO-Ce0O,-5iO, composites.

Amount of Precursors (mmol) Composite Sample [a]

CH(NO3)2’3H20 Ce(NO3)3‘6H20 TEOS
6.3 0 83.2 CuSi
6.3 1.0 83.2 CulCe0_15Si
6.3 3.0 83.2 Cuy Ceg 4551
6.3 44 83.2 Culce()]Si
6.3 6.0 83.2 Cu1Ce0_9181

(2l Name based on the actual atomic ratio of Cu:Ce in the as-prepared materials via ICP-OES analysis.
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Figure 1. PXRD patterns of the as-prepared composite materials.
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The redox properties of the composites were investigated via Hy-TPR analyses
(Figure 2). As it can be expected, a broad peak was recorded below 300 °C and attributed to
the reduction of CuO in the samples, consistently with previous studies. Notably, the onset
of the reduction peak of CuO in the Ce-containing samples shifted to lower temperatures
with the increase in the Ce loading, as reported in the literature for several CuO-CeO,
composites [47,59-62]. In the case of CuO deposited on several silica supports, Le and co-
workers have found that small CuO clusters at more accessible positions in the silica-based
materials (i.e., outer surface, large pores) were reduced more easily than ones at small
pores and bulk CuO [57,63]. In the case of transition metals supported on CeOy, it was
suggested that active sites for oxidation reactions were located at the contact between the
dispersed transition metal and CeO; [64,65]. In our case, it can be explained that the incor-
poration of small nanocrystals of CeO, largely increased the extent of the interface between
CuO species and CeO,, an effect that enhanced the reducibility of CuO [66,67]. Indeed, it
was suggested that CeO, on the surface of silica promoted the strong interaction of CuO
species with ceria, leading to Hy consumption at a low-temperature range of 150-200 °C,
as observed in earlier studies on CuO and CeO, mixed oxides [24,25,47,59,68-70].

__/—/—’\ Cu,Cegg¢Si

‘/_’/\ CU,Cey 45Si
‘ J\ Cu,Ceg 1S

CuSi

Detector signal / a.u.

100 200 300 400 500 600 700
Temperature / °C

Figure 2. H>-TPR profiles of the as-prepared composites.

Upon quantification of H, consumptions for the TPR experiments of the composites, all
Cu/Hj; molar ratios were found to be in the range 1.03-1.09, close to the stoichiometric ratio
for the reduction of Cu?* to Cu’, verifying that most H, consumption indeed corresponded
to the reduction of Cu(Il) species (Table S1). Generally, a pure CeO, phase could be
incompletely reduced in two steps, namely, at ~520 °C for the reduction of surface ceria
and ~750-900 °C for the reduction of bulk ceria [60,71]. The bulk oxygen is strongly
bonded with Ce in the crystalline structure of CeO,; therefore, it reacts with Hj at a higher
temperature compared to the surface oxygen of CeO,. However, in this work, no reduction
peaks were observed in such a temperature range for the Ce-containing samples probably
because the H, consumption for the reduction of CeO, with low contents (i.e., 2-12 wt.%)
was negligible. Indeed, the typical Hy consumption on the low-temperature TPR peak of
high-surface area CeO, is about 0.7 mmol H, /g CeO,, to be compared with 25 mmol Hy/g
CuO for the CuO reduction peaks [71]. A missed observation of the CeO, reduction peak
at low temperature has been also reported for TPR profiles of CeO;-containing composites
in earlier studies [25,33,59,70,72].
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The gel combustion route is based on exothermic redox reactions between nitrates
as oxidizers and organic substances as reducers in a homogeneous solution to directly
produce nano-structured oxides [36,38]. Such a process emits explosively a large number
of gaseous byproducts in a short time, not only inhibiting the particle growth but also
making the oxides highly porous and finely dispersed [16,40]. These expected features
could be confirmed via SEM and isothermal nitrogen sorption measurements [35,38]. The
SEM images showed that the incorporation of Ce substantially influences the morphology
and particle size of the composites (Figure 3). Large particles with irregular shapes were
observed on the CuSi sample (Figure 3a) while more homogeneous and smaller particles
were generated when Ce was added to the composite. Spherical nanoparticles smaller than
100 nm were indeed observed for the composite containing more than 3.26 wt.% of Ce
(Figure 3c—e). Additionally, SEM/EDX elemental mapping analysis (Figure S1) indicated a
homogeneous dispersion of Cu, Ce, and Si species throughout the composite.

