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Preparation of Mesoporous Zeolite ETS-10 Catalysts for
High-Yield Synthesis of a,-Epoxy Ketones

Mei Xiang,” Xiaojun Ni,” Xianfeng Yi,"» Anmin Zheng,*®™ Wenchang Wang,"
Mingyang He,” Jing Xiong,” Taotao Liu,” Yuli Ma,” Pengyuan Zhu,” Xiang Zheng,” and

Tiandi Tang*®

Developing highly active heterogeneous catalysts for the effi-
cient construction of valuable building blocks is of great im-
portance to synthetic chemistry. For this purpose, a mesopo-
rous zeolite ETS-10 (METS-10) is synthesized by using a meso-
scale silane surfactant as a template and applied to achieve
highly efficient syntheses of a,f3-epoxy ketones by employing
simple alkenes and aldehydes as starting materials. The high

a,-Epoxy ketones are crucial intermediates and precursors for
chemical transformations to many natural products and drug
molecules." A variety of synthetic approaches have been de-
veloped for the preparation of this class of compounds.?™
However, until now almost all the successful syntheses of a,f3-
epoxy ketones have been a two-step procedure that involves
workup: synthesis of a,-unsaturated ketones, followed by the
epoxidation of a,f3-unsaturated ketones with hydroperoxides
under alkaline conditions.”’ Recently, Liu et al. revealed that
the oxidative coupling of aldehyde Csp?>~H bonds with alkenes
in the presence of iron salts furnishes [3-peroxy ketones that
can be transformed further into the corresponding epoxides in
the presence of organic base.”” However, besides the economic
considerations for these complex synthetic routes, the isolation
of the employed metal salts and organic amines from the reac-
tion mixture is also difficult. Therefore, developing highly effi-
cient heterogeneous catalysts for the direct construction of
these types of compounds by employing simple alkenes and
aldehydes as starting materials is very desirable (Scheme 1).
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activity of the METS-10 catalyst is attributed to its unique
porous structure and basicity. Electron paramagnetic resonance
characterization results and theoretical calculation experimen-
tal data reveal that the strong basic sites on METS-10 catalyst
can activate the reaction substrate and intermediate. In addi-
tion, the mesopores in METS-10 catalyst benefit the mass
transfer and further improve the catalytic activity.
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Scheme 1. Direct synthesis of a,3-epoxy ketones.

It is well known that bases are usually crucial for the epoxi-
dation of a,B-unsaturated carbonyl compounds.” Thus, devel-
oping a porous heterogeneous catalyst with the required basic
properties may provide a facile access to o,3-epoxy ketones.
Associated studies have reported that the titanosilicate zeolite
ETS-10 has a three-dimensional 12-membered ring network
and possesses strong basicity.”) The basic characteristic is
closely related to its unique framework that comprises corner-
sharing TiOs>~ octahedra and SiO, tetrahedra as building units,
in which each TiO4 unit contributes two negative charges that
are compensated by extra-framework cations.”® Such frame-
work architectures and chemical compositions should be envi-
sioned to present a unique catalytic performance in synthetic
chemistry.

Based on fundamentals discussed above, we synthesized
mesoporous zeolite ETS-10 (METS-10) by templating with
a mesoscale silane surfactant and applied it to the direct trans-
formation of alkenes and aldehydes to o,-epoxy ketones. For
comparison, mesopore-free ETS-10, mesoporous NaX (MX),
mesoporous TS-1 (MTS-1), and mesoporous Fe-doped ZSM-5
(Fe-MZSM-5) zeolites were also synthesized (see Section 1 in
the Supporting Information). Compared with MX, MTS-1, and
Fe-MZSM-5, the strong basic METS-10 catalysts exhibited high
activity for the synthesis of o,3-epoxy ketones. The reason for
the high catalytic activity of METS-10 catalysts in this transfor-
mation was studied fully by using the electron paramagnetic
resonance technique (EPR) and DFT theoretical calculations.

