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A series of lactam-based Brgnsted-acidic catalysts were prepared for Prins condensation with high effi-
ciency and excellent reusability. We describe detailed investigations on the impact of N-cation from
lactam for the reaction and self-separation of catalysts. The experimental data suggested N-cation
(organic molecule) played a significant and positive role in the selectivity of Prins condensation, which
was confirmed by density functional theory (DFT) calculation with new intermediate. It revealed that
N-cation with C=0 group can not only stabilize intermediate by sharing electron but also transfer proton
between two kind of active centers (N* and C*). Moreover, for self-separation of catalysts, a possible prin-
ciple was proposed, which can be owed to different solubility of the catalysts at different temperature
and partition coefficient of N-cation in oil/water system, both of which resulted from lactam molecules.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Elastomers have permeated almost every aspect of our lives
with almost unlimited tuneable shapes and properties, and become
most designable materials of modern world, such as synthetic rub-
bers [1-4]. Dienes can serve as important polymeric monomers for
synthetic rubbers [5-10] which mainly are synthesized via Prins
condensation between olefins and aldehydes [11,12]. Recently,
many attentions have been paid on this reaction since develop-
ment of synthetic rubber [13]. In this route, 4, 4-disubstituted
1, 3-dioxanes are indispensable intermediates [14-17] which can
be easily converted into dienes with tuneable groups (Scheme 1)
[18-22]. Therefore, synthesis of 4, 4-disubstituted 1, 3-dioxanes
becomes significant meaningful. However, typical route usually
involves aqueous sulfuric acid as catalyst in synthesizing 4, 4-
disubstituted 1, 3-dioxanes, [12,23,24] which displays obvious
disadvantages with environment and corrosion problems, as well
as low selectivity [12,25].

To solve these problems, heteropolyacids (HPAs) [26-29] are
employed with high activity, but it is still impeded for harsh sep-
aration of catalysts [30]. Inspired by convenient recovery of solid
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catalysts, HPAs are supported on carriers. [31,32] Unfortunately,
it shows lower activity due to decreasing active sites under this
condition [33].

To develop an easily recoverable catalyst with high activity,
Wang et al. first reported a set of reaction-induced self-separation
catalysts for esterification [34,35]. These catalysts were heteropoly-
acid salts of N-based organic cations containing sulfonic group,
which presented feature of thermoregulated phase-transfer cat-
alysts. They showed high activities and excellent self-separation.
Yan et al. investigated reactivity of heteropolyacid salts cata-
lysts for transesterifications of trimethylolpropane. The catalysts
presented self-separation performance after the reaction with
excellent catalytic reusability (eight-run recycling test) [36]. More-
over, heteropolyacid salts of P-based organic cations containing
sulfonic group were also confirmed as efficient and facile recov-
erable catalysts for esterification [26]. Benefit from this idea,
heteropolyacid salts containing N-based lactam cations were devel-
oped and employed for synthesis of dioxanes, which exhibited high
activity and stable reusability with the feature of self-separation
[37]. Besides, it implied that the catalysts with lactam showed
higher activity than others (including catalyst with sulfonic acid
group) presenting excellent capacity of self-separation simultane-
ously, which was interesting to clarify in-depth.

Unfortunately, it still remains poorly understanding to date,
which may be related to the effect of lactam on pathway of Prins
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Scheme 1. Synthesis diene-candidates of 4, 4-disubstituted 1, 3-dioxanes.

condensation. Besides, the self-separation principle of lactam-
based catalyst is still problematic. Moreover, these works mainly
pay attention on synthesis of 4-phenyl-1, 3-dioxanes (not 4, 4-
disubstituted 1, 3-dioxanes), which is insignificant for dienes.
Therefore, this work focuses on Prins condensation to synthesize
4, 4-disubstituted 1, 3-dioxanes, and clarify the effect of lactam
on Prins condensation and catalysts self-separation in water. Com-
bining the experimental data, density functional theory (DFT)
calculation is performed to verify the pathway of Prins conden-
sation and effect of lactam on this pathway. Moreover, more
quantitative measurements are conducted to demonstrate the self-
separation performance of lactam-based catalysts.

