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ARTICLE INFO ABSTRACT

Keywords: This work demonstrated that the specific ionic liquids (ILs) have been designed via the supramolecular
Tonic liquid complexation between 18-crown-6 (CE) and ammonium peroxoniobate (NH4-Nb). The resultant ILs have been
Peroxoniobate

characterized by elemental analysis, FT-IR, Raman, NMR, DSC, conductivity measurement and MALDI-TOF, etc.
The IL (CE-1) consisting of CE and ammonium peroxoniobate can be further coordinated with GLY to generate a
new IL (CE-2), which showed both high catalytic activity in epoxidation with HyO5 and good recyclability. The
characterization of “>Nb NMR spectra revealed that the peroxoniobate anions has demonstrated a structural
evolution in the presence of hydrogen peroxide, in which Nb—O species can be easily oxidized into the cata-
lytically active niobium—peroxo species. Especially, the supramolecular complexation can provide suitable hy-
drophobicity, which ensured that the hydrophobic olefins and allylic alcohols were easily accessible to the
catalytically active anions, and thus facilitated the epoxidation reaction. Notably, the supramolecular IL catalysts
in this work exhibited a huge advantage of the easy availability, as compared with the previously reported
peroxoniobate-based ILs. As far as we know, this is the first example of the highly selective epoxidation of olefins
and allylic alcohols by using supramolecular ILs as catalysts.

Crown ether
Supramolecularinteraction
Olefin epoxidation

1. Introduction

The epoxidation of olefins and allylic alcohols plays an essential role
in industrial and synthetic chemistry [1-3]. Many high value-added
products such as surfactants, perfumes and epoxy resins are manufac-
tured from epoxides [4]. However, peracids and hazardous solvents are
usually involved in epoxidation reaction, which are expensive and
environmentally harmful [5]. Comparatively, hydrogen peroxide is
possibly the best oxidant except for oxygen in consideration of envi-
ronment and economy considering that water is the sole product along
with HyO2 consumption [6].

As for olefin epoxidation reactions, a microporous titanium silicate
zeolite (TS-1) exhibits extensive application in epoxidizing light alkenes
with hydrogen peroxide [7]. Nevertheless, long-chain olefins cannot
facilely contact the reactive centers due to the small pore sizes of TS-1. In
addition, the active species of TS-1 are liable to leach in the course of
epoxidation with HyO, as oxidant [8]. Meanwhile, various homoge-
neous transition-metal complexes have been applied to highly efficient
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olefin epoxidation [9]. For example, some homogeneous tungsten
complexes afforded much better catalytic activity than heterogeneous
analogues in the epoxidation of alkenes [10,11]. Besides, the complexes
of early transition metals, especially molybdenum complexes (oxomo-
lybdenum species), have also shown good catalytic activity and selec-
tivity [12,13]. However, the homogeneous complex catalysts are
confronted with challenges including the oxidative decomposition
under reaction conditions and the difficult separation and recovery,
greatly limiting their applications. On the other hand, the simple loading
of the tungsten-based precursor onto porous siliceous molecular sieves
typically causes uneven surface WO3 domains, which is thus prone to
further aggregation, resulting in activity loss and scarce robustness [14].
Although much efforts have been made to grafting the complexes of
transition metals to porous solid materials by strong covalent linkage,
the inherent catalytic activity of metal complexes is normally reduced
because of the adverse interactions of active sites with non-uniform solid
surfaces [15,16]. Hence, the development of highly active and recov-
erable catalysts is fairly promising, which is also in line with the
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requirements of green chemistry.

Niobium-based compounds can be extensively studied as the cata-
lytic materials [17,18]. For examples, Nb-silicates offer more advan-
tages with respect to hydrolytic stability as compared with that of V and
Mo catalysts [19]. Especially, as potential oxygen donors, niobium
complexes have received increasing attention in oxidation reaction
recently [20]. The previous studies have confirmed that the peroxo
niobium complexes are able to release active oxygen either chemically
or on irradiation, thus participating in oxidation of various organic
substrates [21].

Ionic liquid (IL) has been represented as a research hotspot recently
owing to their distinctive natures containing a wide liquid range, non-
volatility, ionicity and strong polarity [22-24]. These specific proper-
ties of ILs have opened up their applications in the industry as reaction
solvents, catalysts, electrolytes, sensors, enzyme stabilizers [25,26]. The
structures and properties of ILs can be easily designed and adjusted via
varying their cations and inorganic anions. Currently, a great deal of
functionalized ILs have been investigated, providing a promising
methodology to synthesize catalysts with high performance and excel-
lent recyclability [27]. As a subset of functionalized ILs, poly-
oxometallate anion-based ILs (POM-ILs) have been achieved and
employed in acid-catalysis and oxidative reaction with excellent cata-
lytic activity and reusability [28,29]. There is no doubt that the
appearance of the functionalized ILs will assure the ILs with different
particular capabilities, promoting more sustainable and reasonable
development of ILs [30,31]. In our previous research, a series of per-
oxoniobate (peroxotantalate)-based ILs have been utilized in epoxi-
dizing olefins and allylic alcohols [32,33]. These ILs catalysts showed
huge advantages in separation and recycling and demonstrated better
performance in catalytic epoxidation compared to tungsten-containing
catalysts. However, the preparation of these ILs normally needs
tedious procedures such as neutralization, ionic exchange and solvent
removal etc., which contains time-consuming multiple operations and
might bring impurities in ILs.

