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Abstract: The alkane oxidation under mild conditions occupies an important position
in the chemical industry. Herewith, we have designed a novel class of ionic liquid
([TBA][Pic])-stabilized vanadium oxo-clusters (TBA=tetrabutylammonium; Pic=
picolinate ions), in which the molar ratio of the IL to V atoms can be tuned facilely to
obtain V-OC@IL-0.5, V-OC@IL-1 and V-OC@IL-2, respectively. The as-synthesized
vanadium oxo-clusters have been characterized by element analysis, FT-IR, Uv-vis,
XRD, TGA, EPR, NMR and MS. These vanadium oxo-clusters were catalytically
active for the catalyzing oxidation of cyclohexane with H>O2 as an oxidant. Especially,
the oxo-cluster V-OC@IL-1 (where IL/V is 1.0) can provide approximately 30% total
yield of KA oil (cyclohexanol and cyclohexanone) without adding any co-catalyst at
50 °C within 1.0 h. Moreover, the present vanadium oxo-cluster was recyclable owning
to the modification of IL and it also can be extended for the oxidation of the sp? hybrid
aromatic ring. The further characterization results demonstrated that the oligovanadate

anions were strongly dependent on the molar ratio of the IL to V atoms. The vanadium
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oxo-clusters with the appropriate molar ratio of IL/V could exist in the form of trimer
and dimer due to the presence of TBA cation and the coordination of picolinate.
Notably, the oligovanadate anions are highly active species for the C—H oxidation but
the mononuclear vanadate afforded a very poor activity according to the activity
assessment and the identification of vanadium species by 'V NMR spectra and MS
spectra. The annihilation reaction of free radicals and EPR characterization suggested
that the vanadium oxo-clusters operated via a mechanism of the HO- radical in

oxidation reaction.

Keywords: Vanadium, Oxo-cluster, Ionic liquid, Oxidation, Cyclohexane
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Introduction DOI: 10.1039/DOCY01401J

Selective oxidation of hydrocarbons is essential for the production of high-value-
added chemicals in current industrial and fine-chemical processes.!** In particular,
Cyclohexane oxidation to cyclohexanone (K) or cyclohexanol (A) (also known as KA
oil) is widely recognized and used as one of the fundamental processes in organic
chemistry and chemical industry, which can yield further high value-added chemicals,
such as polyamide fibers and plastics.>’ Currently, oxygen, as a cheap and easily
available oxidant, is widely utilized for cyclohexane oxidation, which is the most
promising oxidant for industrial application. In fact, this reaction has been realized in

industry through the autooxidation pathway promoted by cobalt complex.’> However,

in practice, the conversion of cyclohexane must be kept at a low level of 3-8% in order

to achieve an acceptable selectivity > 80% toward the two major commercial products
cyclohexanol and cyclohexanone via reducing undesirable by-products. Meanwhile,
there are many reports that hydrogen peroxide is used as an oxidant to catalyze the
oxidation of cyclohexane. Compared with oxygen, hydrogen peroxide has the
advantages that the oxidant is always used under much milder reaction conditions, and
can provide a higher yield of KA oil. Hence, in this work we explored the use of
hydrogen peroxide as oxidant, and searched for an efficient, selective, environmentally
benign and economic approach towards the sustainable development of such an
important oxidation process.

In recent years, vanadium-based compounds have shown fast reversible multi-
electron redox transformations under rather mild conditions and promising potential for
the oxidation of alkanes.®!> Among these important publications, Shul'pin and co-
workers have found that pyrazine-2-carboxylic acid (PCA) and analogous compounds
(2,3-pyrazinedicarboxylic, picolinic, and dipicolinic acids) can be used as highly active
co—catalysts in the vanadate—catalyzed oxidations of alkanes, arenes, alcohols, and
other substrates, under mild conditions by peroxides in air.'® Taking [VO;]/PCA/H,0,
system as an example, TBAVO; (TBA= tetrabutylammonium) alone showed almost no
catalytic activity, while the addition of PCA as an auxiliary greatly improved the
catalytic activity of cyclohexane oxidation. It was suggested that the coordination of
the carboxylate anion (PCA) to the vanadium is a prerequisite for catalysis.!” Moreover,
the presence of acid is the crucial factor in this process, since in the neutral medium,

monovanadate is a dominant species but inactive for catalytic oxidation. The role of the
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acid is explained by the formation of oligovanadates in acidic medium, which exhibit&) 0561015
much higher catalytic activity compared with the monovanadate. However, these acidic
homogeneous catalysts cannot be recycled, causing waste and pollution to the products.
Therefore, to develop neutral, catalytically active and easily separable V-based
catalysts is highly desirable.

Ionic liquids (ILs), owing to their unique properties like nonvolatility, strong
dissolution, low flash point, recyclability and high thermal stability etc., have become
promising alternatives to conventional volatile liquid solvents in chemical reaction and
separation. Particularly, they are serving as designable media to exhibit a rate
acceleration effect on catalytic reactions by modulating coordination, hydrogen
bonding and electrostatic interaction etc.'®2° In many circumstances, for easy
separation and recyclable utilization, the functionalized ILs have attracted
unprecedented attention as “biphasic catalyst” or “immobilized catalyst” for the
multiphase reactions and do not require an additional organometallic complex as
catalyst. In our previous work, the a-hydroxy carboxylate IL was proved to act as an
indispensable agent to stabilize Nb oxo-clusters, in which anions (lactate) formed a
layer around the surface of the oxo-cluster, leading to a center of negative charge, and
the cations of IL (TBA) existed at the outer layer for charge balance. Besides, the
external layer around the nanostructure could prevent aggregation through both steric
and electronic protection.?!-? In particular, the resulting Nb oxo-clusters exhibited an
excellent activity for the oxidation of thioethers (TON up to 14754), as well as
epoxidation of olefins and allylic alcohols (TON up to 1422) by using only 0.065 mol%
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of the catalyst (50 ppm).26

The present work concerns a novel IL [TBA][Pic]-induced the aggregates of
vanadium species, in which both the picolinate anion and TBA cation play a crucial
role in stabilizing oligovanadate species. At the initial stages of this work, we took
much effort to synthesize the nano-sized V oxo-cluster by using the functional IL.
Surprisingly, it was found that the peroxy-vanadate acid precursor has been transformed
into the mixed valence oligomeric vanadates in the presence of the IL. The further
results indicated that the oligomeric vanadates existed in the form of the dimer and
trimer, and the oligomeric vanadium species favored the oxidation of carbon-hydrogen
bonds. Notably, the states of vanadium species can be tuned flexibly by changing the

molar ratio of IL and V atoms, which was closely relevant to catalytic activity of
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cyclohexane oxidation. This study provides a key role in the peroxy-bond cleayage,
give HO- radical species for the oxidation of alkane. It also concerns the perspective of
tuning oligomeric states of vanadate anions for such an oxidation reaction. These issues
also deserve to be further explored and can open up a new window to the vanadium

oxidation catalysis.