XRD patterns, N, isotherms, SEM and TEM images of METS-
10, and IR and magic-angle spinning NMR spectra of the cata-
lysts with adsorbed pyrrole are shown in Figure 1. The XRD
patterns of the ETS-10 zeolite structure give well-resolved
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Figure 1. a) XRD patterns of METS-10 and ETS-10. b) N, adsorption isotherms
of METS-10. ¢) SEM image of METS-10. d) TEM image of thin-sectioned
METS-10. e) IR spectra of pyrrole adsorbed on METS-10 and ETS-10 out-
gassed at 100°C. f) 'H magic-angle spinning NMR spectra of METS-10 and
MX zeolites before and after the adsorption of pyrrole, respectively: a,b: MX,
¢, d: METS-10.

peaks in the 5-50° range (Figure 1a).”? The N, isotherms of
METS-10 exhibit a step at a relative pressure of 0.5-0.9, which
is assigned to the presence of mesopores (Figure 1b). Corre-
spondingly, the mesopore size distribution is centered at 7 nm
(Figure 1b, insert). Sample textual parameters are presented in
Table S1. The SEM images reveal METS-10 to have similar mor-
phologies to ETS-10 and particle sizes of 1-1.5 um (Figure 1c
and Figure S1). The light areas in the TEM image of the thin-
sectioned sample represent mesoporous cavities within the
crystals (Figure 1d). The size range of the mesopores deter-
mined by TEM analysis is 6-8 nm, which is in good agreement
with the pore size distribution derived from N, sorption experi-
ments (insert in Figure 1b). To characterize the basicity of cata-
lysts, pyrrole adsorption was studied by using IR spectroscopy.
As shown in Figure 1e, the NH stretching bands at 7=3200-
3400 cm™' are attributed to the interactions between pyrrole
species and the basic sites.”! The characteristic peaks of N—H
stretching at #=3400 and 3230 cm™' combined with the
bands at #=2930 and 2850 cm™' reveal the basic sites on the
surface of METS-10 and ETS-10. The intrinsic basicity of METS-
10 was investigated further by NMR spectroscopy of pyrrole
adsorption experiments and was compared to basic zeolite
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MX. Commonly, the 'H peak of the N—H bond in liquid pyrrole
appears at 7.1 ppm and shifts to higher frequency if adsorbed
on basic sites. It has been shown that a lower field 'H chemical
shift can indicate a stronger basicity of the samples.”’ In Fig-
ure 1f, the characteristic peak is shifted to 9.9 ppm for METS-
10 and 8.7 ppm for MX after the adsorption of pyrrole, which
unambiguously suggests that the basicity of zeolite METS-10 is
stronger than that of MX.

The direct coupling of alkenes with aldehydes to synthesize
o,-epoxy ketones was studied firstly by using styrene and
benzaldehyde as the model substrates to investigate our tenta-
tive idea that the strong basic METS-10 catalyst can provide
facile access to o,-epoxy ketones and should present
a unique catalytic performance under different reaction condi-
tions (Table 1). To our delight, the desired o,f-epoxy ketone

Table 1. Synthesis of o,f-epoxy ketone over a series of catalysts under
different conditions.”
[o)
©/\ . ©)J\H TBHP, catalyst
1 2
Entry Catalyst TI°C t[h] Yield [9%]™
1 METS-10 90 10 98 (94)
2 ETS-10 90 10 82 (77)
3 MX 90 10 75 (70)9
4 MTS-1 90 10 -
5 Fe-MZSM-5 20 10 -
6 K,CO,¥ 90 10 64
7 Na,CO, 90 10 62
8 Cs,CO,™ 90 10 65
9 - 20 15 -
10 - 110 10 -
[a] Reaction conditions: styrene (0.5 mmol), benzaldehyde (1.0 mmol),
TBHP (1.0 mmol, 70% aqueous solution), catalyst (40 mg), MeCN (2.0 mL).
[b] Obtained by GC analysis. [c] Isolated yield in parenthesis. [d] A molar
equivalent of alkali equal to 40 mg METS-10 was used.