Figure 3. SEM images of (a) CuSi, (b) Cu;Cey 155i, (¢) CuyCeq 455i, (d) Cu;Cep 75i, and (e) Cu; Cep 91 Si.

The nitrogen physisorption isotherms of the samples at 77 K presented type I isotherms,
which are typical for microporous materials with a small extent of the outer surface
(Figure 4) [73]. Microporous silica xerogels are easily prepared by condensation of silica pre-
cursors in acidic solutions, also in the presence of ethanol or other organic
solvents [74-76]. The pore size distribution results calculated from the N, adsorption
data showed that the pores formed in the composite were mainly smaller than 2 nm in
diameter (Figure S2). Indeed, only 5-10% of the total pore volumes were contributed by



Catalysts 2021, 11, 1252

6 of 21

mesopores present in the composites (Table 2). In fact, CuO-CeO, composites synthesized
via the solution combustion method were usually found to possess low surface areas due
to the high density of the oxides [16,23,31,42-46]. Therefore, in this combustion route, a
large amount of silica precursors was used to improve the composite porosity. In several
previous studies, combustion-synthesized materials were prepared in the presence of pre-
shaped mesoporous silica and retained the mesoporosity of the silica support [47,48,51].
When soluble silica precursors were used in the synthesis, materials with homogeneous mi-
croporosity were obtained for transition metal/silica molar ratio up to 30%, whereas mixed
micropore-mesopore distributions were obtained for higher transition metal contents [53].
The BET surface area of materials from CuSi to Cu;Cep7Si was 370 + 10% m? g_l, in
good agreement with literature reports for combustion-synthesized composites containing
silica [49,50,53]. At higher cerium content, the surface area decreased to 260 m? g’1 for
Cu;Ce 9151, which also presented the largest mesopore volume fraction (11 %), suggesting
the formation of more tightly packed crystallite aggregates. These porosity results demon-
strated the great efficiency of this method for the preparation of a highly porous composite
material containing CuO, CeO,, and SiO;.

=100 A
|_
5
% 180
“’E B
o
~ 60 4
g | -=-Cu1Ce0.91Si
= —+-Cu1Ce0.7Si
S 40
S +Cu1Ce0.45S]
% 50 -o-Cu1Ce0.158i
o -o-CUuSi
<L
0 - T T T T T T T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1

Relative pressure (P/Po)

Figure 4. N,-physisorption isotherms of the combustion-synthesized composites.

Table 2. Composition and textural properties of synthesized composite materials.

Obtained Molar

Composite o Cu Content @1 Ce Content [2! SA [P Vmicro 1! Viotal 'Y
Entry Sample C"“("}l’l‘:’é‘:‘[‘;]“ of (Wt.%) (Wt.%) m2g-)  (mPgl) (mPg)
1 CuSi - 7.44 0 340 0.129 0.136
2 CuyCeg155i 1Cw:0.15Ce 7.17 2.37 411 0.156 0.160
3 Cu;Cep 4551 1Cu:0.45Ce 6.69 6.64 337 0.127 0.140
4 CuyCeg 7Si 1Cu:0.7Ce 6.48 10.00 389 0.145 0.155
5 Cu1Ce915Si 1Cu:0.91Ce 6.22 12.35 262 0.102 0.115

[a] Determined by ICP-OES analysis. [P SA = surface area calculated by the BET method. [V piero = micropore volume calculated by the
oS method. 41 V., = total pore volume calculated at p/p, = 0.99.
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2.2. Catalytic Study
2.2.1. Optimization of Reaction Conditions

The combustion-synthesized CuO-CeO-5i0; composites were applied as solid cata-
lysts for the cross-dehydrogenative coupling of 1,1-diphenylethylene with tetrahydrofuran
to produce 2-(2,2-diphenylvinyl)-tetrahydrofuran as the major product (Figure 5). Reaction
conditions were intensively screened to improve the product yield. Initially, the influence
of the reaction temperature on the direct alkenylation of the C(sp3)-H bond adjacent to
the oxygen atom of tetrahydrofuran was explored (Figure 6). In particular, the coupling
reaction was carried out at different temperatures in the range of ambient temperature
to 140 °C for 20 h using 3.2 mol% of the Cu;Ceq75i catalyst in the presence of 4 equiv. of
DTBP as an oxidant and 20 mol% of KI as an additive. In this synthetic route, no additional

organic solvent was required as excess tetrahydrofuran was applied as both reactant and
solvent for the reaction.