Experimental Section
Materials

The commercial vanadium pentoxide (V,0s5) was obtained from Ailan (Shanghai)
Chemical Technology Co., Ltd. Tetrabutylammonium hydroxide (25% aqueous
solution) was obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd. 2-picolinic
acid (AR) and various substrates were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Vanadium oxytrichloride was obtained from Bailingwei
Technology Co., Ltd. Tetrabutylammonium acetate ([ TBA][OAc]) was purchased from
Adamas Reagent Co., Ltd. 1-butyl-3-methylimidazolium acetate ((BMIM][OAc]) and
I-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF,] were prepared

according to the standard procedure.?’

Catalyst characterization

The FT-IR spectra were recorded at room temperature on a Nicolet Magna 550 FT-
IR spectrometer. The X-ray diffraction (XRD) analysis was performed with D/MAX
2550 VB/PC using CuKa radiation (A = 1.5406 A) operated at 40 kV and 200 mA (scan
rate: 6 ° min~!; scan area: 5—75°). The thermal stability of catalysts was determined by
TGA method. A Perkin Elmer Pyris Diamond was used for the TGA measurements.
All samples were vacuumed at 60 °C for 1 h to remove the solvent molecules before
TGA. The samples were heated from 40 °C to 800 °C (heating rate: 10 °C min!) under
the flow of anhydrous air (flow rate: 20 mL min!). The elemental analysis of C, H, N
was performed using an Elementar vario EI I[II C H N O S elemental analyzer and the
ICP-AES analysis of vanadium on a Varian 710 instrument, respectively. The melting
point of the IL [TBA][Pic] was recorded with a WRX-2S micro thermal analyzer
(Shanghai INESA Physico-Optical Instrument Co.,Ltd.) The mass spectra of catalysts
were investigated by MALDI-TOF, with a-cyano-4-hydroxycinamic acid as matrix in

H,O0. Electro-Spin Resonance (ESR) spectrum was recorded with a Bruker EMX-8/2.7
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at 298 K. Instrument settings: microwave bridge frequency, 9.8 GHz; microwavg bridg
attenuator, 20 dB; modulation frequency, 100 kHz; modulation amplitude, 5 G; center
field, 3500 G. '"H NMR and '*C NMR spectra were recorded on a Bruker AVANCE
400 MHz instrument (400 MHz '"H NMR, 100 MHz 13C NMR) using D,O as solvents
and TMS as the reference, respectively. 3'V NMR spectra were obtained at room
temperature in D,O on a Varian 700 MHz spectrometer operating at 183.92 MHz. The
vanadium chemical shifts are quoted relative to external VOCI; in CDCI;. The reaction
products were analyzed by using Gas chromatography (GC) [a Shimadzu GC-2014 gas
chromatograph equipped with the RTX-5MS capillary column (30 m x 0.25 mm x 0.25
mm)]. The products were also identified by GC—MS [Agilent 6890/5973 GC-MS
equipped with the HP-5MS column (30 m x 0.25 mm x 0.25 mm)].

Preparation of picolinate IL

Picolinate IL ([TBA][Pic]) was prepared by a careful neutralization of 2-picolinic
acid with 25% aqueous TBAOH solution (1:1 molar ratio) in water at room temperature.
After the solution was stirred for a few hours, followed by drying under vacuum at
60 °C for 1 h, the IL was obtained as a colorless solid at room temperature, but became
a liquid on heating. [TBA][Pic] (m.p.: 37.5 °C), 'H NMR (400 MHz, D,0, Me,Si) &
8.40 (m, 1H), 7.72 (m, 1H), 7.62 (m, 1H), 7.16 (m, 1H), 3.19 (m, 8H), 1.57 (m, 8H),
1.30 (m, 8H), 0.92 (dt, J = 8.0 Hz, 12H). *C NMR (100 MHz, D,0, Me,Si): & 172.93,
153.24, 148.29, 137.93, 125.64, 123.62, 57.99, 23.02, 19.06, 12.76. Anal. Calcd for
Ci9H41NO; ([TBA][Pic]) (333.54): C, 72.5; H, 11.1; N, 7.7. Found: C, 72.4; H, 11.0;
N, 7.7.

Preparation of IL-stabilized vanadium oxo-cluster

First, a clear solution was obtained by mixing V,05 (0.091g, 0.5 mmol) with 30%
hydrogen peroxide (1.0 mL) in an ice bath. Then 5.0 mL of aqueous solution containing
1.0 mmol of ionic liquid [TBA][Pic] was added ([TBA][Pic]/V=1.0). After stirred
several hours, it was heated to 40 ° C and stirred overnight to evaporate water. Finally,
a brown and highly viscous liquid was obtained as V-OC@IL-1. '"H NMR (400 MHz,
D,0, Me,Si) 6 8.77-7.62 (m, 4H), 3.19 (m, 8H), 1.56 (m, 8H), 1.30 (m, 8H), 0.92 (dt,
J=8.0 Hz, 12H). 3C NMR (100 MHz, D,O, Me,Si): 6 172.93, 153.24, 148.30, 137.95,
125.65, 123.63, 58.00, 23.08, 19.07, 12.77. Found: C, 46.9; H, 7.1; N, 5.9; V, 10.6.
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Number of peroxy-bonds: 0.35 per V atom. Similarly, the vanadium oxo-clustgrs Wit
the different molar ratio of [TBA][Pic] to vanadium were denoted as V-OC@IL-0.5,
V-OC@IL-1.5 and V-OC@IL-2, respectively.

V-OC@IL-0.5: "H NMR (400 MHz, D,0, Me,Si) 8 8.77-7.62 (m, 4H), 3.19 (m,
8H), 1.56 (m, 8H), 1.30 (m, 8H), 0.92 (dt, J = 8.0 Hz, 12H). *C NMR (100 MHz, D,0,
Me,Si): 6 172.93, 153.24, 148.30, 137.95, 125.65, 123.63, 58.00, 23.08, 19.07, 12.77.
Found: C, 39.0; H, 6.2; N, 5.1; V, 20.4. Number of peroxy-bonds: 0.25 per V atom.

V-OC@IL-1.5: '"H NMR (400 MHz, D,0, Me,Si) 8 8.62-7.71 (m, 4H), 3.19 (m,
8H), 1.56 (m, 8H), 1.30 (m, 8H), 0.92 (dt, J = 8.0 Hz, 12H). 3*C NMR (100 MHz, D,0,
Me,Si): 6 172.93, 153.24, 148.30, 137.95, 125.65, 123.63, 58.00, 23.08, 19.07, 12.77.
Found: C, 52.8; H, 8.2; N, 5.7; V, 9.5. Number of peroxy-bonds: 0.44 per V atom.

V-OC@IL-2: '"H NMR (400 MHz, D,0, Me,Si) & 8.40-7.17 (m, 4H), 3.19 (m,
8H), 1.56 (m, 8H), 1.30 (m, 8H), 0.92 (dt, J = 8.0 Hz, 12H). *C NMR (100 MHz, D,0,
Me,Si): 6 172.93, 153.24, 148.30, 137.95, 125.65, 123.63, 58.00, 23.08, 19.07, 12.77.
Found: C, 55.4; H, 8.3; N, 6.2; V, 6.3. Number of peroxy-bonds: 0.55 per V atom.

