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Abstract

lonic liquids (ILs), defined as low-melting salts showed great potential in
improving the efficiency of catalytic processes due to their unique
physicochemical properties. The primary reasons of employing ILs in catalytic
processes originated from the facts that ILs have extremely low vapor pressure
as well as excellent dissolving capacity, which afforded them promising
candidates of green reaction media. ILs have been successfully integrated with
an variety of advanced catalytic technologies except for being reaction solvent.
Concerning the atom economy and environmental demand, heterogeneous
catalysis was preferred as a greener alternative to replace the conventional
stoichiometric procedures. Therefore, in this Ph. D. work, taking both the
advantages of IL and heterogeneous catalysis, we intended to develop effective
and recyclable IL-involved heterogeneous catalytic processes for the oxidative
transformation with particular highlights on the specific effects of the involved
IL during the reaction process.

Based on the study of the solvent-free aerobic alcohol oxidation over a
carbon nanotube supported palladium catalyst, IL 1-ethyl-3-methylimidazolium
bis (trifluoromethylsulfonyl) imide ([emim][NTf;]) was introduced in the
reaction mixture as solvent/additive and dramatically improved the catalytic

performances. The enhanced catalytic activity was attributed to the stabilization


http://dict.youdao.com/w/dissolving/
http://dict.youdao.com/w/capacity/

effect of ILs on the active sites-Pd nanoparticles as well as IL’s intrinsic
physical-chemical properties, e.g., electronegativity.

In a parallel work, [emim][NTf,] was applied as a reaction solvent in the
alkene epoxidation over vanadium-exchanged faujasite zeolite catalysts (V-X),
using tert-butyl hydroperoxide (TBHP) as the oxidant. Compared with the
conventional organic solvent such as DMF, [emim][NTf;] significantly
improved the catalytic activity, which was elucidated by examining the
interaction between IL and the components in the reaction, specifically the
hydrogen bonding interaction between IL and t-butabol which is one of the
by-products.

As indicated above, the combination of heterogeneous catalyst and IL as a
reaction solvent has made remarkable progress, while the consumption of a
large amount of IL as a solvent is bound to high cost of the process. Therefore
from the economic point of view, the strategy of reducing the amounts of IL
meanwhile maintaining its unique properties to obtain effective heterogeneous
catalysis was urged to be dewveloped. Recent works have shown several
strategies to synthesize the heterogeneous catalyst with IL directly integrated,
among which the strategy of synthesizing IL-based polyoxometalate (IL-POM)
composites by ion exchange method was studied in our work.

A series of IL-POM catalytic materials were successfully synthesized and



found to be able to effectively transform the cellobiose into levulinic acid (LA)
and formic acid (FA) in one pot with high selectivities in the presence of
oxygen. The IL cation introduced in the hybrid material on one hand acted as
the strong Brensted acidic sites, responsible for their catalytic activity in the
hydrolytic degradation of cellobiose. On the other hand afforded the IL-POM
catalyst high melting point as well as low solubility in water, which can

recrystallize into solid for the ease of recycling catalyst for more runs.
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Chapter 1 Background and Philosophy
1.1 Background and the driving force for applying ionic liquid in

heterogeneous selective oxidation

The first report of the use of an IL as a catalyst/solvent in Friedel-Crafts
acylation was reported in 1986 [1]. However only over the past decade, the IL
in catalysis has experienced a tremendous growth, which can be obviously
found by the explosion of the papers published [2-6]. A number of catalytic
reactions of different types have been successfully performed with IL as a novel
reaction media [4, 5, 7, 8]. The primary thought of applying IL as reaction
media appeared mainly due to their extremely low vapor as one of the most
promising advantages [9]. Nonetheless besides the unique bulk properties
such as low vapor pressure, melting point, viscosity and density, the
microscopic properties of IL received much attention. ILs which are ionic and
highly structured can lead to a distinct chemistry comparing with normal
organic solvents [9]. For example some reactions got accelerated in IL, some of
which even can’t proceed in normal organic solvents. ILs were proposed to play
key role in stabilizing relevant reaction intermediates [10]. In addition the ILs
showing coordination ability or acidity can significantly affect the catalytic
reaction [4, 11]. No matter the bulk or microscopic properties of an IL are

actually decided by its chemical nature, which can be easily adjusted by



changing the combination of cation and anion. Basing all above, ILs obviously
show great potential to improve the present catalytic technologies.

From the standpoints of atom economy and environmental demand, rapid
growing attention has been paid to the development of heterogeneous catalysis
as a “greener” alternative. Several apparent advantages, such as high resistance
to leaching, simple product isolation, good recyclability, and readily availability
from catalyst manufactures in various forms and compositions, make
heterogeneous catalysts extremely attractive in designing an environmentally
clean process [12].

Oxidation reaction as a major branch of chemical reactions is an important
research object in the study of catalysis. Countless organics as important
products or intermediates are obtained by the industrial oxidation processes. To
enhance the yield and efficiency of valuable oxidative products is the main goal
for the development of relevant catalysis.

1.2 Motivation and outline of this dissertation

ILs have been used in oxidative catalysis since 1950s [13]. The studies are
dominated by investigations into homogeneous catalytic systems whereby the
homogeneous catalyst dissolved in IL to form the catalytic phase. It’s once
reported  that bis(acetylacetonato)  nickel(l1)/tetra-n-butylammonium

tetrafluoroborate salt system can be used in the liquid phase oxidation of ethyl



benzene in air yielding ethylbenzene hydroperoxide at atmospheric pressure
[14]. Moreover, bis(acetylacetonato)nickel(11)/(BMI)PFg promotes also the
oxidation of ethylbenzene at atmospheric pressure, showing that the catalytic
ability of the IL involved catalytic systems [15]. Nonetheless, although the
advantages of IL got utilized these homogeneous catalytic systems still can’t
avoid the drawbacks of homogeneous catalysis. By contrast the heterogeneous
catalysis takes the advantages in many aspects such as high resistance to
leaching, simple product isolation, good recyclability, and readily availability
from catalyst manufactures in various forms and compositions [12]. Therefore,
to dewvelop effective heterogeneous catalytic systems becomes a superior
strategy for utilizing both the advantages of IL and heterogeneous catalysis
resulting in obtaining improved the catalytic technologies. Adopting the strategy;,
the combination of heterogeneous catalyst and IL has been preliminarily studied
on several different reaction types [16-25]. Hardacre et al have successfully
conducted a series of studies on the selective sulfoxidation of aromatic or
aliphatic thioethers catalyzed by mesoporous metal catalysts in ILs [18, 26-28].
The advantage of ILs over normal organic, solvents in these reactions were
ascribed to their instrinsic properties, such as the acidity of the imidazolium
cation and the capability of forming hydrogen bonding, which directly affect

the activity and stability of the solid catalyst. Another heterogeneous catalytic



system consisting of Amberlite IR-120 acidic resin containing an old polymer
matrix and IL 1-Butyl-3-methylimidazolium bromide as a solvent effectively
catalyzed the oxidation of aromatic alcohols with urea-hydrogen peroxide at 70
°C [29]. For example when ILs applied as solvent only ambiguous explanations
were given concerning the specific effect of ILs, mainly referring to the
instrinsic properties of IL which some assumptions without further proven were
based on. The large amounts of expensive ILs are needed when they are applied
as solvent, which may cause possible toxicological concerns. Recently
improved strategies were put up by integrating IL and solid together to
synthesize the catalytically effective heterogeneous catalyst, which significantly
cut down the using amount of IL. The concept of supported IL phase catalysis
(SILPC) therefore emerges. The solid SILPC materials are synthesized by
dispersing a small amount of ILs on the surface of a porous solid material and
the homogeneous catalyst as the catalytic component is dissolved in the IL
phase. Wasserscheid’s and Mehnert’s groups first demonstrated the feasibility
for application of ILs in the concept of SILP catalysis [30-33]. In both their
works, a layer of a 1-butyl-2, 3-dimethylimidazolium hexafluorophosphate
solution of catalyst coated support materials were synthesized and tested, which
show good activities and long-term stabilities. In the current stage, in the terms

of the design and the following the investigation of the IL involved



heterogeneous catalytic systems there exist indeed large space to explore.
Therefore our work aims at filling the research gap to investigate novel IL
involved heterogeneous catalytic systems effective for important oxidative
transformations. The substrates of oxidation are extended to alcohols, alkenes,
and biomass. Moreover, besides the instrinsic properties of IL, the emphasis is
put on the specific effect of IL on the improved catalytic activity by carefully
examining the interaction between IL and the components in the reaction
system. In the initial stage, basing on the previous works of heterogeneous
oxidations the IL 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)
imide ([emim][NTf,]) was lead in extra into the used reaction systems as
solvent. The physical&chemical properties as well as the synergistic effect
between IL and the catalysts was carefully studied and elucidated. Following,
IL-based polyoxometalate (IL-POM) composites were synthesized as
heterogeneous catalyst by ion exchange method. The chemical structure of the
introduced cations decides the catalytic behavior of the IL-POM, which was

carefully studied.
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Chapter 2 Literature Review
2.1 lonic Liquid

The interest in ILs has been motivated over the last decade [1-4]. Generally
they are defined as salts that melt at or below 100 <C to afford liquids composed
solely of cations and anions. The history of ILs can be traced back to the 19th
century [5].

The first room-temperature IL [EtNH3][NO3] (m.pt. 12 <C) was discovered in
1914 [6], but interest did not develop until the discovery of binary IL made
from 3-dialkylimidazolium chloride [7].

Generally for most of ILs their cations are organic and anions are inorganic,
which is not contained in the definition. The normal cations and anions are
listed in Table 2.1 [8]. The cations are generally bulky, asymmetric ammonium
or phosphonium salts, or hetero aromatics, with low symmetry, weak
intermolecular interactions and low charge densities. The 1,
3-dialkkylimidazolium salts remain the most intensively investigated.

Table 2.1. Structures and abbreviations for commonly occurring cations and

anions.