O CuO-Ce0,-SiO, composite
Qo
+
O o) Oxidant

Figure 5. The cross-dehydrogenative coupling of 1,1-diphenylethyle-ne with tetrahydrofuran cat-
alyzed by the CuO-CeO,-SiO, composite.

80

: 67 68
60 -
40 A 37
20 -
l 2 2
0 I I
80 100 120 140

60

GC yield / %

Temperature / °C

Figure 6. Effect of the reaction temperature on the product yield. Reaction conditions: 1,1-
diphenylethylene (0.3 mmol); THF (1 mL); KI (20 mol%); DTBP (4 equiv.); Cu;CeSi catalyst
(5.6 mg); under air for 20 h.

The results showed that the reaction proceeded negligibly below 80 °C, with only 2%
of the desired product detected after 20 h. It should be noted that the peroxide bond of
DTBP undergoes homolysis at temperatures above 100 °C, yielding a steady concentration
of the initiating radical for the carbon—carbon bond-forming reactions [77-79]. Correspond-
ingly, the reaction carried out at 100 and 120 °C gave significantly higher product yields of
37% and 67%, respectively. However, no further enhancement in the formation of the major
product was observed when increasing the reaction temperature to 140 °C. Indeed, the
dehydrogenative alkenylations of ethers catalyzed by molecular Cu salts were performed
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at 120 °C in the earlier studies, implying that this temperature condition was not only
appropriate for selective activation and coupling of C(sp?)-H and C(sp®)-H bonds but also
controlled the unexpected oxidation of alkene substrates in the presence of the DTBP oxi-
dant [13,15,80,81]. In the work on oxidative coupling, Trinh and co-workers also reported
that the oxidation of 1,1-diphenylethylene to benzophenone by DTBP was significant at
140 °C [82].

Similar to other cross-dehydrogenative coupling reactions, no alkenylation of THF
occurred in the absence of an oxidant. Therefore, various organic and inorganic oxidants
were tested for the reaction (Figure 7). The results showed that this transformation strongly
depended on the oxidant nature. The tested inorganic oxidants including K,5,0g and
H,0O; were found to be unsuitable for the direct coupling of 1,1-diphenylethylene with THF
with negligible yields lower than 3% recorded after 20 h. Similar results were also obtained
for the cases of TBHP in either water or decane, tert-butyl peroxybenzoate, and TEMPO,
while the reaction could proceed slowly in the presence of PhI(OAc); as the oxidation,
affording a poor yield of 10%. In the oxidant series, DTBP emerges as the best choice,
producing 2-(2,2-diphenylvinyl)-tetrahydrofuran in the 67% yield.

80
60 -

N

; J

T 40 -

> 4

O

O |
20 -

0 2 1

0 I

none K2S208 H202 aqTBHP dcTBHP TBPB  TEMPO PhI(OAc)2 DTBP

Oxidant

Figure 7. Effect of the oxidant on the product yield. Reaction conditions: 1,1-diphenylethylene
(0.3 mmol); THF (1 mL); KI (20 mol%); oxidant (4 equiv.); Cu;CeSi catalyst (5.6 mg); 120 °C;
under air for 20 h. DTBP: di-tert-butylperoxide; aqTBHP: tert-butyl hydroperoxide in water;
dcTBHP: tert-butyl hydroperoxide in decane; TBPB: tert-butyl peroxybenzoate, TEMPO: (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl.

Furthermore, the impact of the oxidant amount was studied, displaying that increasing
the DTBP amount from 1 to 4 equiv. gave increased yields (Figure 8). Using 5 equiv. of
DTBP was found unnecessary for this transformation, with the same yield as the reaction
with 4 equiv. of DTBP. Notably, the yield of 2-(2,2-diphenylvinyl)-tetrahydrofuran was
dropped to 23% when 6 equiv. of DTBP were added to the reaction probably due to
significantly accelerating the oxidation of 1,2-diphenylethylene. The product could be
obtained in the absence of KI but with a slow rate, giving a low yield of 31% (Figure 9). As
expected, adding KI to the reaction led to a significant improvement in the formation of the
major product, confirming the promoting role of KI in this cross-dehydrogenative coupling
of 1,1-diphenylethylene with THE, which significantly depends on its amount. A yield of
67% could be obtained with 20 mol% of KI, more than double of the KI-free case. However,
further increasing the KI amount, i.e., from 20 to 25 mol%, was ineffective as the product
yield slightly decreased from 67 to 64%.
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Figure 8. Effect of the amount of the DTBP oxidant on the product yield. Reaction conditions:

1,1-diphenylethylene (0.3 mmol); THF (1 mL); KI (20 mol%); Cu;Ce;Si catalyst (5.6 mg); 120 °C;
under air for 20 h.
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56
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Figure 9. Effect of the amount of the KI additive on the product yield. Reaction conditions: 1,1-

diphenylethylene (0.3 mmol); THF (1 mL); DTBP (4 equiv.); Cu;Ceq7Si catalyst (5.6 mg); 120 °C;
under air for 20 h.