Preparation of K,[VO(0O,),(pic)]

K5[VO(0,),(pic)] was prepared according to the method reported,?® a clear pale
green solution was obtained after heating a mixture of V,0s5 (0.364g, 2.5 mmol) and
KOH (0.494 g, 8.8 mmol) in H,O (5.0 mL). 30% H,0,; (3.4 mL, 5.16 mmol) was added
to this solution, upon which the solution became deep yellow with some effervescence.
The mixture was stirred for 10 min and cooled at 5 °C in a water bath. A solution of 2-
picolinic acid (0.542 g, 4.4 mmol) in ethanol (7 mL) was then added, resulting in a color
change to orange-red with the formation of some yellow precipitate. 2.0 mL of H,O,
was added to dissolve the precipitate and stand for 30 min. Then, 6.0 mL ethanol was
added to the solution, which was then cooled at 5 °C for 3 days, where upon yellow
crystals formed. They were collected by filtration, washed with cold ethanol, and dried
overnight in vacuo. IR: v(CO) 1633 (s), 1590 (vs); v(VO) 948 (vs); v(OO) 867 (vs),
885 (m) cm™!. Anal. Calc. for C¢qHgK,NOoV: C, 21.6; H, 1.2; N, 4.2. Found: C, 21.0; H,
1.3; N, 4.1.

Typical procedure for catalytic oxidation of alkanes
The alkane oxidations were typically carried out in air in thermostated (50 °C) Pyrex

cylindrical vessels with vigorous stirring and using CH3CN as solvent (up to 4.5 mL

6
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total volume). Typically, the IL-stabilized V-OC@IL-1 (0.010g, 0.02 mmol ¥ atomys e 6iiom
was used as a catalyst, the alkane substrate, typically cyclohexane (0.42 g, 5.0 mmol)
was then introduced, and the reaction started when hydrogen peroxide (30 % aqueous
solution, 1.13g, 10 mmol) was added in one portion. The final concentrations of the
reactants in the reaction mixture were as follows: catalyst V-OC@IL-1 (0.0046 mol-L~
1), substrate (1.11 mol-L!) and H,O, (2.22 mol-L!). The reaction progress was
monitored by chromatographic (GC), and the yield of products was determined by GC
analysis using dodecane as the internal standard. After completion of the reaction, ethyl
ether (3 mLx3) was added for extraction. The upper organic phase was reduced by PPhs,
and then used for GC analysis. Thereafter, the lower aqueous phase was evaporated to
recover the catalyst. Quantitative determination of cyclohexane, cyclohexanol,
cyclohexanone was carried out by GC using individual calibration curve method (Fig.
S14-S16), and the correction factors were obtained accordingly. An example of
chromatogram analysis of reaction solution was shown in Fig. S17. The products
obtained are identified via the retention time and quantified via the calibration line as
described above. The experimental data were repeated three times, and the standard

deviations for conversion and yield are within £3%.

Reaction Kinetics
The procedure for investigating the kinetic parameters for the oxidation of
cyclohexane was shown as follows. The concentration of catalyst was constant in all

experiments (0.004 M). In order to examine the effect of substrate concentration on the

Published on 01 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 3:58:37 PM.

rate of oxidation of cyclohexane, the concentration of cyclohexane was varied from
0.222 to 1.556 M, while the concentration of H,O, was 2.22 M. Similarly, the effect of
H,0,; concentration on the rate of oxidation of cyclohexane was investigated through
adjusting the concentration of H,O, from 0.556 to 2.22 M, while the concentration of
cyclohexane was 1.11 M. The other reaction conditions have been given in the figure
captions (Fig. S10 and S11). The reaction was monitored using GC. Oxygenate
formation W, for the kinetic studies were determined from the slopes of reaction
profiles (yield of KA oil vs time) at low yield (Conversion<15%, initial rate method)
according to Equation (1). The activation energy for the process was determined using
the Arrhenius equation based on the calculated rate constants at different temperatures
according to a previously reported method.?*-*° The initial substrate concentration can

be considered to be a constant during the oxidation reaction in a relatively large

7
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concentration range, and thus the activation energy can be obtained by using the initi
oxidation rate W,

W,=(-d[RH]/dt)=d[ROH-+R=0]/dt] (1)
where [RH] denoted the concentration of cyclohexane while [ROH+R=0] total
concentration of cyclohexanol and cyclohexanone as determined by the reduction of

the reaction mixture with PPh;.

Results and Discussion
Preparation and Characterization of V Oxo-cluster

The IL-stabilized vanadium oxo-clusters have been synthesized according to our
previously reported procedure,?® Briefly, the carboxylate IL [TBA][Pic] was firstly
synthesized by a careful neutralization of tetrabutylammonium hydroxide (TBAOH)
and 2-picoline acid at room temperature. Thereafter, the vanadium oxo-clusters were
synthesized by the reaction of vanadium peroxide species with the IL [TBA][Pic] and
designated as V-OC@IL-n, where n represented the molar ratio of the IL to V atoms.

The composition of the as-synthesized oxo-clusters was sequentially analyzed by
elemental analysis, inductively coupled plasma atomic emission spectroscopy (ICP-
AES), potential difference titration of Ce3*/Ce*" and 3'V NMR. The number of peroxy-
bond ranged from 0.25 to 0.55 per V atom in the vanadium oxo-clusters by potential
difference titration of Ce’*/Ce*', suggesting that a trace of peroxy-bonds in these
vanadium oxo-clusters was still reserved (Table 1). In the light of these results, it is
assumed the anion (picolinate) form a layer around the surface of vanadium oxo-cluster,
leading to a center of negatively charge, and thus the cation of IL (TBA) existed at the
outer layer for charge balance. In general, the IL plays a critical role in preventing the

V species from generating the larger aggregates.

Table 1. Physicochemical data of the different vanadium oxo-clusters

Element analysis
C H N V  Peroxy-
Catalysts /% /% /% /% bond/V Color® XRD
V-OC@IL-0.5 39.0 6.2 5.1 204 0.25 Brown amorphous

V-OC@IL-1 469 7.1 59 10.6 0.35 Brown amorphous

V-OC@wIL-2 554 83 62 63 0.55 Red amorphous
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V5,05 - - - - - Yellow - V265 10.1039/D0CY014017

2 All the vanadium oxo-clusters were brown or red viscous liquid while the commercial

V,05 was a yellow powder.