Abbreviation R R R’
__N Ne_ . o
R N | /TR [Hmim] H H Me

R’
[mmim] Me H Me



[emim] Et H

[bmim] n-Bu H
[pmim] n-Pent H
[hmim] n-Hex H
[bpim] n-Bu H
[bbim] n-Bu H
[beim] n-Bu H
[bmim] n-Bu Me
[hmim] n-Hex Me
[mPhmim] Me Ph
[bPhmim] n-Bu Ph
[hPhmim] n-Hex Ph
[CoPy]° Et

[C4PY] n-Bu

[CsPy] n-Pent

[CsPY] n-Hex

[C3(SO3H)Py] n-Pr(SO3H)
[bmpy]* n-Bu

[hmpy] n-Hex
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Me

Me

Me

Me

n-Pent

n-Bu

Et

Me

Me

Me

Me

Me



N2,2.2.6 Et n-Hex

R Nis4ag n-Bu n-Hex
n
R_T_R Nasaa n-Bu n-Bu
R Ne6,6,6,6 n-Hex n-Hex
N7777 n-Hep n-Hep
Nsgs.8.8 n-Oct n-Oct
R
n
R—P—R d
| P6.,6,6,14 n-Hex n-Tetradecyl

(0] (0] N
5 lg L g MY

CHsCOO’ [AcO]

N=—N—=N [dca]

a. Abbreviations for di (or tri) alkylimidazolium cations reflect the first letters

of, 3-substituents (and 2 substituents where these are included) followedby

[ b

b. Pyridinium cations are designated by Cyx, where x is the number of

carbonatoms of the alkyl substituent, followed by ‘Py’.
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c. Pyrrolidinium cations are designated in similar manner to imidazolium, ie.,
first letters of N-substituents followed by ‘py’.

d. Tetra-alkylammonium and tetra-alkylphosphonium as N or P, respectively,
followed by subscripted numbers indicating the number of C-atoms of the alkyl
chains. Anion abbreviations are standard symbols for the ions or as indicated.

Typically, the anions are inorganic including [PFe], [BF4], [CF3SOs],
and [(CF3SO3)2N2]". In addition, some organic anions e.g. [RCO2] have also
been introduced recently. As development more affordable alternatives of
cation and anion will arrive on the scene.

The nature of the cation and anion of IL decides its properties. By changing
the structure or the combination of the ions of ILs, their properties can be tuned
according to the varied application need.

2.2 The physical and chemical properties

The low volatility of ionic liquids as a green feature is one of the most
important reasons making them attractive. Besides it, actually ILs possess many
other unique properties, which are reviewed briefly as below.

2.2.1 Vapor pressure
There exists large Coulomb force in the IL. The interaction reaches 100

kJ/mol for the monovalent ions with opposite charges, which is 10 times of that
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of water. Therefore, the IL keeps a very low vapor pressure even at a high
temperature or vacuum degree.
2.2.2 Melting point

The melting point as an important physical property of IL decides the
temperature limit in application. Normally, ILs are low melting liquids. The ILs
whose melting point is below room temperature are the most comprehensively
applied, as called room-temperature ionic liquid (RTIL). When IL got involved
in the reaction, the low melting point can help avoiding the appearance of side
reactions, such as decomposition reaction and disproportionated reaction.

As mentioned in the part of 2.1 ILs are designable by adopting the
combination of the cation and anion. For imidazolium cation-based ILs
increasing the size and asymmetry of cation leads to the decrease of the melting
point as experimental examination [9-11]. Further, an increase in the branching
on the alkyl chain increases the melting-point. However, in contrast the anion
effect is more difficult to rationalize. Recent researchers propose that the
hydrogen bonding effect in ILs may explain the melting points and other
properties of ILs. Consequently, the mutual fit of the cation and anion, in
specific the size, geometry and charge distribution may have a vital influence
on the thermo-dynamic properties of ILs [12].

2.2.3 Thermal stability
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ILs are mostly highly thermal stable and the decomposition temperatures
reported in are generally over 400 °C. The thermal decomposition temperature
decreases as the hydrophilicity of anion increases. The dependence on stability
was reported as: [PFg] > [NTF]" > [BF4] > halides [13]. However recent work
made some revise on the thermal stability of ILs [14]. The fast
thermogravimetric analysis (TGA) scans under a protective atmosphere give the
high decomposition temperatures which actually does not exactly reflect ILs’
long-term thermal stability. For example, Taking 1-alkyl-3-methylimidazolium
hexafluorophosphates for example this IL shows no obvious loss even at 200 °C
after 10h.

2.2.4 Density

lonic liquids tested so far possess larger density than water. The molar mass
of the anion significantly affects the overall density of ILs. With the same
cation the ILs with the anion [Ms;N] have lower densities than those with the
anion [NTF,] [15], which is in agreement with the fact that the molar mass of
[NTF] has a larger molar mass due to the fluorine in the structure. In addition,
the density of ILs appreciably decreases as the temperature increases in the low
temperature range [16].

2.2.5 Viscosity

14


http://dict.youdao.com/search?q=appreciably&keyfrom=E2Ctranslation

ILs normally have higher viscosity than water, which decreases as the
temperature increases. The increasing viscosity of ILs is primarily attributed to
the increased van der Waals forces [17]. As the carbon atoms in the liner alkyl
group increases the viscosities of [Rmim][PFg] and [Rmim][NTf,] series ILs get
larger [10]. What’s more, for 1-alkyl-3-methylimidazolium ILs the branching of
the alkyl chain always leads to the reduction of viscosity.

Hydrogen bonding interaction is another important factor which affects the
viscosity. Changing the anion of several ILs from [NTf] to [Ms;N], the
viscosities significantly increase. This observation has been attributed to the
combination of the decreased anion size, less diffuse charge and large increase
in hydrogen bonding [18]. Additionally, the symmetry effect of the has also
been considered [9-11] the viscosity decreases in the order CI' > [PFg]” > [BF4] >
[NTF].

2.2.6 Polarity and Solubility

The feature that how the interaction happens between the solvent and
solutes, for the molecular solvents, is commonly recorded as the ‘polarity’ of
the pure liquid. In contrast, the polarity of ILs, however, cannot be judged
simply by measuring the dielectric constants as the occasion for molecular
solvents. The precise meaning of ‘solvent polarity’ contains almost all the

possible microscopic properties responsible for all the interactions between
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solvent and solute molecules (e.g. Coulumbic, directional, inductive,
dispersion, hydrogen bonding, electron pair donor and electron pair acceptor
forces). So far, the means of solvatochromic probes are mainly applied to study
the ILs’ polarity. Carmichael and Seddon firstly used a solvatochromic dye

(Scheme 2.1), to perform on a series of 1-alkyl-3-methylimidazolium ILs [19].

0
S NH
/u; Z 0 0 R-N o
Nile red AP: R=H
DAP: R = Me

Scheme 2.1 Solvatochromic dye applied to study the ILs’ polarity.

The 1-alkyl-3-methylimidazolium ILs show that the polarity of these ILs is
comparable to that of short-chain alcohols [19-21]. The zwitterionic Reichardt’s
dye is applied to obtain the most widely used Empirical scale of polarity ET (30)
scale, where ET (30) = 28 592/Amax (in nm) and Amax IS the wavelength
maximum of the lowest energy absorption band of the probe. The
solvatochromic shift of this probe is strongly affected by the hydrogen-bond
donor ability of the solvent, the ET (30) scale is therefore regarded as a measure

of hydrogen-bonding acidity the solvent system.
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Comparing with the polarity of ILs, the solubility of components in ILs is
more comprehensively studied. The interaction between ILs and water is
worthy investigating. In one aspect the water content in ILs might affect the rate
and selectivity of the reaction performed in the media. In another aspect the
solubility of water in ILs is important for their industrial application. The data
about the miscibility of alkylimidazolium ILs with water have been extensively
obtained. The solubility of these ILs in water depends on the nature of the anion
as well as the length of the alkyl chain on the imidazolium cation and
temperature. For the ILs with [omim*] as cation and [BF4]", [CFsCO.]’, [NO3],
[NMs;] and halide as the anions show complete miscibility with water at 25 °C.
However, upon cooling the [bmim][BF4]-water solution to 4 °C, a water
rich-phase separates [9-11].

Moreover, ILs also absorb water from the atmosphere. It has been
proposed that when the concentration of water in ILs is in the range of 0.2-1.0
mol/dm® , the water molecules hydrogen-bonded with anions, which should
mostly exist in  symmetrical 1:2 type H-bonded complexes:
anion---HOH---anion, observing a “free” state [22].

Recently basing on the voltammetric studies it has been suggested that by
adding controlled amounts of water to water-immiscible ILs the

nano-inhomogenity can be generated. Inthe wet ILs the less polar regions could
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allow the neutral molecules to reside in while the ionic species in the more
polar regions. The wet ILs are still homogeneous and could be regarded as
nano-structures with polar and non-polar regions [23].

The solubility of gases in ILs has an important effect on the chemical
processes. In many gas—liquid reactions such as alkylation, hydrogenation,
aerobic oxidation, hydroformylations, and Diels—Alder addition the gas
solubility involves the mass transfer, which might be needed to incorporate into
the reaction kinetic equations [24-31]. Blanchard et al firstly measured the
solubility data of CO; in [Bmim]PFs at 298.2 K and pressures up to 40 MPa
[32], after which a large amount of solubility data of CO; in ILs has been
published. The CO; solubility is proposed to be associated with the kinds of ILs.
It’s reported that as the alkyl chain length of the imidazolium cations increases,
the CO; solubility decreases as the order of [Bmim]BF;>
[hmim]BF;>[ omim]BF, [33, 34]

Solubility data of O, in ILs for example [Bmim]BF4, [bmim]PFs,
[oMIM]NTF,, [hmim]NTf, and [hmpy]NTf, have been measured by many
researchers in the past decade. However how the temperature affects the
solubility of oxygen is still controversial.

Due to the strong hydrogen bonding interaction between the chloride and

the hydroxyl, carboxyl and sulfonyl groups, the cellulose solubility in
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[Bmim]CI reaches 25% under microwave heating [35]. Deng et al has applied
[Prmim]Cl to successfully attract the taurine from its mixture with sodium
sulfate, affording a novel industrial method to separate the taurine [36].

ILs are also capable of dissolving many metal complexes, meanwhile
getting rid of the disturbance of solvation, solvolysis and other side reactions.
Therefore, the ILs could be applied comprehensively in the study of
1\7spectroscopy [37, 38]. In a recent work, the thiourea, thioether and urea
functional groups for modification are introduced in the alkyl chain of the ILs,
which are utilized to extract the transition metal ions [39]. ILs may be the only
solvent capable of dissolving the metal hydride (such as NaH and CaH,),
carbide, nitride, kinds of oxide, sulfide and so on [40].