2. Experimental
2.1. Materials and chemicals

N-methyl-g-caprolactam (NMC), 1, 3-dimethyl-pyrimidinone
(DP) and «-methylstyrene were supplied by TCI (Shang-
hai) Development Co., Ltd., and 2-dodecyl-cycloheptanone
(DC) by Energy Chemical. 1-Methyl-2-pyrrolidone (NMP), N-
methyl-polyvinyl pyrrolidone (NMPP) and formaldehyde solution
(37wt.%) came from Guangdong Xilong Chemical Technology
Co., Ltd. 12-Phosphomolybdic acid (H3PMo1,049, H3PMo) and
12-silicotungstic acid (H4SiW12049, H4SiW) were purchased
from Beijing Chemical Works, and 12-tungstophosphoric acid

(H3PW{2049, H3PW) from Sinopharm Chemical Reagent Co., Ltd.
All chemicals were used without any purification.

2.2. Preparation of catalysts

[NMC]4SiW was synthesized, in a typical procedure: NMC
(12 mmol) was charged in a 250 mL flask, followed by dropwise
addition of aqueous solution of H4SiW (3 mmol) under stirring
at ambient temperature, and kept stirring for 12 h. Following by
dehydration under reduced pressure, the samples were dried in
vacuum at 90°C for 5 h to obtain final product, affording the cata-
lyst [NMC]4SiW. [NMC]3PMo and [NMC]3PW were synthesized as
above motioned, except the molar ratios were 12 mmol (NMC) and
4 mmol (H3PMo or H3PW), respectively, and [DP],SiW was 6 mmol
and 3 mmol. The "TH NMR (DMSO) data for catalysts were as follows:

[NMC]3PW: 1.52 (m, 2H), 1.64 (m, 4H), 2.41 (m, 2H), 2.82 (s, 3H),
3.35 (t, 2H), 7.77 (s, 1H); [NMC]3PMo: 1.53 (m, 2H), 1.64 (m, 4H),
2.41 (m, 2H), 2.82 (s, 3H), 3.35 (t, 2H), 9.13 (s, 1H); [NMP],SiW:
1.90 (m, 2H), 2.17 (t, 2H), 2.69 (s, 3H), 3.30 (t, 2H), 6.77 (s, 1H);
[NMC]4SiW: 1.52 (m, 2H), 1.64 (m, 4H), 2.41 (m, 2H), 2.82 (s, 3H),
3.35(t, 2H), 6.81 (s, 1H); [DP],SiW: 1.88 (m, 2H), 2.75 (s, 6H), 3.18
(t, 4H), 7.03 (s, 1H);

2.3. Characterization

Thermal properties of catalysts were examined by Thermal
gravimetric analysis (TGA SDT Q600). Acidity was determined on
Shimadzu 2550 UV-vis spectrophotometer. X-ray power diffrac-
tion patterns were obtained on the Bruker D8 Advance with the
Ni-filtered CuKa radiation (A=0.154 nm). Elemental analysis was
performed on a C, N, H elemental analyzer. Partition coefficient of
catalysts was measured by GC to investigate distribution in mixture
of water/oil system (as Eq. (1) showing).

m (water)

Partition coefficient = -
m (oil)
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Fig. 1. FT-IR spectra (a), (c) and XRD patterns (b), (d) of catalysts.
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Table 1
Elemental analysis for catalysts®.

Table 2
Effect of acidity on Prins condensation over various catalysts.

Catalysts C(%) N(%) H(%) Catalysts Ho [H*] (mmol) Conversion (%) Selectivity (%)
[NMC]sPW 7.89(7.73) 1.36(1.29) 1.32(1.29) H3PW 3.11 1.20 88 66
[NMC]5PMo 11.70(11.42) 1.83(1.90) 2.11(1.90) [NMC]5PW 3.19 0.22 96 83
[NMP]4SiwW 7.95(7.33) 1.83(1.71) 1.39(1.22) H3PMo 327 1.20 100 75
[NMC]4Siw 9.97(9.92) 1.64(1.65) 1.75(1.65) [NMC]5PMo 331 0.20 98 80
[DP],SiW 4.51(4.59) 1.69(1.78) 1.16(0.89) H4Siw 3.09 1.60 100 80
2 Experimental results (theoretical concentrations) [NMP],Siw 3.08 1.10 100 86
. [NMC]4SiW 3.08 0.53 99 99
[DP],SiwW 3.06 1.60 100 80

Acidity strength of catalysts (Hammett acidity) were measured
based on previous reports (Eq.(2))[38,39]. Hy related to strength of
acidity, [I] and [IH*] assigned to the unprotonated and protonated
indicator. With consideration of absorption proportional to species
concentration, [I]/[IH*] was calculated based on the absorbance
difference corresponding for addition of catalysts in the same con-
dition.