The effect of the Cu;Ceq 75i catalyst amount on the reaction of 1,1-diphenylethylene
and tetrahydrofuran is shown in Figure 10. Given that both Cu and Ce species were
active for the transformation, the catalyst amount was determined based on the total molar
number of these catalytic sites. No major product was detected after 20 h without cata-
lyst, verifying the essential role of the Cu- and Ce-containing composite for this coupling.
Obviously, the reaction rate could be accelerated by increasing the catalyst amount. The
desired product was obtained in yields of 38, 67, and 78% within 20 h in the presence
of 2.8, 5.6, and 8.4 mg of Cu;Cey7Si, which are equal to 1.6, 3.2, and 4.8 mol%, respec-
tively. Nevertheless, extending the catalyst amount to 11.2 mg (6.5 mol%) did not lead
to any enhancement in the production of 2-(2,2-diphenylvinyl)-tetrahydrofuran under
identical conditions. It should be emphasized that the Cu;Ceq 75i catalyst showed a high
performance at significantly lower amounts compared to the case of similar couplings
under homogeneous catalysis, in which transition metal salts were used in the range of
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10-20 mol% [5,13,14,80,83]. Furthermore, the kinetic investigation of the reaction revealed
that the cross-dehydrogenative coupling steadily increased with reaction time (Figure 11).
The highest product yield was 85% at 25 h. The decrease of yield for a longer reaction

time can be rationalized by the fact that the alkene bond present in the product has high
reactivity toward competitive oxidative reactions.

100

80 -

78 78
] 67
60 -
40 - 38
20 -
] 0
0
0 28 5.6 8.4 11.2

Cu,Ce;Si catalyst amount / mg

GC yield / %

Figure 10. Effect of the amount of the Cu;Ce ;Si catalyst on the product yield. Reaction conditions:

1,1-diphenylethylene (0.3 mmol); THF (1 mL); DTBP (4 equiv.); KI (20 mol%); 120 °C; under air for
20 h.

100
] B 79
80 | 78
R 60 -
> 51
°
> J
8 40 -
] 26
20 1
0
5 15 20 25 30

Reaction time / h

Figure 11. Effect of the reaction time on the product yield. Reaction conditions: 1,1-diphenylethylene

(0.3 mmol); THF (1 mL); DTBP (4 equiv.); KI (20 mol%), Cu; Cep 7Si catalyst (8.4 mg—4.8 mol%); 120 °C;
under air.

2.2.2. Comparison of Catalysts

With these results in mind, the catalytic activity of CuO-CeO;-5i0; catalysts with
different compositions for the coupling of 1,1-diphenylethylene with THF was explored
(Table 3, entries 1-5, and Figure 12). The reactions were conducted in 25 h using 4.8 mol%
of the metal sites, 4 equiv. of DTBP, and 20 mol% of KI. Interestingly, although the amount
of the total metal sites was kept constant for the experiments, the presence of Ce in the
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composite resulted in higher yields of 2-(2,2-diphenylvinyl)-tetrahydrofuran (Entries 1-4)
in comparison with the Ce-free case of CuSi (33% yield, Entry 5). The formation of 5 nm
CeO; nanocrystals improved the contact with the CuO phase and the yield increased with
the cerium content until, for the Cu;Ce 7Si composite, a yield of 85% was recorded. For
higher cerium content, a decrease of accessibility, due to the aggregation of nanoparticles
witnessed by the decrease of surface area, accounted for a decrease of yield to 62% on the
Cu;Ceq 91 5i catalyst.

Table 3. Catalytic performance of Cu- and Ce-based catalysts in the cross-dehydrogenative coupling
2 between THF and 1,1-diphenylethylene.