As a branch of noncovalent interplay and supramolecular chemistry,
host-guest interaction exists extensively between metal cations and
macrocyclic ethers [34,35]. In recent years, crown ethers have drawn
growing interest because they are capable of forming complexes selec-
tively with ionic species by host-guest interaction [36]. In the previous
studies, a crown ether complex cation ILs were employed for various
carbon-carbon bond-forming reactions, including Michael addition,
Heck reaction and Henry reaction [37]. It indicated that these ILs can be
recycled for many times without significant deactivation. Sequentially,
the numerous deep eutectic solvents have been developed based on
host-guest interactions [38,39]. However, up to now the specific ILs
formed by the host-guest interactions have seldom been reported for
catalysis, let alone oxidation reaction.

According to our previous work, organic acid-modified perox-
oniobate ILs had high reactivity toward the epoxidation reaction [33].
However, the synthesis of the specific ILs was rather tedious due to
multiple steps. As a continuous effort to optimize the catalytic applica-
tion of the ILs, in this work we have developed a novel type of ILs formed
by supramolecular interactions. The supramolecular ILs can be obtained
by a direct mixing of CE with the NH4-Nb ((NH4)3[Nb(0O2)4]) with the
certain molar ratio in methanol. Afterwards, the methanol was evapo-
rated under the vacuum to generate the ILs without any by-products,
which was a much simpler approach in comparison to that of the pre-
vious work [33,40]. The supramolecular complexation of CE and
NH4-Nb has been proved by FT-IR spectra, differential scanning calo-
rimetry (DSC) and conductivity measurement etc. Notably, the easily
available ILs demonstrated the excellent catalytic performance for the
epoxidation under very mild conditions.
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2. Experimental
2.1. Materials

18-crown-6 (CE, C15H2406, 98 wt.%) was provided by Bide Phar-
matech Ltd. Potassium hydroxide (KOH) and Hydrogen peroxide (H2Oo,
30 wt.%) were supplied by Shanghai Titan Scientific Co., Ltd. Niobium
pentaoxide (NbyOs), ammonium hydroxide (NH3-H20, AR) and meth-
anol (CH3OH, AR) were purchased from Aladdin. Glycolic acid (GLY,
CoH403, 98 wt.%) was supplied by TCI (Shanghai) Development Co.,
Ltd.

2.2. Catalyst characterization

The procedures for catalyst characterization can be found in Sup-
porting Information.

2.3. Catalyst preparation

2.3.1. Synthesis Of (NH4)3[Nb(02)4]

At first, Nb,Os-nH30 was prepared by sintering KOH and Nb,Os in a
molar ratio of 10 (nkom,Nb205) = 10) at 550 °C for 6 h [41]. Subse-
quently, the mixture was dissolved in water and acidified by acetic acid
with pH reaching to 4. The white precipitate was obtained by filtration
and washed thoroughly, followed by drying at 60 °C for 1 h. Then
NH4-Nb ((NH4)3[Nb(O3)4]) was obtained from the reaction of the
Nb20s-nH20 and H30», adjusting pH around 10 with NH3-H»0 until the
solution became clear. Ethanol was poured into the clear solution to
precipitate the NH4-Nb ((NH4)3[Nb(O2)4]) as a white powder [42].
Anal. Calcd for NH4-Nb (274.97): Nb, 33.8. Found: Nb, 33.1. Number of
peroxide bonds: 3.6.

2.3.2. Preparation of (CE)s(NH4) 4[Nb204(u-0)(if>-02)2] (CE-1)

The IL (CE-1) was obtained according to the following procedure.
Briefly, CE (0.79 g, 3 mmol) and NH4-Nb (0.27 g, 1 mmol) (CE/Nb =
3:1) were stirred in 10 mL of methanol at 60 °C for 24 h. The clear so-
lution was rotary evaporated to obtain the light yellow viscous liquid as
(CE)s(NH4)4[NbyO4(p-0)(n%-02)2], designated as CE-1 (Fig. S1). 'H
NMR (400 MHz, D50): 3.33 (s, 0..12 H), 3.67 (s, 6..15 H), 6 4.79 (s, 1 H).
13¢ NMR (100 MHz, D50): § 70.21, 49.50 (Fig. S2). Anal. Calcd for
C7oH160N4Nb2O4s (1987.87): C, 43.46; H, 8.05; N, 2.81; Nb, 9.35.
Found: C, 42.70; H, 7.70; N, 2.50; Nb, 9.20. Number of peroxide bonds:
1.5 per Nb atom.

2.3.3. Preparation Of (CE)6(NH4)4[I\H)204([4—O)(GLY)ZJ (CE—Z)

The preparation of CE-2 was similar to that of CE-1. Firstly, CE (0.79
g, 3 mmol) was dissolved in 10 mL of methanol and NH4-Nb (0.27 g, 1
mmol) was then added to the above solution with the molar ratio of CE/
Nb = 3:1. The resulting mixture was stirred at 60 °C for 24 h until it
became a clear solution. Next, GLY (0.08 g, 1 mmol) was dissolved in 2
mL of methanol and added dropwise to the above solution. The mixture
was then agitated intensely at 40 °C for another 12 h, and the solvent
was removed with a rotary evaporator. The resultant IL was placed
under vacuum at 40 °C to obtain yellow viscous liquid ((CE)e(N-
H4)4[Nb2O4(p-O)(GLY)3]), designated as CE-2 (Fig. S1). H NMR (400
MHz, D0): 3.34 (s, 2 H), 3.68 (s, 44 H), 5 3.98 (s, 1 H), 4.79 (s, 8 H). 3¢
NMR (100 MHz, D,0): & 179.84, 171.03, 72.37, 70.20, 61.71, 49.50
(Fig. S3). Anal. Calcd for C76H164N4Nb2047 (2071.94): C, 44.01; H, 7.91;
N, 2.70; Nb, 8.98. Found: C, 42.27; H, 7.48; N, 2.66; Nb, 8.89. Number of
peroxide bonds: 0.5 per Nb atom.