Ho = pK(l)aq +log([1]s/[IH"]s) (2)

4-Aminoazobenzene (AB, 128 mg/L, pK, = 2.8) was employed as
basic indicator, for all catalysts, the concentration of [H*] was fixed
at 1.67 x 10~4 mol/L in anhydrous ethanol. And then 0.5 mL of indi-
cator and 2.5 mL of catalysts solution were added in cuvette to get
absorbance. Acid concentration (H*) was measured according to
their solubility under reaction condition.

2.4. Procedure of prins reaction

In typical procedure, 1.35g of catalyst was added into a
50 mL round-bottomed flask, followed by addition of 2.36g of
a-methylstyrene and 7.30¢g of formalin. Equipped with a reflux
condenser, the reaction was performed at 95°C for 3 h under stir-
ring. After reaction, the catalyst was separated and recycled by
decantation, and then washed with ethyl acetate and dried for next
run. Reaction product was extracted by the n-heptane solution of
ethyl acetate (v(n-heptane)/v(ethyl acetate)=5/1), and analyzed by
gas chromatography (Kechuang, GC 9800, Agilent VF-5ms) with
FID detector using n-dodecane as internal standard.

2.5. Computational details

In this study, Gaussian03 suit of programs were employed for all
calculations, and DFT with B3LYP was conducted [40-42]. During
optimization procedure, some points were fixed in their position.
The nature of these points, which featured with the minima for
all real frequencies and just one imaginary frequency for all tran-
sition states, was characterized by frequency calculations at the
level of B3LYP/6-31G (d, p), the thermal corrections related to
Gibbs free energy at 298K was also obtained in this way. The
6-31G (d, p) basis set was used to optimize geometries in pres-
ence of some fixed points, and the results were examined by
larger 6-311+G (2d, 2p) basis set to give more accurate energies.
All transition states remained local minima, which were carefully
checked by intrinsic reaction coordinate (IRC) calculations. These
hybrid organic-HPA catalysts can fully dissociate into polyanion
and organic cation under reaction condition [34,35,37], which can
owe to the hydrogen bond between the polyanion and organic
cation [43-51]. With consideration of Prins reaction activated by
protonic acid which derived from N-based cation in this condition,
effect of heteropolyanions was ignored during calculations.

Condition: 90 mmol of formaldehyde, 20 mmol of a-methylstyrene, 0.4 mmol of
catalysts, at 95°C for 3 h.

3. Results and discussion
3.1. Characterization of catalysts

All catalysts were solid with different colors. TGA was employed
to character their thermal properties. As we all known that the loss
under 100°C should attribute to water, thus starting weight loss
temperature (Ts) of catalysts above 100 °C was mainly investigated
(Fig. S1). The results implied all catalysts can exist stably during
reaction process.

As Fig. 1(a) presents, four characteristic bands in FT-IR spec-
trum for Keggin structure of neat H4SiW appeared at 1064, 961,
868 and 775cm™!, assigned to vas (Si-0), vas (W=0), vas (W-0Oy-
W) and vas (W-0e-W) [33,37]. For [NMC]4SiW, these feature peaks
appeared with shiftof 961 cm~' t0957cm~1,868 cm~! to 877 cm™!
and 775 cm~! to 798 cm~1, which confirmed N-cation bonding with
heteropolyanion with ionic linkage. Moreover, 'H NMR data of
[NMC]4SiW indicated the NMC structure for the organic moiety.
XRD patterns of [NMC]4SiW and pure H4SiW were illustrated in
Fig. 1(b). The peaks located within 6° ~ 10°, 15° ~ 22°, 24° ~ 30° and
33° ~ 36° attributed to characteristic diffraction peaks of Keggin-
type structures. The peaks (e.g., at 26 of 8.91, 17.65, 19.56, 20.84,
23.41,33.11,36.08°) provided a strong proof for [NMC]4SiW to for-
mat Keggin-structure. These all features suggested lactam molecule
and HPA kept their own original structures. Moreover, the distinc-
tion between [NMC]4SiW and H4SiW in XRD demonstrated that the
protons of NMC changed the replacement of H4SiW in crystal lat-
tice, which may explain the variation of Ts in TGA. Moreover, the
chemical composition of [NMC]4SiW was well in accord with theo-
retical value based on element analysis (as summarized in Table 1).