2.2.7 Acidity, basicity and coordination ability

Chloroaluminate ILs have a typical property that their Lewis acidity can be
manipulated by altering its composition, since Cl is a Lewis base and [ALCE]
and [AlCho]  are both Lewis acids.

The Raman spectra of the [Bpy]CLAICkL and [Bmim]CLAICLk [41], along
with bthe 2’ Al NMR spectra [42-45] indicate that when the X (AICk)< 0, the
anion [AICl, ] and the free CI' take the majority, the IL is basic; when X
(AICkL)> 0, there mix the [ALCE] dimer and [ALCly ] trimer, the IL exhibits

acidity; when X (AICk)= 0.5, the IL is called neutral. The 2’ Al NMR results
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also show that when X(AICl;) < 0. 67, there don’t exist the AICk or ALCls in
the [omim]CLAICk [42].

lonic liquids are usually described as innocent, or rather non-coordinating.
However, the fact that these so-called non-coordinating ionic liquids very
clearly do coordinate to the metal center reveals that the nature of coordination
in an ionic liquid in comparison to a molecular solvent that can have profound
effects in catalytic chemistry.

Table 2.2 Coordination characteristics of various anions.

Strongly coordinating Weakly Non-coordinating

coordinating

cr Ac AlCly ALCl
NO3" CuCl,  SbFg AkClig

SO4* BF4 CuCl
PFe CusCly”

The coordination ability is associated with the acidity /basicity, mainly
determined by the anion of IL and some common anions are summarized in
Table 2.2 [46].

2.3 lonic liquid in catalysis
Due to the unique physical and chemical properties reviewed in section 2.2,

ILs show great potential for developing the present catalytic technologies. They
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are applied in catalysis through various routes, interfering directly the catalysis
process or assisting synthesizing the catalysts. In the following | mainly review
IL directly interfering catalysis as distinct application ways. The effect of ILs in
catalysis is tightly associated with their instrinsic properties.
2.3.1 lonic liquid as solvent

One of the most promising advantages that ILs have extremely low vapor
pressure initially evokes great interest of chemists, making ILs as greener
alternatives to volatile organic solvents. The other physical and chemical
properties reviewed in section 2.2 also indicate that ILs are superior choice as
reaction solvent. An important issue considered for a solvent in catalysis is the
solubilities of distinct reaction components in it, such as substrate, product and
catalyst and so on. A broad spectrum of inorganic, organic and polymeric
materials have adjustable solubilities in ILs, some of which immiscible with
numerous organic solvents can dissolve well in ILs. Especially organometallic
compounds have excellent solubility in ILs thus catalytic studies in ILs have
been dominated by investigations into homogeneous catalytic systems whereby
the IL immobilizes the catalyst and affords good separation of the solvent—
catalyst system from the products. The first time that ILs applied as solvent for
the homogeneous catalysis were reported in 1990 by Chauvin et al. and Wilkes

et al. separately. The group of Chauvin reported a nickel catalyst dissolved in
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acidic chloroaluminate melts, which catalyzed the dimerization of propene [47].
While for Wilke’s group, the same type IL was applied to dissolve the
Ziegler-Natta catalyst to catalyze the dimerization of ethylene [48]. Following
the synthesis of novel types of ILs opened up a more comprehensive application
of ILs as solvent for homogeneous catalysis. What’s interesting, although ILs
can be regarded as innocent, in some occasions ILs may interact with the
catalyst resulting in forming distinct catalytic species compared with the
original ones, which is tightly associated with the chemical nature of ILs. The
coordination between ILs and the metal center of the catalyst does occur and
profoundly affects the catalytic chemistry. The coordination ability as reviewed
in section 2.2 is mainly determined by IL’s anion. For example Strauss and
co-workers once employed NTf,” as a weakly, which is a common anion of
ionic liquid, coordinating anion in the study of non-classical metal-carbonyl
complexes [49]. Moreover, cations of ILs occasionally are able to act as ligand
also affect the real catalytic species. The first evidence that the imidazolium
based ILs could be generating an entirely new catalyst in situ, came from the
observation that the Heck reaction proceeds more efficiently in [C4C1im]Br
than [C4C1im][BF4] [50]. Xiao and co-workers [50] has isolated the
complexes[PdBr,/(C4Ciimy),] and  [Pd2(-Br),Bro(Cs  C1imy)2](C4Cyimy:

1-butyl-3-methylimidazolylidene) from the [C4C1im]Br solution. The formation
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of a mixture of the palladium carbene complexes, as indicated by the
characteristic chemical shifts of the olefinic protons of the ylidene ligands in the
1H spectrum and those of the carbene carbons in the **C NMR spectrum. In
sharp contrast, in [C4C1im][BF4] under the same conditions no such carbene
species were yielded that were detectable in the *H NMR spectrum. Indeed the
formation of in-situ NHC metal complexes in imidazolium based ionic liquids
is possible. This possibility should be considered when the unexpected
reactivities or catalyst stabilities are observed. What’s more due to the unique
properties, IL itself is found to be capable of catalyzing the reaction without the
existence of catalyst then they can be regarded meanwhile as a catalyst. Some
studies demonstrate that the ILs are capable of being hydrogen donors.
Srinivasan et al. proposed the formation of a hydrogen bond between an ionic
liquid’s cation and the carbonyl group ofan anhydride to explain the acetylation
of alcohols [51]. MacFarlane et al. have also studied the acetylation of alcohols
and proposed that the anion of their ionic liquids is acting as a base catalyst in
the acetylation of alcohols, but have not studied the effect of the cations [52]. In
some cases IL catalyze the reaction by part of ions. For example the acidic
chloroaluminate (I11) ionic liquids offers a high concentration of [ALCI] along
with the good solubility of simple arenes, which makes them ideal solvents for

electrophilic aromatic substitutions. Ina study of the alkylation of benzene with
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benzyl chloride in acidic [C,C1im]CFAICI the ionic liquid system was found
to be highly active and selective [53].
2.3.1.1 ILs as solvent combined with heterogeneous catalyst

Nonetheless, although the advantages of IL got utilized these homogeneous
catalytic systems still can’t avoid the drawbacks of homogeneous catalysis. By
contrast the heterogeneous catalysis takes the advantages in many aspects such
as high resistance to leaching, simple product isolation, good recyclability, and
readily availability from catalyst manufactures in various forms and
compositions [54]. Therefore, to develop effective heterogeneous catalytic
systems becomes a superior strategy for utilizing both the advantages of IL and
heterogeneous catalysis resulting in obtaining improved the catalytic
technologies. Adopting the strategy, the combination of heterogeneous catalyst
and IL has been preliminarily studied on several different reaction types [55-64].
C. Hardacre et al have successfully conducted a series of studies on the
selective sulfoxidation of aromatic or aliphatic thioethers catalyzed by
mesoporous metal catalysts in ILs [57, 65-67]. The advantage of ILs over
normal organic , solvents in these reactions were ascribed to their instrinsic
properties, such as the acidity of the imidazolium cation and the capability of
forming hydrogen bonding, which directly affect the activity and stability of the

solid catalyst. Another heterogeneous catalytic system consisting of Amberlite
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IR-120 acidic resin containing an old polymer matrix and IL
1-Butyl-3- methylimidazolium bromide as a solvent effectively catalyzed the
oxidation of aromatic alcohols with urea-hydrogen peroxide at 70 °C [68]. For
example when ILs applied as solvent only ambiguous explanations were given
concerning the specific effect of ILs, mainly referring to the instrinsic
properties of IL which some assumptions without further proven were based on.
2.3.2 lonic liquid-based hybrid material
2.3.2.1 IL modified polyoxometalate

Bourlinos et al firstly reported a derivative liquid hybrid material of the
H3PW12040 (12-tungstophosphoric acid) by partial exchange of the surface
protons of the POM core cluster by a bulky PEG-containing gquaternary
ammonium cation [69]. The POM salts show several advantages over the
corresponding POM such as zero vapor pressure, good thermal stability and
higher ionic conductivity. Further, a POM based IL hybrid material was
synthesized by pairing of a Keggin or Lindgvist polyoxometalate (POM) anion
with an appropriate tetralkylphosphonium cation. The material has lower
melting point than ILs meanwhile keeps the unique properties of ILs, such as
the good thermal stability and conductivity, on another aspect, also shows the
properties of POM [70]. Although relevant works reported were limited, this

kind of hybrid material possessing both the advantages of the POM and IL, has

25



shown application potential in catalysis [71-78]. POMs are a type of intriguing
catalysts that can be applied for wide range of technologically relevant
applications owing to reasonably high thermal stability, and reversible electron
transfer ability under mild conditions. Although homogeneous catalysis
provides high catalytic efficiency in m any cases, they suffer from difficult
catalyst recovery and separation. Furthermore, one of the major difficulties that
largely restrict POMs in industrial application is the severe deactivation of the
acid sites by water. Indeed, most solid acids lose their catalytic activity in
aqueous solutions. As such, the dewvelopment of easily recoverable and
recyclable POM-based catalysts is required in practical application in industry
and so heterogeneous catalysis is preferable. Solidification especially with the
assistance of IL is an important strategy to heterognize the POM material in the
reaction condition. As reported in some works the solidficated hybrid has
another significant feature that it could dissolve at an elevated temperature
while separates from the reaction system automatically, which makes the
separation of the catalyst facile. Except for the heterogenization of the POM,
it’s found the hybrid as obtained through the introduction of the IL cation even
shows an improved catalytic ability.

It’s suggested that the crystal structure of POM is rearranged by introducing

the organic IL cation, involving the self-assembly of cations and anions through
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the microscopic interaction for example the electrostatic interactions, hydrogen
bondings and Vander Waals force. The metal species in the bulk of the hybrid
still act as the active centers. On another aspect the cavities developed among
cations and anions of this self-assembled macrostructure may allow the
permeating of substrates into the bulk of the catalyst structure [79].