For the sake of comparison, CE-2a and CE-2b were prepared in a
similar way but 2 mmol CE (CE/Nb = 2) or 4 mmol CE (CE/Nb = 4) was
charged to 10 mL of methanol solution of NH4-Nb, respectively, fol-
lowed by adding GLY (0.08 g, 1 mmol). The resultant solution was
agitated at 40 °C for 12 h, and then the solvent was removed to afford
CE-2a and CE-2b, respectively. CE-2a ((CE)4(NH4)4[Nb204(u-O)
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(GLY)QJ)I Anal. Calced for C52H116N4Nb2035 (1542.55)5 C, 40.45; H,
7.52; N, 3.63; Nb, 12.06. Found: C, 39.88; H, 7.39; N, 3.52; Nb, 11.29.
CE-2b ((CE)g(NH4) 4[Nb204(u-0)(GLY)2]): Anal. Caled for
C100H212N4Nb2059 (2599.18): C, 46.17; H, 8.16; N, 2.15; Nb, 7.16.
Found: C, 45.45; H, 7.89; N, 2.05; Nb, 7.05. FT-IR spectra of both CE-2a
and CE-2b were given in Fig. S4.

2.4. Typical method for the epoxidation

Catalysts (0.01 mmol), olefins (1 mmol), an internal standard
(dodecane) and 30 % aqueous H205 (1 mmol) were dissolved in CH3OH
(2 mL) and then charged into a 25 mL Schlenk flask. The reaction
mixture was agitated intensely at 50 °C for different time. After reaction,
the reaction mixture was extracted with cyclohexane at least three
times, which was also monitored by gas chromatography (GC). In
catalyst recycling, after extraction with cyclohexane the remaining
catalyst was evaporated to dryness under vacuum at 40 °C and could be
used for the next run.

2.5. Catalytic kinetics of epoxidation

The method of studying reaction kinetic for the epoxidation reaction
by using the supramolecular ILs is displayed as follows. Cyclooctene (1
mmol), catalyst (0.01 mmol), an internal standard (dodecane) and 30 %
aqueous H20; (1 mmol) were dissolved in CH3OH (2 mL), and then the
mixture was agitated and heated to designed temperature (303—333 K)
and time. The reaction process was monitored by GC and reaction rates
were obtained accordingly under low conversions of cyclooctene (<20
%). Then the rate constants were calculated at the different tempera-
tures based on initial rate method [43]. The activation energy was
achieved by following Arrhenius equation.

3. Results and discussion
3.1. Catalyst characterization

The IL catalysts (such as CE-1 and CE-2) were all yellow and
exhibited the common features of ILs like a viscous liquid around
ambient temperature and non-volatility. Additionally, they were
immiscible with low-polarity or non-polarity solvents (such as alkane,
ethyl acetate, toluene, etc.), but fully miscible with polar solvents (H5O,
CH30H, CH3CH;0H, CH3CN etc.) (Table 1).

Based on the elemental analysis, potential difference titration of
Ce3t/Ce*t and other characterization (following section), it indicated
that anions of the ILs existed in the form of the dimeric structure likely
owning to the supramolecular complexation between CE and ammo-
nium cations. The dimeric structure has been depicted in Fig. 1.

The host-guest interaction in the specific ILs was firstly investigated
by DSC. As shown in Fig. 2 (Left), the melting point of the sole CE is
around 43.34 °C and the melting point of the ionic compound NH4-Nb
could be very high and not available because it was labile to decompose
prior to melting (Fig. 2, left). Comparatively, the melting point of two ILs

Table 1
The physico-chemical properties of the NH4-Nb and the IL catalysts.
Samples M.p/ States Peroxy- Solubility
°C bond/Nb  p,0 CH;0H AcOEt PhCHs
NH4Nb  N.D” White 3.6 v X X X
powder
CE-1 36.30  Yellow 1.5 v v X X
liquid
CE-2 34.08  Yellow 0.5 Vv Vv X X
liquid

a \/ : soluble, x: insoluble.
b N.D: Not determined.
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like CE-1 and CE-2 were determined as 36.30 °C and 34.08 °C respec-
tively, indicated that the melting point was obviously lower than that of
asole CE (Fig. 2, left). The reduced melting points actually reflected that
the hydrogens of the NH{ might interact with the oxygens of CE by
hydrogen bonding, and NHJ could diffuse into the flexible holes of the
CE considering that the radius of ammonium was close to the size of the
cavity of CE [44], leading to a decreased coulomb interaction due to the
distribution of positive and negative charge [45,46]. The small peak
around 47 °C (Fig. 2c, left) could be assigned to a minor dimer form
besides the structure of CE-1 due to the labile peroxo group. Subse-
quently, the ILs with the different molar ratios of CE/NH4-Nb were also
prepared and characterized by DSC. It was observed visually that if the
molar ratio of CE/Nb decreased to 1:1, the reaction between CE and
NH4-Nb in methanol was unable to lead to the clear solution, indicating
that the supermolecular complexes were not formed under this condi-
tion. However, the molar ratio of CE/Nb = 2:1 (CE-2a) and 4:1 (CE-2b)
would result in the formation of the supermolecular ILs. Next, the DSC
curves of CE-2a and CE-2b were also conducted and shown in Fig. S5. It
indicated that the molar ratio of CE/Nb has a subtle influence on the
melting point of supermolecular ILs likely due to a symmetrical structure
of CE. It should be noted that if the molar ratio of CE/Nb was increased
up to 4:1 (CE-2b), the resulting IL actually contained a part of free CE,
whose melting point (42.88 °C) was very close to that of the sole CE
(43.34 °C) (Fig. 2 vs Fig. S5¢). Consequently, a 3:1 M ratio of CE/Nb has
been chosen as the optimal ratio in this work.