For the other catalysts, characteristic bands for Keggin struc-
ture occurred in both FT-IR and XRD for all catalysts. Combined
with the data of TH NMR, these features suggested that they not
only formed Keggin-type structure but also kept original structure.
The elemental analysis results of all catalysts were summarized in
Table 1. (More detail information was presented in Fig. S2, Tables
S1 and S2)

The acidity of catalysts was characterized as the Hy value
(Table S3) and [H*] concentration (Table S4) summarized in
Table 2. Firstly, the result of Hy indicated that set of H4SiW
catalysts showed strongest relative acidity (Hp=3.09 for H4SiW,
3.08 for [NMP],4SiW, 3.08 for [NMC]4SiW, and 3.06 for [DP],SiW)
among these catalysts, while set of H3PMo catalysts presented
weakest relative acidity (Hp=3.31 for [NMC]3PMo). It was clear
that Hy of H4SiW was much close to these catalysts with
SiW4- heteropoly-anions, indicating their acid strength in same
level. Besides, Hy of catalysts with different heteropoly-anions
showed order as [NMC]4SiW <[NMC]3PW <[NMC]3PMo, which
demonstrated that Hy was more dependent on the heteropoly-
anions. On the other hand, the [H*] concentration of catalysts
with Siw#- exhibited as [DP],SiW >[NMP]4SiW > [MNC]4SiW,
and with respect to the catalysts with [NMC]*, it showed as
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[MNC]4SiW > [MNC]3PW > [MNC]3PMo. Noteworthy, the solubility
of [DP],SiW was much larger than others in 90 mmol solution of
formaldehyde. So 0.4 mmol of [DP],SiW could completely dissolve
at reaction condition and supply 1.60 mmol of [H*], as well as
H3PW, H3PMo and H4SiW. Moreover, it was evident that cations
had distinct effect on [H*] but insignificant on Hy, which can owe
to [H*] largely relied on solubility of catalysts but Hy got close for
the catalysts with the same heteropoly-anions. This may suggested
that [H*] was up to cation and Hy to heteropoly- anion, respectively.

3.2. Catalysts reactivity for prins condensation

The catalytic performance for Prins condensation of «-
methylstyrene with formaldehyde over catalysts was listed in
Table 2 (Table S5). With exception of H3PW (88% of conver-
sion), the catalysts showed outstanding activity for this reaction
with conversion of nearly 100%. The selectivity showed the order
as: [NMC]4SiW > [NMP]4SiW > [DP],SiW ~ H4SiW for catalysts with
Siw4-, and [NMC]4SiW > [NMC]3PW > [NMC]3PMo for these with
[NMC]*. The conversion and selectivity reached as high as 99%
and 99% for [NMC]4SiW. Correlation of catalysts acidity (Hp and
[H*]) with reaction results (conversion and selectivity), for the cat-
alysts with same heteropoly-anion, the selectivity presented no
relationship with [H*] in the case of closer Hy, which indicated
the structure of cations played crucial a role for this condensation
process. Moreover, the catalysts with lactam molecules displayed
higher activity than pure heteropolyacids (Tables 2 and S5), and
exhibited more excellent performance than the catalysts modi-
fied by organic molecules without C=0 (Table S6). Therefore, the
presence of organic molecules certainly affected activity, and if the
catalyst was more or less active after modification much depended
on organic part with or without lactam molecules in this study.

Fig. 4. Optimized structures of the transition states and intermediates.

Table 3
The effect of acid strength of catalysts on Prins reaction.

Catalysts Temperature (°C) Conversion (%) Selectivity (%)
H3P04/Si05? 75 45 40
MoP/Si0,? 75 63 82
H»S04/Si0,2 75 71 49
SBA-15 75 80 61

Condition: 90 mmol of formaldehyde, 20 mmol of a-methylstyrene, 1.35 g of cata-
lysts, 3 h.? Obtained by loading 25 wt% of H,SO4, H3PO4 or solution of (NH4 )sMo7 024
and H3PO4 on SiO, via initial wetness impregnation, SBA-15 from Jilin University.