In the next step, a commercial vanadium pentoxide (V,0s) and the IL-stabilized
vanadium oxo-clusters were characterized by using XRD. The IL-stabilized vanadium
oxo-clusters (V-OC@IL-0.5, V-OC@IL-1, V-OC@IL-2) all showed amorphous

structure (Fig. Sla-c). Comparatively, the commercial V,0s5 showed clearly the

characteristic peaks at 15.3°, 20.3°, 21.7°, 26.1°, 31.0°, 32.4° and 34.3°, assigning to

(200), (001), (101), (110), (301) (011) and (310) planes of the a-V,0Os structure,
respectively (PDF # 41-1426, Fig. S1d).>! This result demonstrated clearly that the
incorporation of the IL to peroxy-vanadate indeed changed the structure of the
vanadium oxo-peroxo species, which were completely distinct from the commercial
crystalline V,0s. On the basis of the results above, the chemical properties of vanadium
oxo-clusters, together with V,05 was summarized in Table 1.

The thermal stability of the IL-stabilized vanadium oxo-clusters was then
examined by TG analysis. As in Fig. S2, TGA curves displayed obvious weight losses
of approximately 70.5%, 80.8% and 89.7% between 40 and 800 °C for the V-OC@IL-
0.5, V-OC@IL-1 and V-OC@IL-2, respectively. The thermal degradation of the three

oxo-clusters proceeded approximately with four main degradation steps. The pyrolysis

processes correspond to the loss of peroxygen species (40-96°C); the detachment of

Published on 01 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 3:58:37 PM.

adsorbed water molecules (96—-180°C); the decomposition of tetrabutylammonium

cations (180-400°C); and the degradation of picolinate ligands (400-550°C),

respectively according to previous reports.?%3? After 550 °C, accompanying with the
formation of vanadium oxide, the weight did not lose any more. The residual vanadium

oxide contents closely corresponded to the results of ICP-AES analysis.
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Figure 1. FT-IR spectra (left) and Uv-vis spectra (right) of the IL ([TBA][Pic]) and IL-

d

stabilized vanadium oxo-clusters with different molar ratio of [TBA][Pic] to V. a)

[TBA][Pic], b) V-OC@IL-0.5, ¢) V-OC@IL-1, d) V-OC@IL-2, e) V,0s.

Next, the three vanadium oxo-clusters were characterized by using FT-IR spectra,
respectively. As shown in Fig. 1 (left), the band in sole IL [TBA][Pic] at 2869 and 2950
cm ™! was related to v(C—H) and the band around 1300—1500 cm™' was characteristic
for 3(C—N), which all indicated the presence of the tetrabutylammonium cation.
Besides, the bands at 650—1000 cm™! and 1100 cm'were also attributed to the vibration
of 6(C—H) and C—0O bonds in the IL, respectively.?3 It was seen that the V,05 displayed
a broad band centered at ca. 1000cm™! and 640 cm™!, which can be attributed to v(V=0)
and v,s(V-0-V), respectively (Fig.le, left).3?** For the IL-stabilized vanadium oxo-
clusters, the bands at 1356 cm™! are due to the symmetric of carboxylate groups from
picolinate (Fig. 1b—d, left),?>-37 which were red-shifted, compared to that of carboxylate
group in the sole IL [TBA][Pic] (1394 cm™) (Fig. la, left). Moreover, the bands
assigning to v(C=N) at 1611 cm™! of [TBA][Pic] also red-shifted to 1597 cm™! in oxo-
clusters.??38 The changes of these peaks are caused by the coordination of picolinate
with vanadium site. In addition, a wide band around 3420 cm ™! was assigned to v(O—H)
and a peak at ca. 1650 cm™! was related to the adsorbed water molecules in the oxo-
clusters (Fig. 1b—d, left).3° On the other hand, the large and sharp vibrational peak at
approximately 960—970 cm™! belonged to v(V=0),* which was a red-shift compared
to the commercial V,05 owing to the influence of organic ligand. In the vanadium oxo-
clusters, the new vibrational peaks around 652 cm™! were assigned to be v,(V-0-V),3*
indicating that the polyoxovanadates existed as multinuclear vanadium instead of a
mononuclear form. The new peaks at 455 cm™! of the oxo-clusters were characteristic

for v(V—N) due to the coordination of the pyridine ring and the atom V.32 Furthermore,

10
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the weak vibrational peak around 860 cm™! arising from (O—O) species wgre ,als0s Lo 6iiors
observed in the oxo-clusters. Especially, the peak of (O—O) strengthened gradually
along with the increasing fraction of IL in the oxo-clusters, which revealed that the
introduction of IL enables to stabilize the peroxy-bond ligand. This evidence was also
in very well agreement with the potential difference titration analysis, which showed
that the peroxy-bonds per V atom increased from 0.25 to 0.55 with IL dosages (Table
1).
Then, the vanadium oxo-clusters were subjected to Uv-vis characterization. As

shown in Fig. 1 (right), the electronic bands of the free ligand (picolinate) and the

vanadium oxo-clusters indicated a strong absorption band around 200-265 nm due to

charge transfer within the ligand. The slight bathochronic shift of the band observed in
these oxo-clusters caused by the interaction of the vanadium sites with the
chromophores O—C=0 and C=N, as compared with that of free [TBA][Pic].’® The
characterization of the FT-IR and the Uv-vis spectra strongly suggests that the
coordination of vanadium sites with IL anion (picolinate) occur and the multinuclear
vanadate species be formed.

EPR investigation was carried out to gain a deep insight into the feature of the
valance state of vanadium species (Fig. S3).40-43 A typical of V(IV) 3d! centers, with
eight-line hyperfine patterns derived from the interaction of the free unpaired electron
of V4" and the nuclear magnetic moment of 'V (I = 7/2) can be observed clearly. The
tetravalent vanadium in V-OC@IL-0.5, V-OC@IL-1 and V-OC@IL-2 oxo-clusters

accounted for 39%, 32% and 37% of the total vanadium according to the standard curve

Published on 01 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 3:58:37 PM.

of EPR strength and vanadium (IV) concentration, respectively (Fig. S3b—d). This

reflected that the vanadium species of the IL-stabilized oxo-clusters existed in the form
of a mixed valence state.
Next, >'V NMR spectra were used to examine the chemical environment of the V

sites in the oxo-clusters.*** As shown in Fig. 2, the V-OC@IL-0.5 and V-OC@IL-1

showed three resonance signals, around —420 ppm, —500 ppm and -520 ppm,

respectively, which were all corresponded to oligomeric vanadium sites.3? Besides, >'V
NMR signal of two catalysts were very close to each other (Fig. 2a and 2b), indicating

that coordination environment of V sites did not display obvious changes at low dosage

of IL. However, V-OC@IL-1.5 displayed two resonance signals around —500 ppm and

11
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—575 ppm (Fig. 2¢), and these resonance signals were typical for oxo-vanadates/pocyoi401s

oligomers, but the oligomeric state of vanadium might be different from that at lower

IL dosages. As the IL dosages increased further, the resultant V-OC@]IL-2 showed

three resonance signals at =623 ppm, —652 ppm and —739 ppm, respectively (Fig. 2d).