Next, these synthesized ILs were characterized with FT-IR spectros-
copy. As can be seen in Fig. 2 (right), the band of CE at approximately
2887 cm™! arose from the vibration of C-H and the band near 1112
em™! was belong to v(C—O0) [47]. In addition, the band in NH4-Nb near
3169 cm™! was related to the vibration of N—H and the band at 815
cm~! was characteristic for v(0—O0) [48]. However, some of the peaks
showed obvious shifts after CE was added to the original NHy4-Nb,
forming the specific ILs (Fig. 2c and 2d, right). The band near 815 em™!
attributing to v(O—O) of NH4-Nb moved from 815 em ! to ca. 858
cm !, revealing the existence of only one sort of perexo bond. Obvi-
ously, a blue shift of N—H of ammonium ion was observed as the ILs was
derived from NH4-Nb (Fig. 2b vs 2c and 2d, right), which indicated the
hydrogen bonding interaction between CE and ammonium ion. Mean-
while, the host-guest interaction can also be evidenced by the shape of
the characteristic peak around 3540 cm ™" corresponding to the v(C-H)
of crown, which became broader after forming the specific ILs, indi-
cating that NH4 was likely bonded in the hole of CE, and thus the CE
framework was affected by supramolecular interaction as well [49].
Additionally, the bands near 590 and 536 cm™! were assigned to vi-
bration of Nb-O in ILs [50]. The existence of the stretching of Nb-O-Nb
bridge near 836 cm ™! evidenced that the peroxoniobate anion could be
formed as dimer rather than mononuclear form [51]. Moreover, as
compared to the band of peroxo bonds in CE-1 (Fig. 2c, right), the in-
tensity of the band around 858 cm~! (0—0 species) became weaker in
organic acid coordinated crown-based ILs, suggesting the substitution of
peroxo bonds by carboxylate ligands (Fig. 1). Meanwhile, the band near
1654 cm ™! could be assigned to the vibration of COO- coordinating with
the niobium atom [33]. The result was also highly consistent with the
result of the potential difference titration of ce3t/ce*t (Table 1). It can
be seen that in spite of the different CE/Nb, the FT-IR spectra of CE-2a
and CE-2b were close to that of CE-2 (Fig. S4 vs Fig. 2d, right),
demonstrating that their anion structures were very similar to each
other.

Next, the conductivity of CE and the ILs in the aqueous solution was
determined as well. It was known that the conductivity was closely
relevant to ionic diffusion rate [52]. As shown in Fig. 3, the conductivity
was approximately linear to the concentration of Nb (Cyp) under low
concentrations (0—2 mmol-L~1). Notably, the conductivity of NH4-Nb
was much greater than that of the derived ILs in the aqueous solution.
The conductivity (o) is positively correlated with the ionic diffusion
coefficient according to the Nernst-Einstein Eq. (1) [53]:



-1
C,, (mmol. L")

Fig. 3. The conductivity as function of the Cyy, at 25 °C, where Cyy, represented
the molar concentration of Nb in HyO.

F2
=—ac(D* +D"
S =R ac(D*+D")

(€))
where o is degree of dissociation, ¢ is conductivity of compound, ¢
represents molar concentration of compound, D" and D™ are the diffu-
sion coefficients of ions, F is Faraday number, R is gas constant, and T is
absolute temperature. The results from the conductivity measurement
implied that the diffusion coefficient of ions in derived ILs was much
smaller than that of NH4-Nb (Fig. 3). It has been reported that the
diffusion coefficient of ions was highly dependent on the size and
functional group of molecules [54,55]. The obvious reduction of the
diffusion coefficient indicated the supramolecular association of the
ammonium peroxoniobate with CE, leading to formation of the specific
ILs.

The as-synthesized ILs were also characterized by Raman spectros-
copy. As shown in Fig. 4a (CE-1), the band near 580 cm~ ! was attributed
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Fig. 4. Raman spectra of (a) CE-1, (b) CE-2.

to v¢(Nb(O5)) and the band at 603 cm ! was assigned to the vibration of
Nb-O [56]. Besides, the band around 830 em~! was attributing to the
stretching of the Nb-O-Nb and the band at 865 cm™! was related to vi-
bration of O—O [48]. Additionally, the band around 898 cm~! which
resulted from v(Nb—0) was inactive in FT-IR spectroscopy but active in
Raman spectroscopy, showing a high symmetry in structure of the IL.
Moreover, the band at 1032 cm~! was attributed to v(C—O0). For GLY
coordinated IL (CE-2), the band assigned to vs(Nb(Oy)) shifted from the
former 580 cm ™! to 586 cm ™! and the intensity became weaker (Fig. 4a
vs 4b), indicating that the peroxo band in CE-1 was replaced by the
carboxylato ligands. The band attributed to v(Nb = O) shifted from 898
cm~! to 908 cm ! and the band at 1043 cm™! was assigned to v(C—O0).
Meantime, the band near 1680 cm ! was related to v(COO-) which was
coordinated with niobium atom by forming five-membered ring. The
results indicated that both carboxylato group and neighboring hydroxyl
group in GLY molecule were involved in generating complexes [57].
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These results are in line with the structure of ILs as shown in Fig. 1

The thermogravimetric analysis (TGA) of the ILs was conducted
sequentially. As shown in Fig. 5, the obvious weight losses of approxi-
mately 89.8 % and 86.5 % were seen between 40 and 800 °C, which
could be assigned to the decay of organic cations and carboxylate group
in anion species. The weight loss at the beginning could be due to
adsorbed water on ILs. The weight of ILs started to decrease sharply at
approximately 200 °C, confirming that thermal stability of the specific
ILs was almost identical to that of these conventional ILs.