On the other hand, the results of catalysts with [NMC]" implied
that the catalysts with stronger acid strength could improve this
condensation to afford products in this study. Moreover, the selec-
tivity of [NMC]4SiW was highest among the set of H4SiW catalysts,
with minimum [H*], which suggested that NMC presented more
outstanding performance than other lactam molecules for this reac-
tion. This also can be confirmed by the results of [NMC]3PW and
[NMC]3PMo. In summary, the Prins condensation was affected by
acidity and structure of catalysts both of which mainly resulted
from lactam-based cations. To further clarify effect of the acid
strength of catalysts on the reaction, some solid catalysts were
applied for and the reaction condition was optimized at 75°C
(Tables 3 and S7). It can be easily concluded that the reactivity (con-
version) can be improved with high acidic strength of catalysts. But
the selectivity towards desired product was much influenced by the
organic molecules.

3.3. Effect of lactam on prins condensation

To deep clarify the effect of NMC on this reaction, catalysts
of [NMC]4xHxSiW were employed, where x was 0, 1, 2, 3, 4.
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As Fig. 2 presented, the conversion hardly changed (near 100%)
but the selectivity continually increased from 80% to 99% with x
decreasing from 4 to 0, this verified NMC played a positive role
in improving selective activity. But this reaction hardly performed
over [NME]4SiW (Table S6) without C=0 group in NME, which was
also much lower than that over H4SiW. Therefore, the outstand-
ing performance of actam-based catalysts for Prins condensation
should attribute to the C=0 group of organic molecules in catalysts.
This was further verified by the result of [TEA]4SiW.

DFT was employed to verify the pathway of Prins reaction in this
study as displayed in Fig. 3. The structures of the transition states
and intermediates during this process were displayed in Figs. 4 and
S3. It suggested lactam played a key role in this process. Firstly,
lactam-based catalyst dissociated to produce protonated [NMC]*,
together with a formaldehyde molecule formed Ad1. The formalde-

Scheme 2. Catalysis process from DFT and effect of C=0 group on carbonium sta-
bilization (c) and proton transformation (b), (e)-(i).

hyde showed trend of easily obtaining H* from catalyst (TS1, Int1)
and then integrated with olefin (Ad2, TS2) to form Int2. In this stage,
lactam showed property of transfer H* and had finished this job
with forming as NMC. Following, another formaldehyde molecule
approached (Ad3) which involving bonding with olefin and clos-
ing ring are simultaneous (TS3). Finally, the desired product was
obtained (Pro) involving H* returning to NMC in assistance of C=0
group. The corresponding catalysis process and the effect of (=0
group were displayed in Scheme 2.

In summary, it confirmed that lactam with C=0 group showed
properties of transferring H* between two kind of active center
(N* and C*) and stabilization of intermediates by sharing elec-
tron. This distinct properties led lactam-based catalyst presenting

(@)

Fresh [NMC][SiW]

)

Reuséd 12 times

N-H

Vyi

(b)

Reused 12 times

Fresh [NMC][SiW] h

T .l g
1500 1000
Wavenumbers (cm™)

LIr g4
3000 2500

L] L) T L} ] .
300 400 500 600 700 800

Temperature ('C)

T T
100 200

(©)

Fresh [NMC][SiWV]

Reused 12 times

(d)

Fresh [NMC][SiW] ]

n  Reused 12 times U

20 (degrees)

8 7 6 5 4 3 2

—

f1 (ppm)

Fig. 6. Characterization of reused [NMC]4SiW: (a) FT-IR, (b) TGA, (c) XRD, (d) "H NMR.
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Scheme 3. A possible self-separation procedure of [NMC]4SiW in Prins condensa-
tion.

more excellent performance than these catalysts of [NME]4SiW,
[TAE]4SiW and so on, which featured without C=0 group.