was obtained in high product yield (98%) by using basic
METS-10 as catalyst (entry 1). The mesopore-free ETS-10 cata-
lyst gave a much lower yield of 82% (entry 2). This difference
was attributed to the mesoporosity of zeolite ETS-10 facilitat-
ing the mass transfer and thus improving the catalytic activity.
Compared with METS-10, the MX had a relatively high meso-
porous surface area (130 m*g™", Table S1) but still showed a rel-
atively low catalytic activity (entry 3), which could be attribut-
ed to its relatively weaker basicity. In addition, the relatively
neutral mesoporous zeolite MTS-1 and the Fe-containing mes-
oporous zeolite Fe-MZSM-5 were inactive (entries4 and 5).
These results suggested that the Ti species in zeolite and the
Fe metal catalyst did not catalyze this epoxidation reaction.
Notably, the epoxide product was formed in moderate yields
by using inorganic alkali salt catalysts (entries 6-8). However, in
a reaction mixture without basic catalyst, the desired product
was not obtained, even after prolonging the reaction time and
enhancing the reaction temperature (entries 9 and 10).
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Table 2. Synthesis of o,-epoxy ketone from various aldehydes with sub-
stituted styrenes.”!

o METS-10 )
O R
Ay e (2 equiv) Ar
MeCN, 90 °C, 10 h 0]
1 2 3, yield®!
PO i O
_0O

ST DA
3a, 96 (91)% 3b, 95 (90) % 3¢, 95 (90) %

PP

DG G

3d, 94 (91)% 3e, 96 (91)% 8 (94) %

I O i O \/\w

(% (%
Br Cl
39,93 (88)% 3h, 96 (91)% 3i, 89 (82)%
2 O 2 O /‘Aﬁ’
CLET T8
3j, 95 (91)% 3k, 96 (90) % 31, 97 (92)%
Br o) o]
F

S i
3m, 94 (90) % 3n, 96 (91)% 3 (88)%
[a] Conditions: 1 (0.5 mmol), 2 (1.0 mmol), TBHP (1.0 mmol), METS-10

(40 mg), MeCN (2.0 mL), 90°C, 10 h. [b] Obtained by GC analysis; isolated
yields given in parentheses.

Encouraged by the above promising results, we went on to
study a series of substrates in the METS-10-catalyzed oxidative
coupling of alkenes with aldehydes (Table 2). First, the scope of
the aldehyde substrate was investigated. The use of benzalde-
hyde with an easily oxidisable methoxyl substituent afforded
the desired product (3a-3c¢) in good vyields. para-Ethyl and
ortho-methyl substituted benzaldehydes were also found to be
suitable substrates for this transformation, forming the corre-
sponding a,f-epoxy ketones (3d and 3e) in excellent yields. A
carbon-halogen bond, which provided the possibility for fur-
ther functionalization of the products (3g and 3 h), was tolerat-
ed well in this transformation. Furthermore, aliphatic aldehyde
was applied to this transform to produce a good yield of 3i.
The scope of substituted styrene was examined next. Styrene
with halogen substituents at the para and ortho positions as
electron-withdrawing groups afforded the desired products in
excellent yields (3j-3n). Notably, methyl substituents on the
phenyl ring of styrene were also tolerated well, affording the
desired products in good yield (3 0). The reusability of METS-10
catalyst was also surveyed. After the reaction, the catalyst was
separated simply by filtration and washed with ethanol, dried
at 120°C for 10 h, and reused 6 times with almost no loss of
the activity (Table S2). These results indicated that the METS-10
catalyst had a good catalyst life, one of the key features in the
application of industrial catalysts.
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To shed light on the reaction mechanism of the METS-10-
catalyzed oxidative coupling reactions, radical-trapping experi-
ments were investigated by EPR analysis. In EPR analysis of the
reaction mixture of phenyl-N-tert-butylnitrone (PBN) and
CH;CN with and without METS-10 catalyst at 70°C, no signal
was observed (Figure 2a and b). In contrast, in EPR analysis of

=

wam/ﬁmAﬂ,gvﬂ

S
323 324 35 326 327 328 320 MT

Figure 2. EPR spectra of a series of reaction mixtures at 70°C: a) PBN and
CH;CN; b) METS-10 catalyst, PBN, and CH;CN; c) PBN, CH,;CN, and TBHP; and
d) METS-10 catalyst, PBN, CH;CN, and TBHP.