Another work reported the enhanced catalytic activity of the the Venturello—
Ishii POM H3PW1,040 modified by the imidazolium cation with amimo group
comparing with the POM [80], which is mainly attributed to the bonding
between the terminal oxygens of PW and amino groups without degrading the
intramolecular W—O-W bonds.
2.3.2.2 Supported IL phase catalysis (SILPC) material

Although the homogeneous catalysts in ILs usually present the advantages
of high catalytic activity and good selectivity, however, their widespread use in
catalytic processes is still hampered by several practical drawbacks, such as
product isolation, catalyst recovery. Moreover the homogeneous catalytic
process costs large amount of expensive ILs, against economy-practising and
green princples. SILPC concept has been established to overcome these
drawbacks. The SILPC combines the advantages of ILs and heterogeneous
catalysis, such as the designability, good “solubility” of the catalytically active

species, ease of handling, separation and recycling. In SILPC materials, a small

27



amount of ILs is dispersed on the surface of a porous material. Generally, the
SILPC materials are composed of three parts including the porous support
(@lumina, silica or active carbon), the ILs (always a thin layer on the support
surface), and the catalyst (nanoparticles or metal complexes). Among the
reported studies, Wasserscheid’s and Mehnert’s groups first demonstrated the
feasibility for application of ILs in the concept of SILP catalysis [81-84]. In
both their works, a layer of a [C4C4im][PF¢] solution of catalyst coated support
materials. The catalysts showed high reactivities and good long-term stabilities.
Similar SILPC materials have been developed by dipping the porous support in
the ILs containing the metal complex. However, the leaching of the ILs and
metal-complex urges the strategy that covalent anchoring the IL and the solid
support. In a further development, Mehner et al. [85] went on to anchor the
cation of the onic liquid to the support by preparing
1-butyl-3-(3-triethoxysilylpropyl)-4,5-dihydoimidazolium chloride and reacting
it with the basic surface of silica gel. As the development of the SILPC, the
chemical bonding of the dialkyl imidazolium cation to a solid surface may limit
the degrees of freedom of the dialkyl imidazolium cation and even change the
physicochemical properties of the ILs. In 2005, a new concept of designing and
synthesizing SILPC material was developed for the first time by Deng’s group

[86]. The physical encapsulation of ILs or ILs containing metal complex into
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the pores of the porous silica gels through a sol—gel process. Carbonylation of
aniline and nitrobenzene for the synthesis of diphenyl urea, carbonylation of
aniline for synthesis of carbamates, and oxime transformation between
cyclohex-anone oxime and acetone were used as test reactions for these novel
SILPC materials. Catalytic activities were remarkably enhanced with much
lower amounts of ILs needed with respect to bulk ionic-liquid catalysts or
silica-supported IL catalysts prepared with simple impregnation.
2.3.2.3 Solid catalysis with ILs (SCIL) material

Solid catalyst with ionic liquids (SCILs) is a different concept with
Supported IL phase catalysis (SILPC). Solid catalyst uses a free flowing IL to
coat the surface of a ready-synthesized solid catalyst. The solid catalyst here is
a ready-made heterogeneous catalyst but not an inert support used to
immobilize the homogeneous catalyst by the IL. Or rather homogeneous
catalyst is not involved in the SCIL concept. The introduction of IL in SCIL is
aimed at enhancing the activity/selectivity of the original solid catalyst by the
coating of IL. There have been several reports showed the improve effect by
leading in IL.

The Mukaiyama-aldol reaction between an aldehyde and a silyl enol ether
proceeded very well in water using silica-supported scandium (SiO»-Sc) coated

by a hdrophobic IL, [DBIm]SbFs, while the reaction proceeded sluggishly using
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the catalyst alone without IL coated under the same reaction conditions. The
selectivity enhancement was observed in the organic reactions in water
catalyzed by a silica-supported sulfonic acid (SiO2-SO3sH) with a hydrophobic
IL, [CsMIMINTF, [24].
2.3.2.4 lonogel

For material applications there’s a challenging need of immobilizing ILs in
solid devices, while keeping their unique properties. Except for the SILC
reviewed in part 2.3.4.2, another novel way of immobilization is to form a
three-dimensional network percolating throughout, resulting in obtaining the
solid material, which is called ionogel.

lonogel as a new class of material, hybridizing IL with another component,
which may be organic, inorganic or hybrid organic—inorganic. The main
properties of ILs except the outflow are preserved, which enlarges the array of
their applications. Inaddition some properties of the IL may be modified due to
the confinement; conversely the properties of ILs also influence the building of
the solid network.

In 2001 Kimizuka et al. [87] reported the gelation of ether-containing ILs by
the addition of L -glutamic acids or carbohydrates such as b-D-glucose,
a-cyclodextrin. It was observed that fibrous nano-structures had formed which

was attributed to strong interactions between carbohydrates and ether groups.
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Shinkai used a cholesterolbased compound known to aggregate by
one-dimensional stacking of the cholesterol moieties [88]. Yanagida and
co-workers reported ionogels arising from an imidazolium IL and
N-benzyloxy-carbonyl- l-isoleucyl aminooctadecane as a gelator [89].

These examples above all applying the low molecular weight gelators as the
component exluding the ILs, are firstly reported ionogels. Moreover, some
inorganic components are also adopted such as silica particles or carbon
nanotubes. The gelation of ILs in the presence of silica nanoparticles was first
used by Graetzel to prepare thermally stable quasi-solid electrolytes [90]. Later
on, Honma synthesized gels with 10 wt % of [C4MIm][TFSI] and proved the
importance of particle size on gelation [91]. In 2003, Aida and Fukushima [92]
found that single walled carbon nanotubes (SWNTs) could be easily dispersed
in imidazolium ILs, where heavily entangled bundles of carb on nanotubes were
exfoliated to give highly dispersed, much finer bundles. Through the observed
phase transition and rheological properties it’s suggested that the gels were
formed by physical cross-linking of the nanotube bundles, mediated by local
ordering of the ILs.

lonogels enlarge the application potential of ILs in many key areas. The
applications range from solid electrolytes to drug release to catalysis, basing on

the intrinsic properties of ILs, such as ionic conductivity, drug activity and
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solvent ability. By selecting the combination of the anion and cation of ILs the
properties of ionogels can be adjusted. The study of solar cells is still in the
sustainable development since which has to be faced with the challenge to
harvest solar energy with a high yield challenging. The ionogels obtained by
mixing silica nanoparticles as “gelator” to solidify IL-based electrolytes
resulted in enhanced performances of dye sensitized solar cells (DSSCs). In
2003 such ionogels were applied to DSCCs based on a ruthenium polypyridyl
photosensitizer leading to 7% efficiency at AM 1.5 sunlight [93]. Additionally
ionogels have also been applied in other energy fields such as Lithium-ion
battery and fuel battery.

Except for the application in energy field, it’s found that ionogels show
potential in catalysis as an alternative nanoreactor system.

Silica based ionogels containing two interpenetrated networks (silica and IL)
allows free transport of reactants and products through the liquid phase, while
ILs are well confined due to the small pore size of the silica material. Deng et al.
synthesized ionogels loaded with Rh(PPh3);Cland Pd(PPhs),Cl as the catalyst
which gives enhanced catalytic performance of the carbonylation of aniline into
ureas and carbamates [94]. Pd salts were also encapsulated in silica based
ilonogels and applied as an effective catalytic system without leaching for Heck

coupling reaction [95].
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Chapter 3 Techniques of Characterization, Synthesis, and Catalytic oxidation

In the research of catalysis, characterization techniques are indispensable
to investigate the physical and chemical properties of catalysts, such
as bulk and local structure, morphology, and chemical compositions, which
directly effects the catalytic behaviors. Characterizing the catalysts on a
molecular/atomic level before and after the reaction may reveal the catalytic
process, which further illustrates the catalytic mechanism. In addition the
design and modification of catalyst or the catalytic system with
improved performance can be conducted more rationally and readily.
Therefore understanding the fundamental concepts of the
characterization techniques is absolutely necessary to appropriately
take their advantage, which will be briefly described in this
chapter as well as the synthesis methodologies of catalysts in this thesis.
3.1 Characterization techniques
3.1.1 Characterization of catalyst morphologies and structures

X-ray diffraction (XRD) basing on the elastic scattering of X-rays from the
electron clouds of the individual atoms in the system, can afford the information
helping to identify and characterize the crystallographic structure, crystallite
size (grain size), and preferred orientation in polycrystalline (e.g., metal

crystallites [1]) or powdered solid samples with ordered structure (e.g.
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zeolites [2] and polyoxometalate [3]). The position (corresponding to lattice
spacing) and the relative intensity of the distinctive diffraction pattern indicate a
particular phase and material, providing a "fingerprint” for comparison.

In this thesis, powder XRD measurements were conducted on a Bruker AXS
D8 X-ray diffractometer (Cu Ka, A=1.5406 A, 40 kV, 30 mA) under ambient
conditions. Diffraction data were collected with a resolution of 0.02° (20) in
the angle range 5-40 Prior to test, samples were dried at 373 K overnight.

Scanning electron microscope (SEM) is applied to directly observe the
catalyst morphologies and structures. In this PhD work, the SEM image was
obtained on a JEOL Field Emission Scanning Electron Microscope
(JSM-6700F-FESEM). Prior to the measurements, the samples were deposited
on a sample holder using an adhesive carbon tape and then decorated with gold
through sputtering.

Transmission electron microscopy (TEM) enables the direct observations on
the aggregation state, size, morphology and structures, which are the first
concerns of nanosized materials. Metal nanoparticles, especially those
consisting of noble metal elements, give high contrast after dispersed on thin
carbon films. Owing to a rapid improvement in high-voltage electron beam
technique, high resolution TEM (HRTEM) can now provide information not

only onthe particle size and shape but also on the crystallography of mono- and

42



bi-metallic nanoparticles, giving the atom arrangement and atomic-scale
defects in the specimen. In this thesis, TEM was performed on a JEOL
JEM-2010, operated at 200 kV. The samples were suspended in ethanol and
dried on holey carbon-coated Cu grids. The mean particle diameter was

calculated from the mean frequency distribution by counting ca. 200 particles

Z n, -d,

n.

1

according to: d = where X is the sum of i over the entire sample,

n;j is the number of particles with particle diameter d; in a certain range. The

corresponding root mean square error ¢ was determined using the following

> n,(d —d)’
z n, —1 '

Solid-state NMR (SSNMR) spectroscopy is a kind of nuclear magnetic

statistical expression: o(d) = \/

resonance (NMR) spectroscopy, characterized by the presence of anisotropic
(directionally dependent) interactions. As the supplementary technique of XRD,
the solid NMR is capable of rewvealing the structure change of those
undissovable solid samples. For the zeolites it’s difficult to study the structure
by conventional techniques since as microcrystalline they typically contain four
10-electron atomic species (Si**, AP*, 0%, and Na®). While the solid NMR
technique zeolite is applied as a powerful structural tool to monitor all
elemental components of such frameworks [4].