3.4. Reusability of [NMC]4SiW for prins condensation

Lactam-based Brensted-acidic catalysts showed feature of self-
separation to facilely recycle after reactions. The reusability of
the catalyst [NMC]4SiW was displayed in Fig. 5. It just presented
slight decrease in activity after 12 recycling with conversion of
a-methylstyrene >100% and selectivity to MPD >91%. The results
indicated that [NMC]4SiW was a robust and reusable catalysts for
this reaction. Besides, FT-IR, TGA, XRD and 'H NMR of recovered
catalysts (Fig. 6) suggested that the catalyst structure cannot be
destroyed and kept features as the fresh one. So it can be said the
catalyst could be reused at least 12 times.

3.5. Possible self-separation principle

Some work were performed over [NMC[4SiW to further
understand the performance of catalysts self-separtion. Firstly,
the solubility of [NMC]4SiW at room temperature and reaction
temperature was investigated (Table S8), which implied the sol-
ubility changed significantly with variation of temperature from
573 mg/100g at room temperature to 4057 mg/100g at reaction
temperature. This suggested [NMC|4SiW can dissolve or dis-
solve out driving by temperature. Moreover, H4SiW, counterpart
of Siw4-, was confirmed with ability to completely dissolve in
water, but hardly in a-methylstyrene. This illustrated SiwW4~ can-
not enter into a-methylstyrene. NMC can dissolve in both water
and a-methylstyrene, but with a partition coefficient of 3.84 in
water/a-methylstyrene system, which implied [NMC]* mainly dis-
solving in water phase (Fig. S5).

Based on these views, a possible self-separation principle of
[NMC]4SiW in Prins condensation was proposed. At room tem-
perature, reaction mixture consisted of a-methylstyrene (upper,
oil phase), solution of formaldehyde (middle, water phase) and
catalyst (bottom, solid phase) as showed in Scheme 3(1). With
rising of temperature, the catalyst gradually dissolved in forma-
lin with much water and formed N-cation and heteropoly-anion.
The N-cation passed the interface and entered into oil phase
under stirring, and the heteropoly-anion was left in water phase
(Scheme 3(2)). N-cation may act as surfactant for oil and water
phase to form O/W mixture because of its dissolving in both phases
(Scheme 3(3)). After reaction, the solubility of catalyst decreased
with system cooling, and N-cation in water phase could easily
integrate with heteropoly-anion to dissolve out which led con-
centration of cation in water phase significantly decreasing. The
concentration decreasing could drive N-cation in oil phase back
water phase in return. Besides, this can remarkable promote driving
by partition coefficient of N-cation in water/a-methylstyrene sys-

tem. Finally majority of N-cation combined with heteropoly-anion
and separated out (Scheme 3(4)). Therefore, the self-separation of
catalyst can owe to its variation of solubility under different tem-
peratures, as well as partition coefficient in O/W, both of which
attributed to lactam molecule.

4. Conclusions

In conclusion, a highly efficient catalyst [NMC]4SiW was pre-
pared for Prins condensation with conversion of 99% and selectivity
of 99%. This kind of catalysts showed feature of self-separation, and
can be steadily reused for 12 times. Experimental data suggested
N-cation played key role in this reaction, which was confirmed by
DFT calculation. It revealed that N-cation with C=0 group can not
only stabilize intermediate by sharing electron but also transfer
proton between two kind of active centers (N* and C*). Moreover,
for self-separation of catalysts, a possible principle was proposed.
It suggested the self-separation of catalysts was driven by varia-
tion of solubility of catalysts at different temperature and partition
coefficient of N-cation in oil/water system, both of which resulted
from lactam molecules.

Conflicts of interest
None.
Acknowledgements

This work was supported by National Natural Science Foun-
dation of China [No. 51473156]; The Key Deployment Project of
the Chinese Academy of Sciences [No. KFZD-SW-401[; Key Projects
of Jilin Province Science and Technology Development Plan [No.
20160204028GX].