the reaction mixture of PBN, CH;CN, and tert-butyl hydroperox-
ide (TBHP) in the absence of METS-10 catalyst, the strong
signal of alkyloxy radical (tBuO’) generated from TBHP in the
reaction mixture was observed (Figure 2¢)."? Very importantly,
for the reaction mixture of PBN, CH;CN, and TBHP in the pres-
ence of the basic METS-10 catalyst, not only the alkyloxy radi-
cal signal but also the alkylperoxy radical (tBu00") signal" (in-
dicated by red square in Figure 2d) were observed. Our theo-
retical calculation illustrated that the dissociation energies of
TBHP to form tBuO" and tBuOO" were 48.7 and 85.4 kcalmol™
(see Section 7 in the Supporting Information), respectively. Ap-
parently, the formation of tBuOO" is more difficult than that of
tBuO". However, the strong basicity of METS-10 facilitates the
tBuOO" formation, as shown in EPR experimental results (Fig-
ure 2d). The theoretical calculation results also illustrated that
the dissociation energies of TBHP to tBuOO" decreased from
85.4 to 66.9 kcalmol™ in the presence of the strongly basic
zeolite METS-10 (see Section 7 in the Supporting Information).
These results suggested that the basic METS-10 catalyst played
a critical role in the generation of tBuOO", which was proposed
to be the key intermediate for the formation of o,f3-epoxy
ketone (see the proposed mechanism in Scheme 2).

To examine the possible organic radical intermediates,
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) was added to the
reaction system (see Section 6 in the Supporting Information).
As a result, TEMPO-adduct aldehyde product 4 was obtained
instead of o,p3-epoxy ketone 3 (Scheme 3). These results dem-
onstrated that acyl radical was generated from the abstraction
of the aldehydic hydrogen by the alkyloxy radical under the re-
action conditions.

Based on the above results, literature reports,®" and the
basicity of ETS-10”7 a reaction pathway was proposed
(Scheme 2). It is suggested that tBuOOH is readily split into al-
kyloxy and alkylperoxy radicals by facilitation of the basic sites
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Scheme 2. Proposed mechanism.
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Scheme 3. Investigation of the reaction mechanism.

(marked as =TiO4") on the METS-10 catalyst under heating. In
this manner, aldehydic hydrogen is abstracted by alkyloxy radi-
cal to yield acyl radical 5."% The radical addition of 5 to alkene
gives the benzylic radical 6, followed by radical coupling with
alkylperoxy leading to the intermediate B-peroxy ketone 7.5
The o-hydrogen in the (-peroxy ketone 7 can be easily ab-
stracted by basic sites (=TiOg2") on METS-10 to form a hydro-
peroxide enolate 8, which is followed by loss of the alkyloxy
group in concomitant ring closure and formation of the
epoxide 3a.>4d

DFT theoretical calculations have been used extensively in
the mechanistic studies of both heterogeneous and homoge-
neous catalytic reactions. To reveal the epoxide 3a formation
mechanism, the pathways were investigated in detail by theo-
retical calculation at the ®wB97XD/6-31G(d,p) level (see Sec-
tion 7 in the Supporting Information). This illustrated that the
formation of intermediates (5, 6, and 7 in Scheme 2) involving
radicals was almost barrier-free. The structures of 8 and ac-
cording epoxidation transition states are shown in Figure 3. In
the transition state, the C1-O1 bond distance decreased to
1.820 A, significantly shorter than that in the reactant 8
(2.362 A), suggesting that the three-membered ring C2—C1-O1
would be formed. Simultaneously, the 01-02 bond length
was elongated to 1.987 A from 1.447 A in reactant 8, which
was indicative of the dissociation of 01-02 bond and the re-
lease of tBuO~ anion, which was then re-bound to the acidic
proton on the ETS-10 framework to result in the generation of
tBUOH. Furthermore, the activation energy barrier of this step
was 17.34 kcalmol™' based on the optimized structures. Such
a low barrier demonstrated the possibility of formation of 3a.
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Figure 3. Optimized geometries of a) reactant 7 and b) its transition state for
epoxide 3a formation. Selected interatomic distances are indicated in [A].