Comparatively, the chemical shifts of vanadium sites obviously moved to the higher

field, and interestingly the signal at =739 ppm can be assigned to the mononuclear

vanadium complex [VO(O,),(pic)]*.?® Therefore, with increasing amount of IL, more
picolinate could coordinate with vanadium sites, at least partial vanadium species in V-
OC@]IL-2 may exist in the mononuclear form. Based on 'V NMR spectra studies, it
indicated that the oligomeric states of vanadium in the oxo-clusters was strongly
dependent on the molar ratio of IL to V. An increasing dosage of IL may tend to

transform oligomeric vanadium species into mononuclear vanadium complexes.
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Figure 2. >'V NMR spectra of the [TBA][Pic] stabilized vanadium oxo-clusters. a) V-
OC@IL-0.5, b) V-OC@IL-1, c) V-OC@IL-1.5, d) V-OC@IL-2.

Although 3'V NMR spectra revealed that the IL-stabilized vanadium oxo-clusters
(V-OC@IL-n, n=1, 2) might exist in the different forms, the corresponding oligomeric
state was still unclear. To identify the possible structure forms of different vanadium
species, the matrix assisted laser ionization time of flight mass spectrometry (MALDI-
TOF) analysis in the negative mode was subsequently applied to determine the
oligomeric structure of the vanadium oxo-clusters in water. As shown in Fig. S4a and
S4b, the ion center of V-OC@IL-1 mainly appeared at 524.8 m/z, 540.8 m/z and 631.1
m/z, and the ion center of V-OC@IL-2 appeared at 343.0 m/z, 410.0 m/z, 441.9 m/z,
458.9 m/z, 631.1 m/z, the corresponding possible structures are shown in Table S1

12


https://doi.org/10.1039/d0cy01401j

Page 13 of 29 Catalysis Science & Technology

(entries 1-7), which meant that the vanadium of oxo-cluster V-OC@IL-1 exist,in theSrocsomos;
form of a trimer state rather than mononuclear state, while V-OC@IL-2 may exist in

the form of a mix state of both mononuclear and oligomer state of vanadium.

Catalytic Activity

Cyclohexane oxidation was initially adapted as a model reaction to evaluate the
catalytic performance. Firstly, the effects of the H;O, amount and reaction temperature
on cyclohexane oxidation were shown in Fig. S5 and Fig. S6, respectively. It was
observed that two equivalents of H,O, were enough for this reaction, more H,O, had
negative impact on catalytic efficiency (Fig. S5). This is probably due to the
accumulation of water along with the consumption of more H,0,. Nevertheless, an
increase of concentration of water would lower the oxidation rate in the reaction.?®
Besides, with a rise of reaction temperature, the oxidation activity increased and
reached the maximum at 50 °C, but the activity dropped down along with further
increase of temperature (Fig. S6). Obviously, the present reaction only occurred
effectively under the appropriate temperature. Otherwise, an ineffective decomposition
of H,O, was not beneficial for the reaction.

The conversion/time profiles of cyclohexane oxidation over the different V-based
catalysts with H,O, as an oxidant were subsequently examined and then shown in Fig.
3. The mononuclear vanadium complex K;[VO(O,),(pic)] gave very poor activity.
Commercial V,0s, afforded only 13% of total yield in 4.0 h. Notably, the IL-stabilized

vanadium oxo-clusters exhibited much more higher catalytic activity even without

Published on 01 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 3:58:37 PM.

adding any other additives under the identical conditions, indicating that the vanadium
oxo-clusters are preferable to either mononuclear vanadium complex K,[VO(O;),(pic)]
or commercial V,0s. In particular, the V-OC@IL-1 offered the highest catalytic
activity (total yield of KA oil: about 30 %), and both the oxo-clusters V-OC@IL-0.5
and V-OC@IL-1 were much better than other catalysts and enable to complete the
oxidation reaction within 1.0 h, after which the yield of KA oil basically increased no
more. This feature was in accordance with the similar coordination structure of V sites
between V-OC@IL-0.5 and V-OC@IL-1 catalysts, as reflected from the 'V NMR
spectra (Fig. 2a vs 2b). In addition, as the IL/V molar ratio in the vanadium oxo-clusters
was more than 1.5, the total yield of products (A and K) on V-OC@IL-1.5 and V-
OC@IL-2 catalysts decreased to ca. 26 % and 18 %, respectively. These results

demonstrated clearly that with the increase of IL dosages, vanadium aggregates

13


https://doi.org/10.1039/d0cy01401j

Published on 01 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 3:58:37 PM.

Catalysis Science & Technology

transformed gradually from trimer into binuclear and/or mononuclear, which c¢ansed,
decrease of catalytic activity. In other words, the oligomeric vanadium species like
trimer and dimer were much more active than that of the mononuclear vanadium

species in the oxidation of cyclohexane.

Total Yield (%)

——-051 =11
—4A—151 21
—4— V205 —4 K3[VO(Og)z(pic)]

0 50 100 150 200 250
Time (min)

Figure 3. Total yield (KA oil) /time profiles of cyclohexane oxidation reactions over
the different catalysts. Reaction conditions: cyclohexane (5.0 mmol), H,O, (10.0 mmol,

30% aqueous solution), catalyst (0.4 mol%), CH3;CN (3.0 mL), 50 °C.

Interestingly, the initial reaction rate over V,0s was faster than that on V-OC@]IL-
1.5 and V-OC@IL-2, but it levelled off after 60 min and the final yield of KA oil was
only 13%, which was far lower than that of V-OC@IL-1.5 and V-OC@IL-2 (Fig. 3).
To clarify the reason, the amount of residual H,O, was determined by potential titration
after reaction for 1.0 h. As shown in Table 2, either [TBA][Pic] or vanadium complex
K,[VO(O,),(pic)] did not activate H,O, and hardly consume H,O, under the present
conditions (Table 2, entries 2 and 3). The commercial V,0s5 decomposed H,O, very
rapidly and thus gave low yield of products (Table 2, entry 4). In contrast, for the IL-
stabilized V oxo-cluster catalysts, the decomposition of H,O, was inhibited drastically

and enhanced utilization efficiency of H,O, via the coordination of picolinate anion

(Table 2, entries 5-8). Moreover, the decomposition rates of H,O, were also determined

over commercial V,0s5 and the V-OC@IL-1 catalysts for comparison. As shown in Fig.
S7, even in the absence of substrates the V-OC@IL-1 was indeed capable to suppress
the invalid decomposition of H,0,, compared to that of the commercial V,0s. This can
be attributing to the coordination of IL anion with V sites, stabilizing oligomeric

peroxovanadate species. It has been demonstrated that the coordination of the electron-

14
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withdrawing ligand with metal sites played a crucial role in suppressing, th

decomposition of H,O, due to higher the potential energy surface.*

Table 2. Oxidation of cyclohexane with the different catalysts?