The matrix-assisted laser desorption and ionization time-of-flight
mass spectrometry (MALDI-TOF) was thereafter utilized to investigate
the dimer structure of ILs dissolved in water in the negative mode
(Fig. S6a and S6b). The peaks of CE-1 dominantly existed at 516.9 m/z,
671.9 m/z,687.9 m/z and 861.0 m/z, and the peaks of CE-2 presented at
500.9 m/z, 558.9 m/z, 672.0 m/z, 688.0 m/z and 861.1 m/z, respec-
tively. The other unlabeled peaks are belonging to those of matrix
molecules (CHCA). The other probable structures were displayed in
Table S1, which revealed that CE-1 and CE-2 indeed existed in the form
of the dimeric structure rather than mononuclear structure. The results
of MALDI-TOF were then in line with those of elemental analysis, FT-IR
and Raman spectra.

3.2. H302-induced structure transformation of peroxoniobate anion

It is crucial to clarify how the specific IL anions evolved during the
epoxidation. Next, the transformation of peroxoniobate anion in the ILs
was determined by °>Nb NMR spectra. As shown in Fig. 6a, a mono-
nuclear NH4-Nb complex exhibited a resonance signal at -1522 ppm,
which was in well agreement with that of our previous result [32]. When
the NH4-Nb was complexed with CE, the resulting CE-1 displayed a peak
around -1160 ppm, indicating that the supramolecular interaction
indeed has a considerable effect on the structure of peroxoniobate anion
(Fig. 6b). Additionally, on coordinating with GLY, the chemical shift was
further moved to low field and the signal shifted to -1000 ppm (Fig. 6¢).
This was due to a decrease of electron density around niobium atom
when the peroxo bond was substituted by GLY acting as
electron-withdrawing groups [58]. Especially, the presence of only one
peak in CE-1 or CE-2 in 93Nb NMR indicated that the binuclear Nb-O-Nb
sites in the supramolecular ILs might exist in the same chemical envi-
ronment. In combination with the characterization of FT-IR, Raman,
MALDI-TOF and °>Nb NMR, the evidences suggest that CE-1 and CE-2
exhibit as highly symmetric dimeric structure (Fig. 1).

It was observed visually that when the present ILs were mixed with
H0,, an obvious exothermic phenomenon occurred. According to the
experimental observation, the peroxoniobate anion could undergo the
transformation of structure under action of Hy0,. To investigate evo-
lution of anion structure, CE-2 (0.4 mmol) was dissolved in methanol (2
mL), and then H,0;, (4 mmol) was dropped into the methanol solution
and agitated continuously for 0.5 h at 273 K. The diethyl ether was
immediately added to solution and then the sediment of the oxidizing

100 a

~— 80

0 200 400 600
Temperature (°C)

800
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Fig. 6. °>Nb NMR spectra of different samples: (a) NH4-Nb, (b) CE-1, (c) CE-2,
(d) reused CE-2 and (e) CE-2 in H50-.

Nb species was collected, which was washed with diethyl ether and was
dried with cold air to get the oxidizing species sequentially. It was seen
that the resulting oxidizing species owned a resonance signal at -1250
ppm in D20 (Fig. 6e), which appeared in higher field compared to other
peroxoniobium species expect for NH4-Nb, implying the different
chemical environment around niobium in oxidizing peroxoniobium
species (Fig. 6e). The resonance signal shifting to high field meant more
numbers of peroxo groups around niobium sites, which revealed that the
peroxoniobate anion was further oxidized in the presence of Hy0,.
Additionally, Raman spectra of the oxidizing peroxoniobium species
demonstrated the same phenomenon. As shown in Fig. 7, there was a
great difference in the characteristic peaks between the parent CE-2 and
the oxidizing species (Fig. 7 vs 3b). The intensity of the bands at
approximately 865 cm ™! and 581 cm™! became stronger respectively,
which were attributed to v(O—O0) and v¢(Nb(O5)). Besides, the band at
908 cm ! (vibration of Nb = O species) disappeared in the oxidizing
species of the CE-2, revealing that the evolution from Nb = O to niobium
peroxo groups were actually reversible in the course of reaction condi-
tion. Meantime, the band related to vibration of Nb-O moved from 603
em ! to 613 ecm ™}, reflecting that Nb = O and Nb-O bonds were highly
dependent on each other.

Further on, the peroxo number of the oxidizing form of CE-2 was
measured via potential difference titration of Ce>*/Ce**. The number of
peroxo bonds was almost two per Nb atom in the dimer, indicating the
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Fig. 5. TGA patterns of the crown ionic liquids: (a) CE-1; (b) CE-2.



B. Ding et al.

865
N

681

Intensity (a.u.)

1500 1000 _ 500
Raman Shift (cm)

Fig. 7. Raman spectra of the oxidizing species of CE-2.

oxidizing Nb species contained nearly four peroxo bonds, which is in
accordance to the variation trend of “>Nb NMR.