Conclusions

Mesoporous zeolite ETS-10 was synthesized by using a meso-
scale silane surfactant as a template and applied to the direct
synthesis of o,f3-epoxy ketones through the oxidative coupling
of alkenes and aldehydes. A variety of functional groups on
both the aldehyde and alkene substrates were well-tolerated.
The strong basic sites on METS-10 catalyst facilitated the acti-
vation of the reaction substrate and intermediate, resulting in
the observed high catalytic activity. In addition, mesopores in
METS-10 benefitted the mass transfer and therefore improved
its catalytic performance.

Experimental Section
Synthesis of METS-10 and mesopore-free ETS-10

METS-10 was synthesized hydrothermally from a titanosilicate gel
with a molar composition 4.4Na,0/1.9K,0/1.0TiO,/7.1SiO,/
0.65TPOAB/0.39Hacac/163.0H,0 (TPOAB: mesoscale template of
N,N-dimethyl-N-octadecyl-N-(3-triethoxysilylpropyl) ammonium bro-
mide; Hacac: acetylacetonate). In a typical run, 6.25m aqueous
NaOH (3.0 mL) was mixed with aqueous waterglass solution (SiO,/
Na,O molar ratio: 3.67, 4.84 mL) under vigorous stirring and the
obtained solution was denoted solution A. Hacac (0.3 g) was
added to TiCl; solution (3.5g, 17 wt% in HCl) and stirred for
20 min, followed by slow dropwise addition to solution A under
stirring for 60 min. Then, 3.75m KF aqueous solution (4.0 mL) was
added, followed by addition of TPOAB (1.5 mL). After further stir-
ring for 2 h, the obtained gel was transferred into a Teflon-coated
stainless-steel autoclave for crystallization at 230°C for 72 h. The
resulting product was filtered, washed, and dried at 100°C over-
night and calcined in air at 450°C for 5 h. For comparison, meso-
pore-free ETS-10 zeolite was synthesized by the same procedure,
with the exception of the addition of TPOAB and Hacac.

Synthesis of «,-epoxy ketones

General procedure: METS-10 (40 mg) was added to a Schlenk tube
equipped with a magnetic stirrer bar. Styrene (0.5 mmol), benzalde-
hyde (2 equiv, 1 mmol), and TBHP (1.0 mmol, 70% aqueous solu-
tion) were injected into the reaction tube. The reaction mixture
was then heated to 90°C and stirred for 10 h. Once the reaction
was finished, the catalyst was separated by centrifugation and fil-
tering to obtain the liquid phase. The liquid products were ana-
lyzed with an Agilent 7890A GC equipped with a flame ionization
detector. The pure product was obtained by flash column chroma-
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tography on silica gel (petroleum/ethyl acetate=100:1). 'H NMR
(500 MHz) and *C NMR (125 MHz) spectra were recorded at 20°C
with CDCl; as the solvent. Chemical shifts were reported relative to
the internal standard TMS at RT.

Further details of material characterizations and syntheses are
given in the Supporting Information.
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FULL PAPERS

M. Xiang, X. Ni, X. Yi, A. Zheng,*
W. Wang, M. He, J. Xiong, T. Liu, Y. Ma,
P. Zhu, X. Zheng, T. Tang*

Preparation of Mesoporous Zeolite
ETS-10 Catalysts for High-Yield
Synthesis of o,f3-Epoxy Ketones

Mesoporous zeolite ETS-10 is synthe-
sized by using mesoscale silane surfac-
tant as a template and applied to the
highly efficient synthesis of o,3-epoxy
ketones by employing simple alkenes
and aldehydes as starting materials. The
high activity of the mesoporous ETS-10
catalyst is attributed to its unique
porous structure and basicity. The TiOg*~
octahedral unit in ETS-10 framework is
strongly basic, activating the reaction
substrate and intermediate to give high
catalytic activity. Mesopores in the
ETS-10 aid mass transfer, enhancing the
catalytic performance further.
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