Entry Catalyst(s) Am(I)Jj;;i(S(l)l% ) Am(ﬁfﬁf (rfl?)l%) Yield [2Mb! (%)
1 CLI1 Ceo_glsi 2.5 2.3 62
2 CuyCeq7Si 2.8 2.0 85
3 CU1 C60'45Si 3.3 1.5 51
4 CLI1 Ce0_15Si 4.2 0.6 45
5 CuSi 4.8 - 33
6 CuSi + CeO, 2.8 2.0 64
7 Cu(OAc), 4.8 - 21
8 Cu(OAcq); + CeO, 2.8 2.0 43
9 CuO 4.8 - 20
10 CuO + CeO, 2.8 2.0 25
11 CeO, - 4.8 30
12 Cul 4.8 - 74
13 Cul + CeO, 2.8 2.0 64

[al Reaction conditions: 1,1-diphenylethylene (0.3 mmol); THF (1 mL); DTBP (1.2 mmol); KI (20 mol%); (4.8 mol%);
120 °C; under air for 25 h. [Pl GC yield.
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Figure 12. Yield of 2-(2,2-diphenylvinyl)-tetrahydrofuran vs. molar Ce:Cu ratio in CuO-CeO;-
SiO; composites from solution combustion (solid circle) and CuO-CeO; mechanical mixtures
(solid square).

To gain more insights into possible active sites for this reaction, a series of Ce- and
Cu-based catalytic systems were tested under identical conditions at the total metal amount
of 4.8 mol%. The major product could be achieved in the presence of either Ce or Cu-
containing materials, confirming that both Ce and Cu species are responsible for the
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selective cross-dehydrogenative coupling between 1,1-diphenylethylene and THF (Table 3).
According to the previous studies, a plausible redox cycle for the direct alkenylation
of THF with 1,1-diphenylethylene catalyzed by the Cu;Ce;Si catalyst was proposed
(Figure 13) [12,13,15,78,83,84]. First, decomposition of DTBP into tert-butoxy radicals is
accelerated at high temperatures in the presence of transition metal species [12,77,79,84].
The formation of the radicals from DTBP can occur on the active sites in the micropores.
These highly reactive radicals would activate the Cyp3-H bond adjacent to the oxygen
atom of THF via abstracting this hydrogen atom to form a cyclic ether radical which can
subsequently diffuse from the micropores to the outer surface for the reaction with the bulky
1,1-diphenylethylene molecule, yielding a benzylic-based radical [78,85]. The conversion
of the radical into the desired product takes place via the oxidation by the complex [M™*!-
O'Bu] to release 'BuOH and regenerate M™ for the catalytic cycle [12,82]. The fact that
adding TEMPO as a radical scavenger to the reaction led to no formation of the coupling
product could strengthen this radical mechanism. The additional use of KI as a promoting
agent was commonly reported in the Cu(Il)-mediated coupling reaction [83,86,87]. It was
believed that KI can facilitate the formation of tert-butoxy radicals from the redox reaction
with DTBP and I, subsequently formed can promote the oxidation of M™* species [83,88].

Figure 13. Proposed redox cycle for the cross-dehydrogenative coupling between 1,1-
diphenylethylene and THF on the mixed oxide catalyst.

Notably, adding CeO; to the Cu-mediated reaction led to conflicting results, de-
pending on the oxidation state of the present Cu species. Indeed, in the Cu(II)-mediated
reactions, i.e., Cu(OAc);, CuO, and the CuSi composite, poor yields of 21, 20, and 33%,
respectively, were recorded; and due to the additional presence of CeO,, the production
of 2-(2,2-diphenylvinyl)-tetrahydrofuran was significantly promoted to 43, 25, and 64%,
respectively (Table 3, entries 5-10). Such yield enhancements suggested that Ce(IV) and
Cu(II) species present in the same reaction have supporting impacts on the catalytic activity
of each other, thus improving the transformation rate. However, the proposal should not
be applied to the Cu(l) catalyst. A yield of 74% was obtained in the Cul-mediated reaction



Catalysts 2021, 11, 1252

13 of 21

and the combination of this catalytic system with CeO; resulted in a yield decrease to 64%
(Entries 12 and 13).

The importance of the gel combustion method in the preparation of the catalyst was
highlighted by the comparison of our composites with samples prepared by a mechanical
mixture of the phases (Figure 12). CuO in the CuSi catalyst provided a much higher
yield than the same amount of pure CuO, indicating much better accessibility of the
catalytic sites. Importantly, the mixing of CeO, to CuO in nearly equal molar proportions
caused limited increase of reaction yield to 25%, completely justified by the reactivity
of the individual CuO and CeO, phases (respectively 20 and 30% yields). This allowed
concluding that the large increase of reaction yield by the introduction of cerium in the
composites was due to a better contact with CuO allowed by the gel-combustion method.
Sun and co-workers suggested that CeO, with superior oxygen storage capacity could not
only improve the dispersion of CuO species but could also interact with CuO, thus changing
their physicochemical properties and enhancing the redox activity of the composite catalyst.
Due to such strengthened synergistic effects in the CuO-CeO, composite, higher catalytic
activities could be obtained in several different conversions compared to individual metal
oxides [60,66,89,90].