Yield/% Residual H,0,
Entries Catalysts A K Total /mmol
1 blank 0 0 0 9.96
2 [TBA][Pic] 0 0 0 9.97
3 K5[VO(O,)y(pic)] 0.8 0.2 1.0 9.94
4 V,05 9.5 3.1 12.6 0.90
5 V-OC@IL-0.5 194 58 25.2 3.71
6 V-OC@IL-1 262 25 28.7 4.05
7 V-OC@IL-1.5 9.7 29 12.6 8.31
8 V-OC@IL-2 4.8 1.7 6.5 9.35
9b V,05 9.7 1.6 11.3 1.75
10¢ V,05 9.8 1.1 10.9 3.30
114 V,05 9.7 3.0 12.7 0.76

a Reaction conditions: cyclohexane (5.0 mmol), H,O, (10.0 mmol, 30% aqueous
solution), catalyst (0.4 mol%), CH;CN (3.0 mL), 50 °C, 1 h. The mass balance for the
cyclohexane oxidation was normally higher than 98%. The standard deviations for
product yield are within £3%. >¢4 [TBA][OAc], [BMIM][OAc] and [BMIM][BF,]

were used as additive, respectively.

Structural Evolution of V oxo-cluster in the Presence of H,0,

IV NMR spectra have been proved a powerful tool to gain more insight of the
possible evolution of active vanadium species in the process of the reaction.*’ Thus the
oxidizing species of the different catalysts were characterized by >'V NMR spectra and
shown in Fig. 4. Briefly, these catalysts (0.1 mmol) was first dissolved in mixture of
H;0, (1 mmol) and D,O (0.5 mL), and then the samples were taken for the
measurement of 'V NMR spectra, respectively. The V-OC@IL-1 in the presence of
H,0, displayed completely different resonance signals from that of the parent catalyst.

The NMR signals of vanadium sites moved to a higher field due to the addition of H,O,
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(Fig. 2b vs Fig. 4a). The original three peaks appropriately at —416.0, —493.3 and<:50804o/00cv014013

ppm have evolved into only two peaks appeared at —598.7 ppm and —665.1 ppm,

assigned to oxo-vanadate oligomers,*® which revealed that the original three types of

vanadium species have been transformed into two types of oligomeric vanadium

species. However, as the V,0s was dissolved in the H,O, (pH~3—4), the resonance

signal at —693.7 ppm appeared (Fig. 4b), which can be assigned to mononuclear
[VO(0,),(H,0)] anion.*® Comparatively, the 3'V NMR signals of the oxidizing species
of K5,[VO(0O,)x(pic)] shifted from the original =743 ppm to around —690 ppm and —730
ppm in the presence of H:0:, respectively, which indicated that the mononuclear

vanadium complex [VO(O,),(pic)]* (=743 ppm) has evolved into its oxidizing species

(Fig. 4¢).?® Thus it can be seen that the oxidizing species of V-OC@IL-1 were
completely different from that of V,05 and K,[VO(O,),(pic)], and the V-OC@IL-1 did
not degraded into a mononuclear vanadium species even under the action of excess

H,0..

-598.7 -665.1

-690.5| |-729.8
c -743.7

0 200 -400  -600  -800  -1000
Chemical Shift (ppm)

Figure 4. >'V NMR spectra of oxidizing species of different catalysts in D,0. a) V-
OC@IL-1, b) V50s, ¢) Ko[VO(O2)x(pic)].

FT-IR spectra and EPR spectra were also applied to investigate the changes of the
V-OC@IL-1under the action of H,O, (Fig. S8). First, the oxo-cluster V-OC@IL-1 (0.2
mmol) was dissolved with 30% H,0O; (2.0 mmol). After the mixture was stirred for 10

min at 298 K, diethyl ether was rapidly poured into the solution to precipitate the
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oxidizing species, followed by washing carefully with a small amount of diethyl etheg
The resultant material was then characterized for the FT-IR (Fig. S8a). Compared with
the fresh V-OC@IL-1, the peroxy-bond in the 860 cm! was significantly enhanced due
to action of H,O,. Besides, the vibrational peaks at 652 cm™! assigned to v,(V-0-V)
still existed, suggested strongly that the V-OC@]IL-1 did not dissociate completely into
a mononuclear form after adding H,O,, and more vanadium peroxy species were
generated in the form of vanadium oligomeric state under the action of H,O,.
Meanwhile, the oxo-cluster V-OC@IL-1 (0.2 mmol) was dissolved with 30% H,0,
(2.0 mmol) and used for EPR test. Interestingly, no any EPR signals appeared (Fig.
S8b), indicating the tetravalent vanadium species in the parent catalyst have been
oxidized to pentavalent vanadium.

In order to identify the possible evolution structure of active species during the
reaction, V-OC@IL-1 (0.02 mmol) was dissolved in 4 mL aqueous solution with 30%
H,0, (0.2 mmol) for mass spectra analysis to determine the structure change of the V-
OC@IL-1 in the presence of H,O, (Fig. S4c). The ion centered at 631.1 m/z still existed,
meantime, new ion centered at 441.9 m/z and 458.9 m/z appeared, possible structures
are listed in Table S1(entries 5—7), which meant that the vanadium of V-OC@IL-1
indeed existed in the form of trimer and dimer coordinated with picolinate, but was not
dissociated into mononuclear vanadium under the action of H,O,. Based on the
characterization results above, it is demonstrated that trimer oxo-cluster V-OC@IL-1
could degrade partially into dimer but not into mononuclear vanadium under the action
of excess H,0O,. Moreover, vanadium dimers and trimers existed in peroxy form are the
actual active species for the cyclohexane oxidation reaction, the result is consistent with
the literature report, dinuclear peroxidovanadates are believed to play an important role

in vanadium-catalyzed oxidations.30:4349

Role of specific IL in Forming Oligomeric Vanadium Species

The IL is an interesting medium for the formation and stabilization of catalytically
active metal or metal oxoclusters.’%-32 The pre-organized supermolecular structures of
ILs can create an external layer around the nanostructure to control the growth of nano-
aggregates and affect the mass transportation.33-> It indicated the size of the aggregates
is strongly dependent on the degree of internal structure of the IL. However, simple
ionic liquids could not provide an effective protection to the nanoparticles against

aggregation. As shown in Fig. 4b, the mononuclear [VO(O,),(H,O)]  anion was
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observed via reaction of the sole V,05 and H,O, under room temperature conditions,s.ocvorio1;

in line with the previous report.*® Sequentially, the common ILs have been used to
confirm if they can induce V,0s5 to form oligomeric vanadium species. Firstly, V,0s5
was dissolved under the action of excess H,O, and then mixed with three common ILs
([TBA][OAc], [BMIM][OAc] and [BMIM][BF,4]), respectively (the molar ratio of
IL/V=1:1). The *'V NMR spectra of the solution were shown in Fig. S9. The results
showed that the chemical shifts of vanadium species in the presence of the three general
ILs showed no obvious change compared to that of the sole V,05 in H,O, (Fig. 4b),
indicating that these ILs did not interact with vanadium sites. The vanadium species
still existed as mononuclear [VO(O,),(H,O)]- anion. In addition, the as-synthesized
vanadium catalysts by using the three different ILs showed almost the same yield of
KA oil in cyclohexane oxidation as that of the sole V,0s-based catalyst (Table 2, entries
4 vs 9-11), which is consistent with the results of 'V NMR spectra. As such, the
common ILs cannot induce to generate the catalytically active oligomeric vanadium
species from V,05 precursor.