In this PhD work, 29Si MAS NMR spectra were recorded on a 400 MHz
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Bruker spectrometer. Prior to the measurements the catalysts were carefully
dehydrated at 373 K in vacuum and filled into the NMR rotors under dry
nitrogen gas in a glove box.

3.1.2 Characterization of catalyst active sites

Inductively Coupled Plasma (ICP) technique was applied to determine the
metal contents. The samples containing metal components (both organic
mixture and the solid samples), an appropriate amount of sample is taken then
digested with nitric acid (69 %) at 120 °C overnight before the ICP test. The
Perkin-Elmer Dual-view Optima 5300 DV ICP-OES (Optical Emission
Spectrometry) system is applied in this work.

Basing on the phenomenon that a molecule will undergo electronic
transitions when it absorbs or reflect light in the ultraviolet (UV) and visible
(vis) ranges, the UV-vis spectroscopy has been comprehensively applied, such
as determination of the oxidation state of a metal center [5], detection of eluting
components in high performance liquid chromatography (HPLC) [6], or
determination of the maximum absorbance of a compound prior to a
photochemical reaction [7]. A UV-vis spectrum is obtained by plotting the
absorbance of energy against the wavelength. The reflection mode of UV-vis
spectroscopy has been proved to be the simplest but a powerful method for

characterizing metal supported zeolites catalysts [8] [9].
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In this PhD work, to examine the local environment of metal incorporated
into the framework of zeolite, diffuse reflectance UV-vis spectroscopy was used
and recorded ona VARIAN 5000 UV-vis-NIR spectrophotometer with a diffuse
reflectance accessory. The spectra were recorded in the range of 200-800 nm at
room temperature with BaSO, as a reference. All samples were dried at 373 K
overnight before performing the test.

X-ray photoelectron spectroscopy (XPS) is a powerful tool in the
quantitative and qualitative analysis of the surface composition and structures
of catalysts, which are indispensable to elucidate the catalytic properties. In this
thesis, XPS measurements were performed on a VG Escalab 250 spectrometer
equipped with an Al anode (Al Ka = 1486.6 eV). The background pressure in
the analysis chamber was lower than 110" Pa. Measurements were performed
using 20 eV pass energy, 0.1 eV step, and 0.15 min dwelling time. The
correction of the binding energies (BE) used the C;s peak of adventitious C at
284.6 eV. The background contribution caused by inelastic process was
obtained by Shirley method and subtracted. The curve fitting was done with a
Gaussian-Lorentzian function to deconvolute the overlapped peaks.

Vibrational spectroscopy such as Raman has often been used to probe the
molecular structures of supported metal oxides; a large amount of information

has been obtained for the supported metal oxide catalysts. Ultraviolet Raman
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spectroscopy has been proved to be a powerful technique for the study of
catalysts and other solids [10, 11], especially for the identification of isolated
transition metal atoms substituted in the framework of molecular sieves [12]. In
this thesis, the supported zeolite catalysts were studied by Raman spectroscopy
in order to identify the structure of the metal incorporated into the silica
framework. Raman spectra were collected on a Renishawin Via Raman system
with a 325 nm laser as the excitation source. A laser output of 30 mW was
employed and the maximum incident power at the sample was approximately 6
mwW [13].

Fourier Transform Infrared (FTIR) Spectroscopy is of the most useful for
identifying types of chemical bonds (organic/inorganic), and quantitatively
determining the components or consistency of a mixture. In FTIR measurement,
an IR spectrum of absorption, emission, photoconductivity or Raman scattering
of a solid, liquid or gas molecular is obtained when IR radiation is passed
through, creating a unique molecular fingerprint of the sample. Moreover, the
surface chemistry of catalyst can be studied by introduction of adsorbed small
molecules, particularly carbon monoxide (CO), which can be easily adsorbed
on metals. The wavenumber and adsorption mode of adsorbed CO primarily
depend on the metal and surface structure. For bimetallic nanoparticles, the

surface micro-structure can also be elucidated.
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In this thesis, FTIR spectra were recorded on a PerkinElmer Spectrum One
FT-IR spectrometer at room temperature (4000-450 cm'?, resolution of 1 cm™).
The sample was pressed into pellet with KBr and placed into an in situ IR cell
with CaF, windows. After alignment, the sample compartment was subjected to
a thermal pretreatment under a helium atmosphere at 393 K for 2h to remove
the moisture. The data was collected at room temperature (resolution of 1 cmt).
Diffuse Raman Supported metal oxide catalysts consist of a two-dimensional,
active surface metal oxide phase that is fully dispersed and chemisorbed onto
the surfaces of high surface area oxide supports (e.g. alumina, titania, silica,
etc.).

Nuclear magnetic resonance (NMR) is a physical phenomenon in which
nuclei in a magnetic field absorb and re-emit electromagnetic radiation. This
energy is at a specific resonance frequency which depends on the strength of the
magnetic field and the magnetic properties of the isotope of the atoms. The
NMR techniques are comprehensively applied in the characterization of the
catalyst which can be dissolved and kept unchanged in the structure.

In this thesis, *"H NMR spectra were obtained at Bruker AV300, using D0
as solvent. The °*VV NMR spectra were recorded on a JEOL ECX-400 MHz
using dimethyl sulfoxide-ds(DMSO-ds) andCDCl; as solvents.

3.2 Synthesis methodologies
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3.2.1 Materials

Multi-walled carbon nanotubes (MWCNT) was purchased from Cnano
Technology Ltd (purity: 97.1%, SBET : 241 m?/g, bulk density: 0.05 g/cm?®).
PdCL (99%), HNO3 (69%), HCI (36%), H2SO4 (98%), diethyl ether (>99%),
1-phenylethanol (98%) and dodecane ( > 99.8%) were provided by
Sigma-Aldrich.

lonic liquids 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide [emim][NTf,], 1-butyl-3-methylimidazolium
bromide [bmim]Br and Nafion solution (5 wt.% in isopropanol) were purchased
from Regent Chemicals Pte Ltd. All chemicals were used as received without
further purification.

cis-Cyclooctene (95% stabilized, Acros Organic), dimethylformamide
(A.C.S. Reagent, J.T. Baker), tert-butyl hydroperoxide (70% in water, Fluka),
were employed as received without further purifications. ILs, [emim][NTf,] and
[bmpy][NTF,] were purchased from Merck.

All  chemicals including pyridine (99%), triethylamine (99%),
1-methylimidazole (99%), 1, 4-butane sultone (99%), silicotungstic acid (AR),
phosphotungstic acid (AR) and phosphomolybdic acid (AR) were purchased
from Sigma-Aldrich or Fluka and used without further purification.

3.2.2 Synthesis of V/X
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Firstly, two grams of NaX faujasite zeolite was weighted and put into a
flask and 50ml DI water was added in to the flask which was around pH=11.
Next, a measured amount of 3 wt.% vanadyl sulfate (basing on NaX faujasite
zeolite) was dropped into the flask. Keep stirring overnight, the mixture was
filtered and dried in 403K. Then, the vanadium ion exchanged NaX zeolite
were synthesized and named as V-X with the vanadium loading of 2.66 wt.%.
3.2.3 Synthesis of PA/CNT

The pristine MWCNT was pretreated with concentrated HNO3 at 120 °C for
2 h to remove the amorphous carbonaceous and metallic impurities as well as to
introduce surface oxygen functional groups. Palladium catalyst supported on
MWCNT was prepared by an adsorption-reduction method with a Pd loading of
1 wt.%: 375.9 uL of H,PdCl, (0.05 M) aqueous solution was added to 0.2g of
acid-pretreated MWCNT suspended in 20 ml of DI water, followed by vigorous
stirring at 80 °C for 5 h. The catalyst, donated as Pd/CNT, was obtained by
filtering, washing with DI water, and drying at 60 °C overnight. The catalyst
was activated in a Hz flow of 20 ml/min at 400 °C for 2 h.

3.2.4 Synthesis of the polyoxometalates (POMs)

HsP2W15062.nH20 : Na; WO, 2H,0 was first dissolved in hot deionized

water and then mixed with a 85 wt% H3PO, solution under vigorous stirring for

6 h at 413 K. After cooling to RT, the resultant mixture was acidized with
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adequate 37 w% hydrochloric acid. Product extraction by using adequate
diethyl ether as extraction solvent lasted for no less than 5 h until the liquid was
obviously stratified. The bottom part was then carefully separated out and
heated to remove diethyl ether solvent to yield the yellow solid product. Further
purification via aqueous dissolution and distillation at 393 K was also
performed to remove hydrophilic residues.

HsPMo019V2040. NH20: HsPM01¢V2049. NH,O abbreviated was prepared as
the reference [14]. MoOs3 (0.10 mol) and V,0s5 (0.01 mol) were dissolved in DI
water (250 ml); then the solution was heated up to 393K under vigorously
stirring with a water-cooled condenser. H3PO4 (85% aqueous solution, 0.01 mol)
was added to the above mixture with the temperature kept at 393K. After stirred
for 24h, the product was cooled to room temperature and  dried at 323K in
vacuum for 24h. The resulting orange fine powder was then dissolved in
deionized water and subjected tore-crystallization for further purification.

3.2.5 Synthesis of IL modified POM (IL-POM)

For the SOsH-functionalized ionic liquid (IL) was synthesized as the
procedures: the prydine (0.11 mol) and 1,4-butane sulfone (0.10 mol) were
dissolved in 20 ml toluene and the mixture was continuously stirred for 24 h at
313 K under the protection of nitrogen atmosphere. The obtained white

precipitate (denoted as PyBS) was then filtered, washed with diethyl ether three

50



times and dried in vacuum at room temperature. PyBS (0.06 mol) was added
into an aqueous solution containing H3PW1,040 (0.02 mol) in a round-bottomed
flask, followed with vigorous stirring at room temperature for 24 h. Continuous
evacuation at room temperature was conducted to remove the water moisture
and the final solid product was carefully collected and denoted as
[PyBS]3PW12,040. Other IL-POMs were synthesized as similar procedures.
3.3 Catalyst evaluation
3.3.1 Solvent-free aerobic oxidation of benzyl alcohol

The solvent-free aerobic oxidation of benzyl alcohol with molecular O, was
carried out using a bath-type reactor operated under atmospheric condition.