2.2.3. Leaching Test and Recycling of the Heterogeneous Catalyst

As the liquid-phase synthesis of 2-(2,2-diphenylvinyl)-tetrahydrofuran from 1,1-
diphenylethylene and THF via the cross-dehydrogenative coupling was catalyzed by
a solid composite, it is crucial to investigate whether the catalysis proceeded under het-
erogeneous or homogeneous conditions. Indeed, in some cases, unstable species in a
solid catalyst might migrate into the reaction medium, and such leached species might
be active for the conversion. In order to clarify if leached species contributed to the total
activity of the catalyst, a control experiment was performed. In detail, the reaction was
conducted under standard conditions for 5 h. After the solids were then removed from
the reaction mixture by centrifugation, the obtained liquid phase was analyzed by GC
and transferred to a new 8-mL pressurized vial. The reaction mixture was added with
an additional amount of KI and heated at 120 °C for another 20 h. The formation of the
major product during this course was monitored by GC. It was observed that no more
2-(2,2-diphenylvinyl)tetrahydro-furan was detected after the removal of the Cu;Ce ;Si
catalyst, indicating that the catalysis was truly heterogeneous and the leached species, if
any, were inactive (Figure 14).

100

80 | —e— 8.4 mg of the catalyst =~ —&=—Leaching test

GC yield (%)

Time (h)

Figure 14. Leaching test for the Cu;Ce 7Si catalyst.
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The development of heterogeneous catalytic systems for organic transformation could
simplify product purification, minimize toxic wastes, and reduce synthetic expense. To
highlight these advantages of using the composite catalyst rather than the unrecyclable
metal salts-based catalysts previously reported for the dehydrogenative alkenylation, the
reusability of the catalyst was explored. After the reaction course, the Cu;Cey75i catalyst
was washed with ethyl acetate, acetone, and water and dried at 105 °C for 12 h before
the next catalytic experiment. Just a minor decrease in the major product yield was
observed in the fifth run, proving the high-efficiency recyclability of the composite for this
transformation (Figure 15). The PXRD analysis for the catalyst after the fifth use showed
that the crystalline structure of the oxides in the used composite was maintained compared
to the fresh sample (Figure S3). Furthermore, via isothermal N, adsorption measurements,
no significant change in the composite porosity was found with a surface area of 374 m? g~ 1.
The elemental analysis indicated a constant Cu:Ce chemical composition for the used
catalyst. With these results, it could be concluded that the CuO-CeO,-5iO, composite was
indeed stable under liquid-phase oxidative conditions.

100

80 |

60;
20%
0:
1 2 3 4 5

Run

GC yield (%)

Figure 15. Recyclability test for the Cu;Ce 7Si catalyst.

2.2.4. Dehydrogenative Coupling of Different Substrates

The study scope was subsequently expanded to the cross-dehydrogenative coupling
reaction between different reactants using the composite catalyst (Table 4). The reaction
was conducted at 120 °C for 25 h using 4.8 mol% of Cu;Ce 7Si with 4 equiv. of DTBP and
20 mol% of KI. The coupling products were then isolated by column chromatography.

First, the reactants containing C(sp®)-H adjacent to heteroatoms were tested. The
selective alkenylation of THF by 1,1-diphenylethylene produced 2-(2,2-diphenylvinyl)-
tetrahydrofuran in an isolated yield of 75% (Entry 1). When dioxane was used for the cou-
pling reaction, 2-(2,2-diphenylvinyl)-1,4-dioxane was obtained with a yield of 70% (Entry
2). Interestingly, the reaction of N-methyl-2-pyrrolidone with 1,1-diphenylethylene showed
high selectivity to the cyclic C(sp®)-H bond, giving 5-(2,2-diphenylvinyl)-1-methylpyrrolidin-
2-one (65%, Entry 3) while a much lower yield of 30% was obtained for the case of N,N-
dimethylacetamide. Coumarin-based compounds exhibit a wide range of biological activi-
ties and applications; therefore, in order to expand the substrate scope, the reactivity of the
coumarins in this catalytic cross-dehydrogenative route was investigated [9,91,92]. Under
the identical conditions, it was found that the Cs position of coumarin could be directly
functionalized with tetrahydrofuran and dimethylacetamide with yields of 28 and 58%,
respectively. Furthermore, several substituted coumarins were selectively coupled with the
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C(sp®)-H bond-containing compounds, affording the corresponding products in yields of
30-57% (Entries 7-13).