References

[1] M. Zimmermann, KW. Térnroos, R. Anwander, Angew. Chem. Int. Ed. 47
(2008) 775-778.
[2] B.Liu, X. Wang, Y. Pan, F. Lin, C. Wy, ]. Qu, Y. Luo, D. Cui, Macromolecules 47
(2014) 8524-8530.
[3] L. Zhang, T. Suzuki, Y. Luo, M. Nishiura, Z. Hou, Angew. Chem. Int. Ed. 46
(2007) 1909-1913.
[4] F. Bonnet, M. Visseaux, A. Pereira, D. Barbier-Baudry, Macromolecules 38
(2005) 3162-3169.
[5] Y. Yang, Q. Wang, D. Cui, J. Polym. Sci. A: Polym. Chem. 46 (2008) 5251-5262.
[6] MJ. Vitorino, P. Zinck, M. Visseaux, Eur. Polym. J. 48 (2012) 1289-1294.
[7] L. Li, S. Li, D. Cui, Macromolecules 49 (2016) 1242-1251.
[8] Y. Hu, W. Dong, T. Masuda, Macromol. Chem. Phys. 214 (2013) 2172-2180.
[9] W. Gao, D. Cui, ]. Am. Chem. Soc. 130 (2008) 4984-4991.
[10] B.Liu, D. Cui, T. Tang, Angewandte Chemie 128 (2016) 12154-12157.
[11] I Ivanova, V.L. Sushkevich, Y.G. Kolyagin, V.V. Ordomsky, Angewandte
Chemie 125 (2013) 13199-13202.
[12] V.L. Sushkevich, V.V. Ordomsky, LI. Ivanova, Catal. Sci. Technol. 6 (2016)
6354-6364.
[13] V.L. Sushkevich, V.V. Ordomsky, LI. Ivanova, Appl. Catal. A: Gen. 441-442
(2012) 21-29.
[14] Y. Qi, L. Cui, Q. Dai, Y. Li, C. Bai, RSC Adv. 7 (2017) 37392-37401.
[15] E. Dumitriu, V. Hulea, 1. Fechete, C. Catrinescu, A. Auroux, J.F. Lacaze, C.
Guimon, Appl. Catal. A: Gen. 181 (1999) 15-28.
[16] K. Weissermel, HJ. Arpe, Oxidation products ethylene, in: Industrial Organic
Chemistry, Wiley-VCH Verlag GmbH, 2008, pp. 145-192.
[17] G.O. Ezinkwo, V.F. Tretjakov1, R.M. Talyshinky, A.M. Ilolov, T.A. Mutombo,
Catal. Sustain. Energy 1 (2013) 100-101.
[18] C.Yao, H. Xie, D. Cui, RSC Adv. 5 (2015) 93507-93512.
[19] S. Pragliola, M. Cipriano, A.C. Boccia, P. Longo, Macromol. Rapid Commun. 23
(2002) 356-361.
[20] T. Suzuki, Y. Tsuji, Y. Takegami, H.J. Harwood, Macromolecules 12 (1979)
234-239.
[21] R. Asami, K.I. Hasegawa, T. Onoe, Polym. J. 8 (1976) 43-52.
[22] R. Asami, K.I. Hasegawa, N. Asai, I. Moribe, A. Doi, Polym. ]. 8 (1976) 74-80.
[23] M.G.T. Beets, Recl. Trav. Chim. Pays-Bas 70 (1951) 20-24.
[24] V.Z. Sharf, K.A. Kasymova, E.F. Litvin, Bull. Acad. Sci. USSR, Div. Chem. Sci. 35
(1986) 918-921.
[25] X.Yu, W. Zhu, S. Zhai, Q. Bao, D. Cheng, Y. Xia, Z. Wang, W. Zhang, Reac Kinet
Mech Cat 117 (2016) 761-771.


http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0005
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0010
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0015
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0020
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0025
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0030
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0035
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0040
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0045
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0050
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0055
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0060
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0065
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0070
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0075
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0080
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0085
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0090
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0095
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0100
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0105
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0110
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0115
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0120
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0125

86 Y. Qi et al. / Molecular Catalysis 445 (2018) 80-86

[26] W. Zhang, Y. Leng, D. Zhu, Y. Wu, ]. Wang, Catal. Commun. 11 (2009) 151-154.

[27] N. Mizuno, M. Misono, Chem. Rev. 98 (1998) 199-218.

[28] M.N. Timofeeva, Appl. Catal. A: Gen. 256 (2003) 19-35.

[29] M. Misono, Chem. Commun. (2001) 1141-1152.

[30] G.Li,Y.Gu,Y.Ding, H. Zhang, J. Wang, Q. Gao, L. Yan, J. Suo, J. Mol. Catal. A:
Chem. 218 (2004) 147-152.