3.3. Catalytic performance

The cyclooctene was firstly chosen as model substrate for the epox-
idation with HoO3 by using the IL catalysts at 50 °C with methanol as
solvent. As displayed in Table 2, the epoxidation might hardly proceed
in the absence of catalysts (Table 2, entry 1), implying that only the
H»02 cannot epoxidize cyclooctene. CE also afforded poor activity in
epoxidizing olefins (Table 2, entry 2). Obviously, GLY itself hardly
epoxidized olefins (Table 2, entry 3), implying that the organic peroxo
acid couldn’t be active species for the epoxidation under the present
condition. Moreover, NH4-Nb was also inactive for epoxidation reaction
(Table 2, entry 4). The NH4-Nb had a very poor solubility in methanol
and the reaction mixture showed a clear solid-liquid biphase in the
course of the reaction. However, the IL CE-1 was dissolved in the
methanol and remained a homogeneous phase, and it showed much
better performance than NH4-Nb (Table 2, entries 4 vs 5). These results
confirmed that catalytic active sites might result from the part of per-
oxoniobate anions and the supramolecular complexation of the ammo-
nium ion (NH#) with the CE led to better performance of the epoxidation
reaction because of the better miscibility of the catalyst in the methanol
[59,60]. Next, the effect of the anion structure on catalytic performance

Table 2

Epoxidation of cyclooctene with various catalysts®.
Entries Catalysts Additives Con. (%)"
1 none none 1
2 CE none 1
3 Glycolic acid none 1
4 NH4-Nb none 2
5 CE-1 none 60
6 CE-2 none 99
7¢ CE-1 acetic acid 63
8¢ CE-1 3-hydroxypropionic acid 62
9° CE-1 oxalic acid 40
10¢ CE-1 lactic acid 83
11°¢ CE-1 glycolic acid 98
12 CE-2a none 93
13 CE-2b none 98

@ Reaction conditions: Cyclooctene (1 mmol), H,O, (1 mmol), 2 mL of CH30H,
IL catalyst (0.01 mmol), 50 °C, 3 h. Epoxide was detected as a sole product in all
reaction.

b The conversion was obtained by GC with dodecane as an internal standard.

¢ 0.02 mmol of additive was used.
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has been investigated. An interesting phenomenon was that epoxidation
reaction proceeded even more efficiently when CE-1 was coordinated
with GLY. The resulting IL CE-2 exhibited an excellent catalytic per-
formance (Table 2, entry 6). This was because that organic ligand (GLY)
acting as an electro-withdrawing group tended to decrease the electron
density of Nb anion. The resulting electron-poor reaction sites (O—O)
was more prone to react with C=C double bond due to electrophilic
addition mechanism of the epoxidation process [61,62].

It has been found that introduction of 3-hydroxypropionic acid and
acetic acid did not improve the catalytic activity at all, affording the
almost same performance as parent IL (Table 2, entries 5, 7 and 8).
Besides, when oxalic acid was added to CE-1, the conversion dropped
down sharply due to too strong coordination interaction between oxalic
acid and niobium sites (Table 2, entry 9), likely preventing the substrate
molecules accessible to the reaction sites. However, lactic acid was
proved to be a more effective additive than that of oxalic acid (Table 2,
entry 10). Notably, the GLY was the best additive, and almost full con-
version of cyclooctene could be achieved under the identical condition
(Table 2, entry 11). The results suggested that only a-hydroxy carboxylic
acid had a favorable influence on epoxidation reaction. Additionally, it
should be noticed that the molar ratio of CE/Nb had a subtle effect on
catalytic activity (Table 2, entries 6, 12 and 13) when specific ILs were
generated via the NH} complexation with crown ether ring, which can
be further confirmed via the time profile of the epoxidation using CE-2,
CE-2a and CE-2b as catalysts (Fig. S7). CE-2 and CE-2b could show a
slightly better activity, as compared with CE-2a, implying that
increasing amount of CE could be beneficial to interaction between
substrate and active centers duo to appropriate hydrophobicity.

The effect of the solvents was sequentially investigated for epoxi-
dizing cyclooctene with CE-2 as a catalyst. As shown in Table S2, the
catalytic activity is very poor under solvent-free conditions, and the poor
activity was also observed in ethyl acetate and dichloromethane likely
owning to biphasic state under the conditions used. (Table S2, entries
1-3). However, the conversions of cyclooctene can reach up to 43 %, 82
%, 99 % in acetonitrile, ethanol and methanol, respectively (Table S2,
entries 4-6). These data suggested that the strongly polar protic sol-
vents, especially methanol could enhance the epoxidation reaction
(Table S1, entries 4-6). It has been demonstrated from the previous
work that the proton in the solvent participated in the formation of
active intermediates via hydrogen bonding, which were favorable for
the epoxidation of substrates [63].

A radical mechanism has been suggested in oxidation reactions for
niobium-containing catalysts [64,65]. In this work, butylated hydrox-
ytoluene (BHT) was used as a free radical trapper to investigate possible
reaction mechanism, (Fig. S8). After reaction started for some time, the
homogeneous mixture was separated into two parts. The one part
continued to stir for reaction, and the second part was added 0.5 mmol
BHT. Both of parts were subjected to GC analysis consecutively. As
displayed in Fig. S8, the introduction of BHT had no any effect on the
epoxidation reaction, demonstrating clearly that the epoxidation reac-
tion occurred by catalytic mechanism instead of radical approach [66].
In addition, the EPR spectrum of the DMPO/-OH adduct kept silent
under the reaction condition (Fig. S9), suggesting that -OH radical could
be not possibly involved in the oxidation reaction, in line with that of the
above activity tests using BHT as free radical trapper.