Table 4. Dehydrogenative alkenylation of C(sp®)-H adjacent to heteroatom catalyzed by the Cu;Ce7Si composite.

Entry Reactant 1 Reactant 2 Product Yield [al [b1 (%)
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[al Reaction conditions: reactant 1 (0.3 mmol); reactant 2 (1 mL); DTBP (4 equiv.); KI (20 mol%); Cu;Cey 7Si catalyst (8.4 mg); 120 °C; under
air for 25 h. [P Isolated yield.
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3. Materials and Methods
3.1. Synthesis of Composites

The CuO-Ce0,-5i0, composites were synthesized via gel combustion. In a typical
procedure, 1.519 g (6.3 mmol) of Cu(NOs3),-3H,0 and 1.892 g (4.4 mmol) of Ce(NO3)3-6H,O
were dissolved in 40 mL of ethanol under vigorous stirring at 25 °C in a ceramic crucible.
Total of 17.338 g (83.2 mmol) of tetraethyl orthosilicate (TEOS) was subsequently added to
the solution. The resulting mixture was stirred for another 30 min before slowly evaporated
at 50 °C until a gel was obtained. For the combustion reaction, the crucible was then heated
in convective air flow with a temperature ramp rate of 5 °C min-1 and kept at 500 °C for 6 h.
Eventually, this process yielded a grey porous solid denoted as, for instance, Cu;Ce 7Si, in
which 0.7 is the Ce/Cu molar ratio. Other samples with varied molar ratios of Cu:Ce were
prepared according to the composition given in Table 1.

For comparison purposes, various catalysts purchased from Sigma-Aldrich (Saint-
Louis, MO, USA) were also used, including Cul (98%), Cu(Il) acetate (98%), CuO (99%),
and CeOz (990/0).

3.2. Characterization of As-Synthesized Composites

The textural properties of the materials were determined by nitrogen adsorption
isotherm measurements at 77.4 K using a Micromeritics Tristar instrument. Before each
analysis, samples were degassed at 150 °C under 10 Pa dynamic vacuum for 12 h. The
specific surface area was determined using Brunauer-Emmett-Teller (BET) method by
linearization across Point B [93]. The total pore volume was calculated at P/P, = 0.99 while
the micropore volume was determined using the «S method.

Powder X-ray diffraction (PXRD) patterns were obtained on a D8 Advance Diffrac-
tometer (Bruker AXS, Karlsruhe, Germany) using a Ni-filtered CuK radiation. Each
measurement was performed in a 26 range of 10-80° with an angular step size of 0.0105°
and a scanning rate of 0.63° per min. The Scherrer method was used to calculate the
average crystallite size of CuO and CeOs,.

Scanning electron microscopy (SEM) images were recorded on a TM 4000 Hitachi
microscope equipped with an energy-dispersive X-ray spectroscopy (EDX) detector from
Bruker. EDX mappings of some selected samples were performed to investigate the elemen-
tal distribution. Temperature-programmed reduction in Hy (H;-TPR) measurements were
performed using a chemisorption analyzer AutoChem II 2920 (Micromeritics Instruments
Corporation, Norcross, GA, USA) equipped with a thermal conductivity detector (TCD).
Prior to each measurement, 50 mg of catalyst was loaded in a U-shape quartz reactor and
pretreated at 150 °C (10 °C min~!) for 30 min in 30 mL min~! of He flow, followed by
cooling to 40 °C. Subsequently, a flow of 5 vol.% Hy/Ar (30 mL min~!) was flown through
the pretreated material. When the baseline was stable, the temperature was ramped up
from 40 to 900 °C with a heating rate of 10 °C min~!. The outlet gas duct was cooled by an
ice bath before going to the TCD detector. The amount of H, consumption on each sample
was calculated based on a comparison with the H, consumption from the reduction of
standard CuO.