To identify the crucial role of the IL [TBA][Pic], further investigation is needed to
clarify whether the dimeric or trimeric assembly of oligomeric vanadium(V)—peroxo
species were formed due to the addition of [TBA][Pic]. It indicated that once IL [TBA]
[Pic] was introduced into the above solution under the similar conditions, MS
confirmed that the dimeric or trimeric assembly of vanadium(V)—picolinate—peroxo
species appeared in the solution. As shown in Fig. S4d, the ions centered at 458.9 m/z
and 631.6 m/z assigning to dimeric or trimeric vanadium species were consistent with
that of oxidizing species of V-OC@IL-1 (Fig. S4c). Besides, if the fresh solution above
was employed for cyclohexane oxidation, the total yield of A and K (around 27.8%)
was almost identical to that of V-OC@IL-1 (around 28.7%). The results indicated
unambiguously that the addition of IL [TBA][Pic] induced to form dimer and trimer
from mononuclear [VO(O;),(H,0)] complexes rather than to form the other
mononuclear vanadium complexes. The role of the present IL enabled the vanadium
species to maintain the appropriate oligomer states without further aggregation. This
may be related to the specific dimensions of the domains of IL itself,33-> along with the
coordination of anion, which leads to generate oligomeric vanadium(V)—picolinate—

peroxo species.

Kinetic Studies and Reaction Mechanism
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The kinetics of cyclohexane oxidation over V-OC@IL-1 catalyst has heg
investigated thoroughly. Prior to kinetic studies, the effects of stirring speed and
catalyst amount on the reaction rate have been screened to exclude the diffusion
restrictions. Stirring speed could be set to be more than 800 rpm, and the concentration
of vanadium catalyst was kept constant (0.004 M) for the kinetics study. Dependence
of the initial rate of oxygenate formation W, on initial concentration of cyclohexane
([cyclohexane]y) and H,0, ([H,0;]y) were shown in Fig. S10 and Fig. S11, which
demonstrated the linearization of W, and [cyclohexane], or [H,O;]y as their initial
concentrations were in a certain range, respectively (Inset). The W, was derived from
the initial rate of oxygenate formation, which was highly dependent on either the initial
concentration of cyclohexane or H,O, (Fig. S10 and Fig. S11). These results implied
that the rate-limiting transition state could not only be involved in the conversion of
cyclohexane, but also in the activation progress of H,O,, which is consistent with the
previous report.'® Additionally, the dependence of the initial rate of oxygenate
formation Wy on the temperature (Arrhenius plots, 303—323 K) was shown in Fig. 5.
The linearity of the Arrhenius plots was examined to determine the activation energy,
which was Ea = 24.4 kJ mol™!. The activation energy obtained is indeed similar to the

previous report on oligomeric vanadium-catalyzed cyclohexane oxidation.*?

35 -3.6
3] 303K a b
-@-313K -3.84
05| A-318K
S -¥- 323K 40
201 )
he} [ ]
S b 2 42
£ 15 - =
® 4.4
£ 10 %
|2 - u
5 4.6
0 T T v T T T -4.8 T T T T T
0 10 20 30 40 50 60 310 315 320 325 330
Time (min) 1000/T (K7

Figure 5. a) Total yield (KA oil)/time profiles of cyclohexane oxidation reactions
catalyzed by V-OC@IL-1 at different temperatures. b) Arrhenius plots for the oxidation
reaction of cyclohexane and H,0,. The observed oxygenate formation W, were
calculated with the initial rates at different temperatures. Reaction conditions:
cyclohexane (1.11 M), H,0, (2.22 M, 30% aqueous solution), V-OC@IL-1 (0.004 M),
CH;CN (3.0 mL).

It was indicated that the cyclohexane oxidation was initiated by free radicals on
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vanadium-based catalysts in the presence of H,O,. Next, it was important to undgerstan;
whether the reaction is a free radical-initiated reaction. As shown in Fig. S12, if the free
radical annihilator 2,6-di-tert-butyl-4-methylphenol (BHT) was added at the beginning
of reaction, the yield to KA oil dropped down sharply, and even the reaction almost did
not occur in the presence of 3 mmol of BHT. Therefore, the catalytic oxidation of
cyclohexane by vanadium oxo-cluster V-OC@IL-1 was most possibly involved a free
radical reaction mechanism.

Some chemical and biochemical systems involving vanadium are also known to
generate hydroxyl radicals.’*->® The spin trap method is widely used for the fixation of
radicals that arise in various chemical and biochemical reactions.’® In order to identify
the possible presence of hydroxyl radicals and their participation in hydrocarbon
oxidations by the V-OC@IL-1, the interaction of nitrone with a hydroxyl radical gives
rise to the formation of the radical adduct. As shown in Fig. 6, a solution containing V-
OC@IL-1 (0.004 M), cyclohexane (0.46 M) and the nitrone (0.05 M) in acetonitrile
after the addition of a 30% aqueous solution of hydrogen peroxide (final concentration
was 0.1 M) exhibited a signal having a triplet structure with g =2.0057 = 0.0002, ay =
13.75 mT and ay? = 2.25 mT in the EPR spectrum. These parameters of the EPR
spectrum agree well with the corresponding values for the adduct of nitrone with
hydroxyl radicals generated in the photolysis of hydrogen peroxide in acetonitrile (g =
2.0054 +0.0002, ay = 15.5 mT and ayP = 2.35 mT).?° Thus, in the light of the results of
free radical annihilator and EPR, it drew a conclusion that V-OC@]IL-1 operates likely
via a mechanism involving in HO- radical species. The present reaction mechanism is
based on the generation of the HO- radicals by formation of HO, adduct with vanadium
complex, and then the HO- radicals react with alkanes to form the oxidation

products.!617-56
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Figure 6. EPR Spectrum of a solution containing N-benzylidene-2-methylpropan-2:5ocyomos;
amine oxide. Reaction condition: V-OC@IL-1 (0.004M), cyclohexane (0.46 M) and
the nitrone (0.05 M) in acetonitrile after the addition of a 30% aqueous solution of

hydrogen peroxide (0.1 M), 50 °C, 20 min.