3.4. Kinetic studies

The cyclooctene has been selected as model substrate for the
following kinetic investigation. With respect to the previous investiga-
tion of other groups and our work [32,33,43], the epoxidation of alkenes
displayed the first-order dependence on the concentration of olefins and
the zero-order dependence on H»0; at low concentrations, indicating
that the concentration of olefins rather than hydrogen peroxide could be
responsible for the rate-limiting transition state. First, the influence of
dosage of catalysts and stirring speeds on the reaction rate was studied
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to exclude limitations of diffusion (Fig. S10). Next, the dependence of
reaction rate of cyclooctene on temperature (Arrhenius plots, 303—333
K) was examined with different ILs. The rate constants were obtained at
low conversions (<20 %) on the basis of initial rate method. As can be
seen in Fig. 8, the linearity of Arrhenius plots was determined and
activation energy was calculated on the basis of the pseudo-first-order
kinetics pattern. It indicated that activation energy of CE-2 was only
29.81 kJ mol ™! which was below that of CE-1 (E, = 58.99 kJ mol ™). The
activation energy of the current ILs was also below that of the previous
report, of which the activation energies were around 50—100 kJ mol*
[67]. Actually, the activation energy of the current IL CE-2 was very
close to that of carboxylic acid-modified peroxoniobate-based ILs [33],
confirming that the present CE-2 was also a superior catalyst for epox-
idation, but it was much easily available just via a supramolecular
interaction, as compared with the peroxoniobate-based IL.

3.5. Substrate scope and recyclability

Subsequently, the activity tests were performed to investigate the
range of the substrates. As shown in Table 3, various olefins and allylic
alcohols were epoxidized into the corresponding epoxides with only 1
equiv of HoOy with CE-2. A conversion in the range of 21-99 % was
gained for epoxidation of cyclic olefins and chain olefins using methanol
as the solvent (Table 3, entries 1-7). The epoxidation of cyclooctene
showed better reactivity and selectivity in comparison to cyclohexene in
the epoxidation of which the by-products were cyclohexane-1,2-diol and
2-methoxycyclohexanol detected by GC-MS (Table 3, entry 1 vs 2). The
2-cyclohexen-1-ol and cyclohexanone was not detected in the products,
implying that a single electron transfer approach was not included in the
epoxidation. Overall, the performance of the epoxidation of cyclic ole-
fins was better than that of chain olefins. Interestingly, the conversion of
trans-2-octene was obtained at approximately 21 %, which was lower
than that of cis-2-octene (Table 3, entry 4 vs 5). The result suggested that
steric hindrance around C—=C could have an important influence on the
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epoxidation reactivity, demonstrating that the process did not proceed
by free radical mechanism. Moreover, the propylene can likewise be
epoxidized to propylene oxide selectively under the present conditions,
and the yield was around 32 % under 1.5 MPa of propylene pressure,
providing a premising result for possible application. In addition, the IL
CE-2 also had good catalytic activity and selectivity in the epoxidation of
allylic alcohols (Table 3, entries 8-12). For long-chain allylic alcohols,
methanol was needed to achieve higher reactivity and selectivity
(Table 3, entries 9 and 12). Moreover, the oxidation of geraniol was
regioselective because that hydroxyl groups in geraniol can be coordi-
nated with Nb anion [32], and the main products were 2,3-epoxygera-
niol. Nevertheless, when an electron-withdrawing group was around
C=C, a low reactivity for the epoxidation was obtained. The conversion
of allyl methyl ether was low in comparison to other allylic alcohols,
which was due to electrophilic addition mechanism of epoxidation
(Table 3, entry 13). Besides, the hydroxyl group adjacent to the double
bond could play a key role in bring C—=C bonds close to the peroxy ox-
ygen, and facilitating the transfer of oxygen by forming hydrogen bond
with the peroxo bond of ILs.

The reusability of catalyst was likewise conducted at mild condi-
tions. As displayed in Fig. 9, the IL could still show the good performance
even after five recycles in the epoxidation of cyclooctene, implying that
the structure of the IL maintained high stability in the course of reaction,
as verified by the similar “*Nb resonance signal as compared that of fresh
with spent catalysts (Fig. 6¢ vs 6d). The *>Nb NMR signal of the reused
CE-2 slightly shifted to -980 ppm, which was assigned to less numbers of
peroxo groups around niobium sites, as compared to that of fresh CE-2
(-1000 ppm) due to the loss of peroxo groups after the consecutive re-
cycles. Additionally, the FT-IR spectra of the spent CE-2 IL catalyst was
almost identical to that of the fresh one (Fig. 2d, right and Fig. S11).
Furthermore, the ICP-AES analysis demonstrated that no obvious Nb
leaching was monitored (10—20 ppm), which could be responsible for a
slight loss of the activity in the successive recycles.

Moreover, the catalytic performance between two CE-derived ILs can
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Fig. 8. Conversion/time profiles for the epoxidation reaction by using CE-1 (a) and CE-2 (c) catalysts under various temperatures. Arrhenius plots for epoxidation of
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Table 3
Epoxidation of allylic alcohols and olefins with CE-2.
Sel.(%)
Entries Substrates T/°C t/h Con.(%)"
epoxide others
1 © 50 3 929 >99 <1
2 O 50 5 65 >74 <26
3 /\/\/\/ 50 8 35 >99 <1
4 /\/\/\/ 50 8 21 >99 <1
5 50 8 81 >72 <28
X
6 O 50 8 80 >99 <1
7¢ /\ 40 12 32¢ >99 <1
8! )\/\ 0 0.5 99 >99 <1
N o
9 NAAN 30 5 90 >99 <1
10¢ \[r\oH 30 5 98 >99 <1
11¢ A 30 3 96 >99 <1
12 20 2 929 >99 <1
N N OH
13 25 3 60 >99 <1
\/\O/ >