3.3. Catalytic Tests

In a typical experiment for the synthesis of 2-(2,2-diphenylvinyl)-tetrahydrofuran via
cross-dehydrogenative coupling, 1,1-diphenylethylene (54.0 mg, 0.3 mmol), tetrahydro-
furan (1 mL), potassium iodide (10.0 mg, 20 mol%), Cu;CeSi (5.6 mg, 3.2 mol%), and
di-tert-butyl peroxide (DTBP, 0.22 mL, 1.2 mmol) were sequentially added to an 8-mL
pressurized vial. The mole percent of reagents and catalyst (e.g., 3.2 mol% of Cu;Ce 75i)
was based on the molar ratio of the metal sites (i.e., Cu and Ce) to 1,1-diphenylethylene.
The reaction was then performed at 120 °C for 20 h under vigorous stirring. The reaction
mixture was cooled to room temperature and then added with a pre-determined amount
of diphenyl ether as an internal standard. An aliquot of the resulting mixture was with-
drawn and quenched with brine (2.0 mL). The organic phase was extracted into ethyl
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acetate (2.0 mL), dried over anhydrous Na;SOy, filtered through a thin silica gel layer,
and analyzed by gas chromatography to determine the yield of the reaction. The yield of
2-(2,2-diphenylvinyl)-tetrahydrofuran was determined using diphenyl ether as an internal
standard.

Gas chromatographic (GC) analyses were performed on a GC 2010-Plus (Shimadzu,
Kyoto, Japan) equipped with a flame ionization detector (FID) and an SPB-5 column
(length = 30 m, inner diameter = 0.25 mm, and film thickness = 0.25 pm). The oven was
first held at 100 °C for 1 min then heated from 100 °C to 280 °C with a ramp rate of
40 °C min~! and held at 280 °C for another 4.5 min. The inlet and detector temperatures
were constantly kept at 280 °C.

To investigate catalyst recyclability, the catalyst was collected after the reaction by
centrifugation, washed with excess amounts of acetone and water, dried at 105 °C for 12 h.
The used catalyst was then tested for the next cycle under identical conditions.

3.4. Isolation and Identification of the Products

After the reaction, the resulting mixture was cooled to room temperature and then
diluted with ethyl acetate (30 mL). The organic phase was washed with brine (3 x 10 mL).
The organic layer was subsequently dried over anhydrous NaySOy, filtered through a thin
silica gel layer, and concentrated under a reduced pressure. The product was isolated by
column chromatography, using silica gel as a stationary phase and an ethyl acetate/hexane
mixture (1/20 vol.) as an eluent, affording 2-(2,2-diphenylvinyl)-tetrahydrofuran as a clear
liquid. The product structure was further confirmed by GC-MS, 'H-NMR, and 3C-NMR.

Mass spectra were collected on a GC-MS-QP2010 Ultra (Shimadzu, Kyoto, Japan) with
a ZB-5MS column (length = 30 m, inner diameter = 0.25 mm, and film thickness = 0.25 pm).
The oven was first held at 50 °C for 2 min, then heated from 50 to 280 °C with a ramp rate
of 10 °C min-1 and held at 280 °C for another 10 min. Inlet temperature was constantly set
at 280 °C.

Nuclear magnetic resonance (NMR) spectra ('H-NMR and 3C-NMR) were recorded
on a Bruker AV 500 spectrometer using residual solvent peaks as references.

4. Conclusions

In this work, a series of CuO-CeO-5iO, composites were facilely prepared using
readily available precursors via the gel combustion method and then used as solid catalysts
for the cross-dehydrogenative coupling reaction between C(sp?)-H and C(sp?)-H bonds.
Due to strengthened synergistic effects and porous structure, the mixed oxide showed
considerably higher activity for the transformation as compared to a mixture of single
oxides. The catalyst could be reused many times and still afforded the major product in
good yields. The structural characterizations indicated that the composite was indeed stable
under liquid-phase oxidative conditions. The results of this study do not only indicate an
efficient and simple approach to synthesize the highly porous CuO-CeO-5iO; composite
but also expand the application area of this composite class to heterogeneous catalysis for
liquid-phase organic conversions usually carried out by homogeneous catalysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11101252/s1. Table S1: H, consumptions based on H,-TPR analysis. Figure S1: SEM/EDX
elemental mapping images. Figure S2: pore size distribution results. Figure S3: PXRD pattern
and Nj-physisorption isotherm of the used catalyst. Figure S4: N,-physisorption isotherms of the
fresh and used Cu;Ce;Si catalysts. Figures S5-530: IH- and 13C-NMR spectra of the isolated
coupling products.
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