Experiments were conducted using a three-necked glass flask (capacity: 25
ml) pre-charged with certain amount of benzyl alcohol and catalyst. The
mixture was stirred using a magnetic stirrer and heated in a silicon oil bath. The
system as equipped with a thermocouple to control the temperature and a reflux
condenser. In each reaction run, the mixture was heated to 433 K under
vigorous stirring. Oxygen flow was bubbled into the mixture to initiate the
reaction once the reaction temperature was reached. After the allowed reaction
time, the mixture was quickly quenched for further extraction. The solid
catalyst was filtered off and the liquid organic products were analyzed by an

Agilent gas chromatograph 6890 equipped with a HP-5 capillary column (30m
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long and 0.32 mm in diameter, packed with silica based supel cosil) and flame
ionization detector (FID). The injector temperature was 523 K and the spilt is
0.1 pul. The column head pressure of the carrier gas (helium) during the analysis
was maintained at 22.57 psi. Temperature program: 373 to 393 K; 20 K min™;
hold for 3min. The conversion of benzyl alcohol, the selectivity towards

benzaldehyde and quasi-turn over frequency (qTOF) are defined as follows:

. molesof reactantconverted
Conversion(% )= x100%

molesof reactantin feed

molesof product formed
molesof reactantconverted

Selectivity (%) = x100%

molesof reactantconverted
qTOF (h™) =

molesof total active sites xreactiontime

The by-products were identified by a gas chromatography-mass
spectrometry (GC-MS, Agilent, GC 6890N, MS 5973 inert).

To ensure the reliability of the catalytic results (conversion and selectivity),
tetradecane (C14) was used as inert external standard for the selective oxidation
of benzyl alcohol.

Since this catalytic process is a typical slurry-phase reaction with one liquid
reactant, one gaseous reactant and a solid catalyst, for excluding the mass
transfer effects, the stirring speed is set to be 1000rpm basing on the

examination of the stirring speed effects on this reaction.
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3.3.2 Epoxidation of cis-cyclooctene with tert-butyl hydroperoxide (TBHP) as
oxidant

The epoxidation of cis-cyclooctene with peroxide as oxidant was carried out
using a bath-type reactor operated under atmospheric condition.

Experiments were conducted using a three-necked glass flask (capacity: 25
ml) pre-charged with cis-cyclooctene and catalyst then the solvent was added in.
The peroxide was added into the reaction mixture immediately and the reaction
time starts to count. The mixture was stirred using a magnetic stirrer
and heated in a silicon oil bath. The system was equipped with a
thermocouple to control the temperature and a reflux condenser. In each
reaction run, the mixture was heated to desired temperature under vigorous
stirring. After the allowed reaction time, the mixture was quickly quenched for
further extraction. The catalyst was filtered off. When IL applied as
solvent/co-solvent, the liquid organic products need to be extracted with diethyl
ether getting rid of the IL which cannot be injected into the gas chromatograph
directly. The obtained organic phase was analyzed by an Agilent gas
chromatograph 6890 equipped with a HP-5 capillary column (30m long and
0.32 mm in diameter, packed with silica based supel cosil) and flame
ionization detector (FID). The injector temperature was 523K and the spilt is

0.1 pl. The column head pressure of the carrier gas (helium) during the analysis
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was maintained at 9.15 psi. Temperature program: 323 K; hold for 4 min;
323-433 K; 20 K min™; hold for 1 min. The conversion of cis-cyclootene, the
selectivity towards the corresponding:

. molesof reactantconverted
Conversion(% )= x100%

molesof reactantin feed

molesof product formed

Selectivity (%) = x100%

molesof reactantconverted

molesof reactantconverted
qTOF(h™) =

molesof total active sites x reaction time

The by-products were identified by a gas chromatography-mass
spectrometry (GC-MS, Agilent, GC 6890N, MS 5973 inert).

To ensure the reliability of the catalytic results (conversion and selectivity),
m-dichlorobenzene was used as inert external standard for the epoxidation of
cis-cyclooctene.

3.3.3 One-pot transformation of cellobiose into formic acid and levulinic acid

Catalytic conversion of cellobiose was carried out in a stainless steel
autoclave reactor with Teflon liner (Parr 4950, 4843 Controller). Typically, a
certain quantity of cellobiose substrate, IL-POM catalyst and deionized water
were added into a 50 mL Teflon container. High-purity oxygen was introduced
to reach an initial reaction pressure of 3 MPa prior to expelling residue air by

pressurizing and releasing oxygen for three times. After catalytic reaction
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carried out at 423 K for 3 h, the autoclave containing unreacted reactants,
products and catalysts was cooled in an ice-bath for no less than 6 h until the
used catalyst emerged at bottom as transparent solid. Especially, for catalyst
with Dawson-structured POM anions, a cooling time for complete precipitation
exceeded 10 h. The products as well as unreacted reactants were all reserved in
liqguid phase and could be conveniently separated from solid catalysts by
decantation or filtration. The recycled IL-POM catalyst was washed with
ethanol solvent for three times, dried in vacuum at 333 K for 8 h and then
reused in next catalytic run.

Other products including glucose, sorbitol, fructose and FA were separated
by a Hi-Plex H column (300-6.5 mm) using 0.01 M H,SO4 buffer as mobile
phase. Cellulose conversions were determined by the weight difference of
cellulose before and after the reaction. The conversion of cellobiose or sugar

intermediate products was calculated from the equation:

weight of reactantconverted
weightof reactantin feed

Conversion(wt% )= x100%

Forthe hydrolysisof cellulose :

weightof final product formed y

Selectivity (%) = :
weightof cellulose converted

100

Forthe hydrolysisof cellobioseand the sugar intermediates :

molesof C —atomsof the product y
molesof C —atomsof theconverted feedstock

Selectivity (%) = 100
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Chapter 4 Palladium-catalyzed aerobic oxidation of 1-phenylethanol with an
ionic liquid additive

The selective oxidation of alcohols has been considered as one of the most
fundamental organic transformations. The corresponding aldehydes or ketones
are employed as high-value intermidiates and components for the
pharmaceutical, agrochemical, and perfumery industries [1, 2]. From the
viewpoints of atom economy and environmental concern, developing noble
metal heterogeneous catalysts and using molecular oxygen or air as the oxidant
prevail as an attractive green technology [3]. Numerous palladium catalysts
with superior catalytic activities have been developed since its first successful
application in the aerobic oxidation of secondary alcohols [4]. Moriet al.
reported a hydroxyapatite-supported Pd catalyst highly effective for the aerobic
oxidation of benzylic alcohols, particularly giving a TOF of 9800 h™* for
1-phenylethanol [5]. Li et al. showed that zeolite-supported Pd nanoparticles
of2.8 nm exhibited an exceptional TOF of 18 800 h™ [6]. More recently, our
group has also reported the surface-functionalized TUD-1 supported Pd
catalysts with a high TOF of 18571 h'! for benzyl alcohol oxidation [7].

lonic liquids (ILs) have risen as a focus of research interest and made
significant progress in the catalytic processes from a green chemistry

perspective since the discovery of second-generation ILs in 1992 [8]. ILs are
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generally employed to get involved in the catalytic reactions in two ways: as a
supported phase (supported ionic liquid phase catalysts, SILPCs) and as
medium or additive in the reaction [9]. Making SILPCs, in which active species
are immobilized on an IL-functionalized support, is considered as a facile and
economic approach [10, 11]. Nonetheless, many studies are also centered at the
use of ILs as effective solvents for “green” chemical reactions. ILs can replace
the traditional volatile organic and dipolar aprotic solvents in both laboratory
and industry-scale production due to their wunique properties, ie.,
non-fllmmable, non-volatile, thermally stable, high solvating, and
non-coordinating [12]. Moreover, ILs are regarded as designable solvents
because their physic-chemical properties can be precisely tuned by a suitable
combination of cations and anions. In addition to a vast number of
developments achieved wusing ILs as reaction media in transition
metal-catalyzed hydrogenation, hydroformylation and coupling reactions
[13-15].Tthere are several examples of catalytic alcohol oxidation in ILs
[16-18]. However, most of them involve homogeneous metal catalysts, which
require laborious product isolation and generate large amounts of
organic/inorganic waste. Therefore, heterogeneous oxidation in ILs media is
preferred as a greener alternative which can also effectively solve the problems

involving the decomposition or leaching of active metal centers, poor reactants
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and catalyst solubility, low activities and selectivities [19].

In this chapter, we reported the application of [emim][NTf;], a
non-nucleophilic and hydrophobic IL, as the reaction additive for the selective
oxidation of 1-phenylethanol over a carbon nanotube-supported Pd catalyst
using molecular oxygen as the oxidant.

In this work, the reactivity of the catalytic system was benchmarked against
solvent-free conditions and another representative IL [omim]Br. The effects of
IL nature and content as well as various reaction parameters (reaction time,O,
partial pressure, O total pressure, reaction temperature, recyclibility) on the
catalytic activity were examined.

4.1 Catalytic performance of the heterogeneous catalytic system for the
aerobic oxidation of 1-phenylethanol with ionic liquid as additive

The catalytic performance of the aerobic oxidation of 1-phenylethanol with
ionic liquid as additive was examined and summarized in Table 4.1. In the
absence of catalyst and ILs (entry 1), only a small amount of 1-phenylethanol
converts due to the non-catalytic oxidation [20]. Good activity is observed over
a Pd/CNT catalyst under solvent-free conditions (entry 2), showing a TON of
111000. The reaction time-conversion correlation was studied for
1-phenylethanol oxidation in [emim][NTf,] and solvent-free conditions (Fig.

4.1).
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The reaction time-conversion correlation was studied forl-phenylethanol
oxidation in [emim][NTf,]shows superior catalytic activities to solvent-free
conditions.

Noteworthy, [emim][NTf,] distinctly affects the catalytic performances. The
activity increases sharply upon introducing a small amount of [emim][NTf] as
an additive, and reaches the maximum with 1mL of IL addition, showing an
excellent TON of 149000 (entries 3 and 4). The conversion was connected by
the trend line fitted based on the 1st-order kinetic model.

Table 4.1 Variation of reaction conditions for the oxidation of 1-phenylethanol

to acetophenone over a Pd/CNT catalyst®.