AReaction conditions: substrate (1 mmol), HyO5 (1 mmol), CE-2 (0.01 mmol), 2 mL of CH30H.

b The conversion was obtained by GC with dodecane as an internal standard.
¢ Refers to yield, propylene 1.5 MPa.
4 Solvent-free conditions.
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Fig. 9. The recyclability of CE-2 for epoxidation of cyclooctene.

be identified more clearly by the epoxidation of allylic alcohols. As
shown in Fig. S12a, CE-2 indeed exhibited much higher activity than CE-
1 when 2-buten-1-ol was adopted as model substrate under the identical
conditions. As shown from Fig. S12b, there was an obvious difference of
CE-1 and CE-2 in the decomposition rates of HyO2. Obviously, CE-2 was
able to suppress invalid decomposition of HoO5 even in the absence of
substrates compared with CE-1. This can be ascribed to the coordination
of GLY with Nb anion, stabilizing peroxoniobate anion [33,68]. How-
ever, CE-1 catalyst can still exhibit moderate to high conversion in
epoxidizing allylic alcohols although reaction time was needed to pro-
long (Table 3 and Table S3). Besides, the epoxidation of long-chain
allylic alcohols required methanol as the solvent to achieve high reac-
tivity and selectivity. Especially, the recyclability of the two catalysts
was investigated under the optimal conditions for the epoxidation of
3-methyl-2-buten-1-ol. As observed in Fig. S13, the catalytic activity
decreased slightly even after five recycles, demonstrating that both of
two ILs could maintain high catalytic stability in epoxidizing allylic

alcohols at the present reaction conditions.

Based on the above characterization and activity tests, the reaction
pathways were proposed and shown in Scheme 1. The supramolecular IL
(CE-2) was derived from CE-1 and the peroxo group of CE-2 was hardly
detected by the potential difference titration of Ce®*/Ce**(ca. 0.5 per-
oxo group per Nb atom) (Table 1). The symmetric dimeric structure has
further been evidenced by the elemental analysis, MS, FT-IR and 93Nb
NMR spectra etc. Next, the IL was oxidized under the action of the excess
of Hy05, forming oxidizing intermediate species with four peroxo groups
(0—0), which was proved by potential difference titration of Ce>t/
Ce**. Afterwards, the C=C double bonds then interacted with the per-
oxo group to generate epoxides through electrophilic oxygen transfer
from the oxidizing species. Meantime, the peroxo group was

(o]
Oy 0. / W\ O
(CE(NH| L “Nb. N

ﬂ“zoz (M202/Mcg.2=100)

OTO?\ P OI\\ll/)/o

// \\o’l \\O

(0] d-0° o-
Oxidizing species

H,0, OO

(o] 0\-/0 \/,Oj
\\\: (o8 l\O

Intermedlate species

(CE)s(NHy)4

O

H,0

(CE)s(NHy)4

Scheme 1. Reaction pathways of cyclooctene epoxidation on the supramolec-
ular IL (CE-2) catalyst. Mya02 and Mcg.» denoted the molar amounts of HoO5
and CE-2 used in the reaction, respectively.
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transformed into Nb = O species. From the previous >Nb NMR spectra,
it demonstrated that the interconversion between Nb = O and niobium
peroxo groups was completely reversible, which endowed the IL catalyst
with good stability and recyclability. Furthermore, the present ILs can
obviously improve their miscibility with organic solvent and H,O,, and
allowing the facile access of substrates to the catalytically active due to
the presence of CE, which enhanced the reaction rate in the process of
the epoxidation reaction. Besides, in the crown ether-ammonium ion
complexes, it has been reported that the three hydrogens of the NH}
directly interact with the oxygens on the inside of CE by hydrogen-bond
interaction while the fourth ammonium hydrogen could be hydrogen
bonded to the anion [41]. This specific interaction would decrease the
electron density of peroxo (O—O) bond and could be beneficial to the
epoxidation reaction by electrophilic oxygen transfer from perox-
oniobate anions [32,33].

4. Conclusions

In this work, we have developed CE (18-crown-6)-derived ILs via the
supramolecular complexation between CE and ammonium perox-
oniobate in a simple manner. The molar ratio of CE to Nb atom have a
vital influence on supramolecular complexation, and it indicated that
the specific ILs were formed as the molar ratio of CE to Nb atom was
more than 2:1. The parent IL consisting of CE and ammonium perox-
oniobate (CE-1) could be further coordinated with GLY by forming five-
membered chelate rings to generate a high performance IL (CE-2), which
can act as a highly efficient and recoverable catalyst in epoxidizing a
series of olefins and allylic alcohols using HyO, at mild conditions.
Additionally, it was demonstrated that CE-2 could suppress the degra-
dation of Hy0; effectively in comparison with CE-1. Especially, the su-
pramolecular complexation of CE with ammonium ion could play an
important role in providing the appropriate hydrophobicity which is
beneficial for the easy accessibility of hydrophobic substrates to the
active centers. Furthermore, the interconversion between Nb = O and
niobium peroxo groups was completely reversible, which was proved by
9Nb NMR and helped us to understand the reaction mechanism thor-
oughly. The supramolecular ILs exhibited huge advantages in that they
was more easily available than that of the previously reported ILs. Un-
doubtedly, this work represents a vital research subject in the field of
green catalysis that can be extended definitely for the efficient catalytic
organic transformations via an easily available and sustainable catalytic
system.
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