[31] A. Alsalme, E.F. Kozhevnikova, I.V. Kozhevnikov, Appl. Catal. A: Gen. 349
(2008) 170-176.

[32] J.H. Sepdlveda, ].C. Yori, C.R. Vera, Appl. Catal. A: Gen. 288 (2005) 18-24.

[33] P. Madhusudhan Rao, A. Wolfson, S. Kababya, S. Vega, M.V. Landau, J. Catal.
232 (2005) 210-225.

[34] Y. Leng, J. Wang, D. Zhu, Y. Wu, P. Zhao, J. Mol. Catal. A: Chem. 313 (2009) 1-6.

[35] Y. Leng, ]. Wang, D. Zhu, X. Ren, H. Ge, L. Shen, Angewandte Chemie 121
(2009) 174-177.

[36] K.Li, L. Chen, H. Wang, W. Lin, Z. Yan, Appl. Catal. A: Gen. 392 (2011) 233-237.

[37] W. Zhang, Y. Leng, P. Zhao, ]. Wang, D. Zhu, J. Huang, Green Chem. 13 (2011)
832.

[38] C. Thomazeau, H. Olivier-Bourbigou, L. Magna, S. Luts, B. Gilbert, ]. Am. Chem.
Soc. 125 (2003) 5264-5265.

[39] H.Zhou, ]. Yang, L. Ye, H. Lin, Y. Yuan, Green Chem. 12 (2010) 661.

[40] A.D. Becke, J. Chem. Phys. 98 (1993) 5648-5652.

[41] A.D. Becke, J. Chem. Phys. 97 (1992) 9173-9177.

[42] B. Miehlich, A. Savin, H. Stoll, H. Preuss, Chem. Phys. Lett. 157 (1989) 200-206.

[43] Y.M. Xie, Q.-S. Zhang, Z.G. Zhao, X.Y. Wu, S.-C. Chen, C.Z. Lu, Inorg. Chem. 47
(2008) 8086-8090.

[44] B. Lihua, H. Qizhuang, J. Qiong, W. Enbo, J. Mol. Struct. 597 (2001) 83-91.

[45] T. Ayed, N. Erien, A. Kassiba, N.A. Ogurtsov, A. Pud, Chem. Phys. Lett. 497
(2010) 76-80.

[46] M.M. Williamson, D.A. Bouchard, C.L. Hill, Inorg. Chem. 26 (1987) 1436-1441.

[47] J.Y. Niu, X.Z. You, C.Y. Duan, H.K. Fun, Z.Y. Zhou, Inorg. Chem. 35 (1996)
4211-4217.

[48] L. Bi, E. Wang, L. Xu, R. Huang, Inorg. Chim. Acta 305 (2000) 163-171.

[49] Z.X. Min, S.B. Zhen, Y.X. Zeng, Z.Y. Zhou, X.G. Zhou, Polyhedron 16 (1997)
713-719.

[50] A.Dolbecq, E. Dumas, C.R. Mayer, P. Mialane, Chem. Rev. 110 (2010)
6009-6048.

[51] S.Liu, C. Wang, H. Zhai, D. Li, ]. Mol. Struct. 654 (2003) 215-221.


http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0130
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0135
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0140
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0145
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0145
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0145
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0145
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0145
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0145
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0145
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0145
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0150
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0155
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0160
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0165
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0170
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0175
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0180
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0185
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0190
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0195
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0200
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0205
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0210
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0215
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0220
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0225
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0230
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0235
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0240
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0245
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0250
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255
http://refhub.elsevier.com/S2468-8231(17)30608-9/sbref0255

	Insight into performance of lactam-based Brønsted-acidic catalysts for Prins condensation and their self-separation in water
	1 Introduction
	2 Experimental
	2.1 Materials and chemicals
	2.2 Preparation of catalysts
	2.3 Characterization
	2.4 Procedure of prins reaction
	2.5 Computational details

	3 Results and discussion
	3.1 Characterization of catalysts
	3.2 Catalysts reactivity for prins condensation
	3.3 Effect of lactam on prins condensation
	3.4 Reusability of [NMC]4SiW for prins condensation
	3.5 Possible self-separation principle

	4 Conclusions
	Conflicts of interest
	Acknowledgements
	References