ILmolar
lonic liquid/ Conv.  Select’
Entry Vi (mL) fraction TON(x10%)°
catalyst (%) (%)
(%)
1 no IL/no cat. - 0 11.8 100 -
2 no IL - 0 67.6 90.8 11.1
3 [emim][NT5] 05 87 774 918 12.7
4 [emim][NT#] 1 160 906  96.9 14.9
5 [emim][NT5] 2 237 628 958 10.3
6 [emim][NT#] 3 318 50.9 916 9.8
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7 [emim][N T£] 4 38.3 432 939 7.1

8 [emim][NTf,}/no cat. 1 16.0 42.8 47.9 -
9 [emim][NTf;]-reused 1 16.0 82.1 91.7 135
10 [bmim] Br 1 19.1 0 0 -

cat. recovered in
11 - 0 60.8 90.2 10.0
[bmim]Br

a. Reaction conditions: 25 mmol of 1-phenylethanol, 5 mg of Pd/CNT, 20
mL/min of O, 160 °C, 1 h. Uncertainties: conv. + 0.15%, select+ 0.35%,
TON + 0.08%.

b. Ethylbenzene is the only byproduct.

c. TON was calculated based on Dpy determined by the CO-stripping method.

100

(0]
o

[emim][NTT ] _

solvent-free

conversion,%

00 02 04 06 08 10
time,h

Fig.4.1 Time-conversion plots of for the aerobic oxidation of
1-phenylethanol. Run conditions: see footnote of Table 4.1.
The improvement can be attributed to the enhanced solubility of both

alcohol substrate and gaseous O in [emim][NTf,], leading to a better substrate—
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catalyst  contact [9].
Further adding [emim][NTf,] results in a pronounced decline of catalytic
performances (entries 5-7), which may be due to either the low concentration

of the substrate or the large mass-transfer resistance in the viscous alcohol-IL

mixture.

=
o
o

O 801 &t . -
o8 17 -order reaction
(D) 604 _ -kx <
g |yle | S
T 40 [emim][NTf.] X
3 k=1.96+0.05 | O
E 204 5 -
g R,,’=0.9902
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Fig.4.2 Time course of 1-phenylethanol oxidation in different media.

The selectivities toward acetophenone show a similar trend along with
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conversions in the presence of [emim][N Tf,],which is higher than that under the
solvent-free conditions, accompanied by a trace amount of ethylbenzene as the
only detectable byproduct. Another frequently used IL [bmim]Br as also
introduced for comparison. Pd/CNT [Bmim]Br is detrimental for the reaction,
showing an extremely low conversion of 3.1% (TON o0f5120) after reacting for
1h.

The plots were fitted with first-order reaction kinetics; the reaction rate
constants k are 1.96 + 0.05, 0.0346+ 0.0008, 1.04+ 0.02 h* for [emim][NTf],
[omim]Br and solvent-free conditions, respectively (Fig. 4.2). Therefore, further
investigations on the effects of various reaction parameters will be focused on
using [emim][NTf,] as an additive.

4.2 Intrinsic activity examination of the heterogeneous catalytic system for
the aerobic oxidation of 1-phenylethanol with ionic liquid as additive

The steadily increased conversion of 1-phenylethanol in [emim][NTf]
indicates that the Pd catalyst is stable even at high temperatures. According to
Table 4.2. Variation of reaction conditions for the oxidation of 1-phenylethanol

to acetophenone over Pd/CNT catalyst-for instrinsic activity examination®.

IL molar
Conv. Select® TOFx10%
Entry  lonic liquid ViL(mL) fraction
%) (%) )
(%)
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1 - - 0 7.0 99.9 -

2 - - 0 135  86.6 8.9
3 [emim][NTR] 2 8.7 173 875 11.3
4 [emim][NTf] 4 16.0 248  94.9 16.3
5 [emim][NTf,] 8 23.7 204 877 13.4
6 [emim][NTf] 12 31.8 176  86.1 11.5
7 [emim][NTf] 16 38.3 145 853 9.5
8 [emm][NTH]? 4 16.0 8.8 50.1 -

9 [emim][NTf,] 4 16.0 207 916 13.6
10 [emim][NTR]" 4 16.0 6.2 71.6 4.0
11 [emim][NTH]® 4 16.0 124 90.2 8.1

a. reaction conditions: 100 mmol of 1-phenylethanol, 5 mg of Pd/CNT, 40
mL/min of O, 160 °C, 1h. Uncertainties: conv.+0.15%, select. +0.35%, TOF
(') =+ 0.08%. b. Ethylbenzene is the only by-product. c. TOF (h) was
calculated based on Dpy obtained from CO-stripping (conversion is controlled
in the low range, <20%) and values are identical with TON. d. no catalyst. IL
recovered after the reaction. f. N, used. g. air used.

the fitted result, this is a 1st-order reaction respect to 1-phenylethanol (reaction
rate constant k =1.9640.05, Ra¢°=0.9902). Nevertheless, the reaction may be in

a deactivation region due to the high conversion. To interpret the activity in a
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more precise way, we repeated the reactions listed in Table 1 and controlled the
substrate conversion at/below 20% by increasing the amount of substrate
fourfold while maintaining the catalyst amount and IL molar fraction constant.
In these reactions, 100 mmol of 1-phenylethanol, 5 mg of PA/CNT catalyst and
a corresponding amount of [emim][NTf,] were used.

The catalytic results are shown in Table 4.2 where TOFs are reported to
evaluate the intrinsic activity. The low activity in the absence of catalyst and
IL (entry 1) is due to the non-catalytic oxidation. The conversion is almost
doubled (entry 2) by adding Pd/CNT. Mixture of substrate and IL [emim][NTf;]
shows a moderate activity and rather poor ketone selectivity (entry 8),
confirming the essential role of heterogeneous Pd/CNT catalyst. The molar
fraction of [emim][NTf,] remarkably affects the catalytic activities. The TOF
increases sharply and then declines in the presence of excess [emim][NTf],
concomitant with good selectivities (entry 3-7). The best activity is achieved
when IL is 16.0 mol% and can be well maintained using recovered IL (entry 9).
When using N, or air as alternatives, it is distinct that higher O, partial
pressures contribute to better catalytic activities, implying that sufficient O, is
crucial to enhance the dehydrogenation and suppress the hydrogenolysis side
reaction. Noteworthily, regardless of the variation of reaction conditions and as

far as intrinsic activity concerned, TOFs for 100 mmol-scale 1-phenylethanol
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oxidation show comparable values of TONs within 1 h reaction to 25
mmol-scale oxidation when using same amounts of Pd/CNT catalyst. The
steady catalytic performance, regardless of changing the substrate/catalyst ratio,
verifies that reaction is conducted in a kinetic region; dehydrogenation is the
rate-limiting step without any mass transfer limitation.
4.3 Recycle of the heterogeneous catalytic system (both Pd catalyst and ionic
liquid)

Diethyl ether was applied to extract the organic components in the

[emim][NTf,] , obtaining the purified [emim][NTf,].

100 20

80 -
g 60 - B 12<|rc
S . : —
c Conversion ZX
8 40- —e— Selectivity 85
S_) —A— TOF —

N

o
" 1L
1
N

O T T T T
1 2 3 4 5

Number of batches

o

Fig.4.3 Recyclability of PA/CNT. Run conditions: see footnote of Table 4.1.
Other than recycling the [emim][NTf,] additive (Table 1,entry 9), the

[emim][NTf,] can be easily recovered after reaction and re-use in the next run,
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showing a high TON of 135 000 (entry 9).

The recyclability of a Pd/CNT catalyst was also investigated (Fig. 4.3).
There is only a slight deterioration for both catalytic activity and acetophenone
selectivity during the repeated use of catalyst for 5 cycles, which can be
contributed by the partial loss of catalysts during the recovery. Therefore,
[Emim][NTf,] not only promotes the catalytic performance but also enhances
the resistance against deactivation. It has been verified that no observable
leaching of the Pd catalyst occurs. Negligible conversion is observed when the
liquid filtrate is used as catalyst for further reaction. It is suggested that metal is
more resistant against leaching in a less polar solvent [25] which accounts for
the catalyst stability in [emim][NTf,].

4.4 The effect of temperature

The effect of reaction temperature was also examined (Fig. 4.4). The
acetophenone selectivity is well maintained above 95% in the studied
temperature range. The activity is hardly detectable at low reaction
temperatures, whereas shows a sharp step increase above 100°C. Despite the
increased O, solubility, the rate of alcohol dehydrogenation decreases
remarkably at low temperatures [24]. The high activation energy barrier (71.9
kJmol?) to initiate the reaction implies the absence of mass-transfer limitation

in this catalytic system.
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precentage,%

Fig.4.4 The effect of temperature. Run conditions: see footnote of Table 4.1.

N, and air were employed as alternatives of O, (Table 4.1, entries 10 and

The considerably low acetophonone selectivity is contributed by the C-O
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deactivation [24].
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4.5 The effect of oxygen pressure
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11), showing that the catalytic activity increases with a higher O, partial
pressure. When using N2, the low alcohol conversion corresponds to the
dehydrogenation mechanism where -H elimination occurs upon dissociative
adsorption of the substrate on active sites even in the absence of O, but suffers a

fast catalyst deactivation due to product deposition on the Pd surface [2, 22].

bond hydrogenolysis, affording the formation of ethylbenezne due to the

abundant hydride species covered on the Pd surface and consequent catalyst
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Fig.4.5 The effect of oxidaiton pressure. Run conditions: see footnote of
Table 4.1.

Therefore, sufficient O, is essential to maintain the reaction in the kinetic
region where the dehydrogenation but not the mass-transport is the
rate- limitting step and to continuously consume surface Pd—H species.
Elevating the O, total pressure from the atmosphere pressure to 3 atm leads to a
drastically increased activity due to the enhanced solubility of O, (Fig. 4.5).
Nonetheless, the activity reaches a plateau when further increasing the O,
pressure, implying that the reaction is of zero order in O,.1 Meantime, it is also
speculated that abundant PdO phases may be formed concomitantly in the
presence of excess O, resulting in the loss of metallic Pd active sites and

consequently suppressed dehydrogenation step [24].
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4.6 The improved catalytic activity due to the nature of ILs

Considering the similarity of cations in both ILs, the inferiority of [bomim]Br
to [emim][NTf,] can be addressed by the different nucleophilicities of two
anions.[NTf] is considered as a non-nucleophilic and innocent anion, ie.,
more electrophilic compared to Br  [21] In Pd-catalyzed alcohol oxidation
following a dehydrogenation mechanism, electrons are transferred through a
consecutive cycle from alcohol to H-acceptor (i.e., molecular O, via Pd active
species [22]. When Pd nanoparticles are surrounded by an electrophilic
enviroment, the electron transfer is accelerated due to the decreased electron
density on Pd, leading to an enhanced catalytic activity. The electrophilicity of
[NTH,] also accounts for the moderate activity in the absence of a Pd/CNT
catalyst (Table 4.1, entry 8). However, acetophenone and ethyl-benzene were
produced in approximately equal amounts, suggesting that Pd/CNT can
effectively suppress the hydrogenolysis of 1-phenylethanol. Furthermore, in
addition to the better solubility of O, in IL, the remarkably improved catalytic
rate in the [emim][NTf]-mediated reaction can be attributed to the
hydrophobicity of [emim][NTf;], which enriches the alcohol concentration at
the catalyst-liquid inter-face where the reaction occurs and facilitates the
desorption of hydrophobic ketone from catalyst surfaces [23]. On the contrary;,

the hydrophilic [bmim]Br is prone to adsorb on the catalyst surfaces which are
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also hydrophilic after acid-pretreatment, thus poisoning the active sites and
suppressing the reaction.
4.7 The effect of IL on the Pd/CNT catalyst

The effects of ILs on Pd/CNT, including both the Pd active sites and the
CNT supports are further investigated by XPS, TEM and Raman
characterizations of fresh Pd/CNT and spent catalysts collected after reaction
without any post-treatment.