Recyclability of the catalyst and Substrate scope

The present vanadium oxo-cluster catalysts have some advantages over the
vanadium-based homogeneous catalysts reported in the previous literature.®® They not
only afforded high activity in the oxidation of cyclohexane, but also showed good
recyclability. As shown in Fig. 7, after five recycles, the catalytic activity of oxo-cluster
V-OC@IL-1 decreased slightly. The ICP-AES analysis indicated that trace of V
leaching (26 ppm after 5 cycles) accounted for the decrease of activity rather than the
structure of the catalyst had been changed, as confirmed by the EPR spectrum and 3'V
NMR spectrum of the recovered catalyst (Fig. S13). EPR spectrum of the spent catalyst
displayed the almost same contents of tetravalent vanadium (35 % of total vanadium)
with that of the fresh catalyst (32 % of total vanadium) (Fig. S13a vs S3c), and
meantime the chemical shift of vanadium was basically the same as that of fresh catalyst
(Fig. S13b vs Fig. 2b). These results demonstrated that the catalyst could be regenerated
to its original state in the course of the catalytic cycles. Notably, the IL endowed the
vanadium oxo-cluster catalysts with the good recyclability owing to the particular
properties like such as nonvolatility, immiscibility with weak polar solvent and high
thermal stability etc.
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Figure 7. Catalytic recyclability over V-OC@IL-1 for the oxidation of cyclohexane.
Reaction conditions: cyclohexane (5.0 mmol), H,O, (10.0 mmol, 30% aqueous

solution), catalyst (0.4 mol%), CH3CN (3.0 mL), 50 °C, 1 h.
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The present vanadium oxo-cluster catalyst was not only employed for the oxidation
of sp3 hybrid C—H bond, but also can be extended to the oxidation of aromatic C—H
bonds without any other additives. For examples, a series of hydrocarbons were tested
for oxidation to examine the substrate scope over the present vanadium oxo-cluster
catalyst V-OC@IL-1. As shown in Table 3, the vanadium oxo-cluster catalyst was
active against both cycloalkanes and bridged alkanes (Table 3, entries 1—4). Notably,
in addition to sp® hybrid C—H bonds, the V-OC@]IL-1 catalyst also exhibited a certain
catalytic oxidation for sp? hybrid C—H bonds of aromatic compounds (Table 3, entries
5—8). In addition, due to the - hyperconjugation between the a-position C—H bond of
benzene ring and the « system of benzene, the bond energy of the C—H of the a-position
decreased and the activity of a-H increased, which could lead to the product arisen from
not only the hydroxylation of aromatic ring, but also the oxidation C—H bonds on the
substituted alkyl group. Moreover, the aromatic ring with a strong electron-
withdrawing group like nitrobenzene is inactive (Table 3, entry 9), less than benzene
without any substituent (Table 3, entry 8), while the conversion of benzene homologs
with electron-donating group afforded better results (Table 3, entries 5—7). Especially,
ethylbenzene conversion can reach up to 21.5 % due to the electron-rich ethyl group. It
was worth noting that the selectivity to oxidation of benzylic C—H bond accounted for
72.8%, which indicated that hydroxyl radical was the main oxidation species, because
the presence of free HO- in the oxidation mainly led to the preferential activation of the
benzylic C—H bond.®' Moreover, owing to the electron donating ability of methyl and
methoxy is less than that of ethyl group, the reactivity of toluene and anisole were less

than that of ethylbenzene correspondingly.

Table 3. Oxidation of different substrates with V-OC@IL-1
Entries  Substrates Con./% Products (Sel./%)

12 cyclohexane 30.3  cyclohexanol (86.5), cyclohexanone (13.5)

28 cyclooctane 19.6  cyclooctanol (58.9), cyclooctanone (41.1)

3b norbornane 6.1 2-norbornyl alcohol (80.6), 2-norbornone
(19.4)

4b adamantane 6.0 I-adamantanol (56.8), 2-adamantanone (43.2)

5¢ ethylbenzene 21.5  benzaldehyde (5.2), 1-phenylethanol (13.0),
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acetophenone (54.6), 2-ethylphenol (3:3),103556/m00 014015
ethylphenol (10.4), 4-ethylphenol (13.5)

6° toluene 10.7  benzaldehyde (33.7), 2-methylphenol (31.7), 3-
methylphenol (15.0), 4-methylphenol (19.6)

72 anisole 10.8  benzyl formate (30.5), 2-methoxyphenol (69.5)

8b benzene 6.5 phenol (99.9)

9b nitrobenzene - -

Reaction condition: Substrate (2 mmol), H,O, (4 mmol), V-OC@IL-1 (0.4 mol%),
CH3CN (3.0 mL). 250°C, 4 h;®40°C, 12 h; ¢ 30°C, 12 h.

Finally, the catalytic performance of the present system was compared with that of
the industrial process, as well as the other reported systems in the oxidation of
cyclohexane to KA oil. As shown in Table S2, the yield of KA oil is much higher more
when hydrogen peroxide is used as oxidant instead of oxygen. Besides, the catalytic
performance of the current V-OC@]IL-1 is comparable or even better than some other
reported catalytic systems using hydrogen peroxide as oxidant. The present catalytic
system exhibited the advantages of the shorter reaction time, higher utilization
efficiency of hydrogen peroxide and no additional co-catalyst such as pyridine needed
for the reaction. Especially, the present catalytic system can be recycled and also
applied to the selective oxidation of other alkanes and aromatic hydrocarbons. For
building a more efficient C—H bond oxidation catalysis, precise design to control the

olgomeric states of the vanadium species would be highly promising and is currently

Published on 01 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 3:58:37 PM.

underway in our laboratory.

Conclusion

This work demonstrated that the vanadium oxo-cluster has been developed by the
condensation of peroxo vanadium species in the presence of the functionalized ionic
liquid [TBA][Pic]. The picolinate anion in the IL acted as a ligand to stabilize the
oligomeric vanadium oxo-cluster by coordination with the vanadium sites, while the
cation of IL played the role in balancing charge and tuned the miscibility of vanadium
oxo-cluster in solvents. The as-synthesized vanadium oxo-clusters were highly efficient
for the catalyzing oxidation of cyclohexane with H>O2 as an oxidant. Especially, the
oxo-cluster V-OC@IL-1 obtained approximately 30% total yield of KA oil without

adding any co-catalyst at 50 °C in one hour, which is preferable to commercial V,0s5
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and mononuclear vanadium complex (K,[VO(O,),(pic)]). Furthermore, the strugture, of5 /50 56015

the V oxo-cluster almost reserved and the loss of activity was not obvious even after
five cycles due to a negligible leaching of vanadium species. Notably, the oligmeric
vanadium species are highly dependent on the molar ratio of IL to V atoms, and
especially an excess of IL dosages would lead to producing inactive mononuclear
vanadium species. The fresh V-OC@]IL-1 existed as a main trimer vanadium species,
and it was not degraded into mononuclear vanadium even under the action of excess
H,0, according to the characterization of 3'V NMR and MS spectra. Moreover, the
present V oxo-cluster catalyst was extended for the activation of the sp? hybridized C-H
and aromatic sp? hybridized C-H bond. EPR characterization demonstrated the V-
OC@IL-1 operated via a mechanism of the HO- radical. This work is the first example
of IL-stabilizing vanadium oxo-clusters owing high catalytic activity for the oxidation
of inert C—H bonds. Undoubtedly, the design and construction of the novel oxo-cluster

will open new avenues for achieving redox-active and stable catalysts.
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The specific ionic liquid ([TBA][Pic])-stabilizing the vanadium oxo-clusters exist in
the form of trimer and dimer and were highly active for catalyzing C—H bond oxidation

with H,O, as an oxidant.
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