In Fig. 4.6 (a), fresh PA/CNT shows two chemical states: metallic Pd and

Pd>" assigned to PdO which is due to incomplete reduction or exposure in air.

@ - Pd 3d Pd 3d
Pd 312 Pd 3d5/2 (b) 32 Pd 3d5/2
Pd°
Pd/CNT
used in solvent-free
350 345 340 335 330 350 345 340 335 330
3 (o) Pd3d,, (d)
< Pd
0
= Pd
0
o= . .
3 used in [emim][NTf] used in [bmim]Br
c 350 345 340 335 330 355 350 345 340 335
(e) ®
F1s Br 3d
used in [emim][NTf ] used in [bmim]Br
700 695 690 685 680 75 7 65 60
Binding Energy,eV Binding Energy,eV

Fig.4.6 XPS spectra: (a) fresh PA/CNT; (b) Pd/CNT used under solvent-free
conditions; ( ¢) PA/CNT used in [emim][NTf,]; (d) PA/CNT used in [bmim]Br

((a)—(d): Pd 3d region); (e) Pd/ CNT used in [emim] [NTf,] ( F 1s region); (f)
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Pd/CNT us ed in [obmim]Br (Br 3d region).

Nonetheless, Pd °* disappears after reaction under solvent-free conditions
due to the reduction by analcohol substrate. Considering the presence of F (Fig.
4.6 (b)), Pd ®* which is ca. 28% of Pd surfaces in Pd/CNT used in [emim][NTf,]
is attributed to Pd—F bonds, indicating the interaction of [NTf,]'and Pd active

sites during thereaction.26 Surprisingly, no Pd signal is detectable in PA/CNT

used in [bmim]Br while the existence of Br has been verified (Fig. 4.6 (f)).

Pd/CNT-used
solvent-free
2.5:0.4 nm

Pd/CNT
2.3+0.4 nm

population,%

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10
particle diameter,nm

particle diameter,nm

Pd/CNT-used

) \ Pd/CNT-used
“ in [emim][NT,] “ in [omim]Br
® 2.6+0.3 nm 3 4.5+1.1 nm

population,%
population,%

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10
particle diameter,nm

particle diameter,nm

Fig. 4.7 TEM micrographs and size distribut ions: (a) fresh Pd/CNT; (b)
Pd/CNT used under  solvent-free condition; (c) Pd/CNT used in

[emim][NTf]; (d) PA/CNT used in [bmim]Br.
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TEM observation shows Pd nanoparticles for this particular spent catalyst
(Fig.4.7 (d)) and no Pd leaching occurs during the reaction. We suggest that Pd
was covered by a thick layer of [omim]Br. Two control experiments were

carried out to verify this speculation (Table 1, entries 12 and 13).

Sample Ip/lg D'band

Pd/CNT 1.63+0.05

used in solvent-free 1.59+0.08
used in [emim][NTf,] | 1.72+0.06 G-band

used in [bmim]Br 1.47+0.08

used in
solvent-free

Intensity,a.u.

500 1000 1500 2000

Raman shift,cm™

Fig. 4.8 Raman spectra of fresh and used Pd/CNT catalysts. [Bmim]Br
alone shows no activity in the oxidation. After the catalyst in [omim]Br was
recovered by washing with acetone and re-used in a new reaction without any
additive, comparable activity was observed with the solvent-free condition
(entry 2). Therefore, when employed as an additive, hydrophilic [bmim]Br

quickly adsorbs and accumulates on catalyst surfaces, resulting in catalyst
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deactivation. This can be also confirmed by the decreased Ip/ Igratio in the
Raman spectrum, which implies the diminished CNT defects due to [bmim]Br
coverage (Fig. 4.8).

4.8 Catalytic performance of the heterogeneous catalytic system with
[emim][NTf,] as co-solvent on various alcohols

The aerobic oxidation of various alkene substrate scopes was also carried
out and the results are summarized in Table 4.2.

For the aromatic alcohols with electron donating groups, such as
4-methylbenzyl alcohol, the catalytic system with [emim][NTf,] involved still
showed rather good activity, while for the ones with the electron-withdrawing
groups and the aliphatic alcohols, limited activity was obtained.

Table 4.3. Oxidation of various alcohols by PA/CNT in [emim][NTf;] ionic

liquid?.

Select®  TONx10%°(h
Entry  Substrate Product Conv. (%)

(%) 5

CH,OH

94.9 10.0

OO
CHZOH
2 ” : 94.8 11.7
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CH,OH CHO

w
T
Q
e}
&
[@]
o)

12.1 100 2.0
CH,0OH CHO

4 B Br 2.9 100 0.5
CH,OH CHO

5 o oaN 1.0 100 0.2
E:(\/CHZOH (j\/wo

6 36.5 100 6.0
NN Ny NN

7 0.3 100 0.05

/\/\/\)\ /\/\/\)]\

8 115 100 1.9

a.Reaction conditions: 25 mmol of substrate, 5 mg of Pd/CNT, 4 mL of
[emim][NTF], 20 mL/min of O,, 160 °C, 1h. Uncertainties: conv. #0.15%,
select. £0.35%, TON #0.08%. b. TON was calculated based on Dpq obtained
from CO-stripping. ¢. byproduct: toluene (2.2%) and benzoic acid (2.9%). d.
byproduct: p-xylene (5.2%)

4.9 Comparison of the catalytic performance with the present heterogeneous Pd

catalyzed aerobic oxidation of 1-phenylethanol
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The catalytic performance of the IL involved catalytic system including
Pd/CNT is compared with those catalyzed by the representative heterogeneous
Pd catalysts for the aerobic oxidation of 1-phenylethanol as shown in Table 4.4.
The comparison result indicate that with IL involved the catalytic system is
superior among the present catalytic systems of Pd catalysts.

Table 4.4. Aerobic oxidation of 1-phenylethanol catalyzed by a series of heterogeneous

catalytic systems with Pd catalysts.

Catalytic System Conversion (%)  Selectivity (%) TOF? (h™) Ref.
Pd/CNT 67.6 90.8 111000 this work
PA/CNT+[emim][NTT,] 90.6 96.9 149000  this work
0.05-Pd-M41-AE 8.4 97.2 8637 [27]
Pd/NaX 66 97 626 [28]
0.5%Pd@C-Glua-550 - 80 157747 [29]

4.10 Conclusion

The aerobic oxidation of 1-phenylethanol over a carbon nanotube supported
palladium catalyst was improved with an ionic liquid additive [emim][NTf],

showing an excellent TON 0f149 000 which can be maintained for 5 recycle
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runs.

Reproduced from Chem. Commun., 2011, 47, 6452-6454 with permission

from Royal Society of Chemistry.
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Chapter 5 Catalytic epoxidation of cis-cyclooctene over vanadium-exchanged
faujasite zeolite catalyst with ionic liquid as co-solvent

Epoxidation of alkenes plays important roles in synthetic chemistry,
allowing the hydrocarbon substrate converted to valuable precursors in the
synthesis of fine chemicals [1]. Formulating highly efficient catalysts for alkene
epoxidation therefore becomes a vital area in catalysis research. Inrecent years,
a number of transition metal complexes have been reported to be effective in
the homogeneous catalytic epoxidation of alkenes [2-4]. Nevertheless,
homogeneous catalytic processes suffer the drawbacks such as the complication
of metal complex synthesis and metal leaching during the reaction. In addition,
it is rather difficult to retract the catalyst from reaction mixture for recycling
purposes and the catalyst/product isolation generates large amounts of
organic/inorganic wastes. Therefore heterogeneous catalysts which can
overcome the above-mentioned problems of homogeneous catalysts are
strongly desired. Tang et al. reported the epoxidation of styrene catalyzed by
cobalt(Il)-containing molecular sieves [5]. Iron-based solid catalysts were also
attempted [6]. Our group showed the liquid phase trans-stilbene epoxidation
over catalytically active cobalt substituted TUD-1 mesoporous materials
(Co-TUD-1) using molecular oxygen [7]. Recently, a readily synthesized

vanadium-exchanged faujasite zeolite catalyst (V-X) has been reported by our
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group, which exhibited a reasonably good catalytic activity in the epoxidation
of alkenes using tert-butyl hydroperoxide (TBHP) as the oxidant and
dimethylformamide (DMF) as the solvent [8].

Ionic liquids (ILs) as ‘green’ solvents have attracted rapidly increased
attention during the last few years. Interests in conducting catalytic processes in
ILs have experienced a tremendous growth, and a variety of catalytic reactions
have been successfully carried out in such neoteric media [9]. Indeed, many
advantages of applying ILs as solvents are mainly due to their physical
properties such as extremely low vapor pressure. In addition, IL is often
referred to as ‘designable solvent’ because of their physical properties, such as
melting point, viscosity, density, and solubility can be precisely tuned. As the
investigation goes further more and more studies highlighted the importance of
chemical nature of these unusual IL solvents that obviously affects the catalytic
reactions through interaction with the catalyst or the components in the liquid
phase. Srinivasan et al. proposed the formation of hydrogen bonding between
IL cation and the carbonyl group of anhydrides as reactant [10]. The anions of
IL possessing coordination atoms such as N, O, F were also proposed to be able
to coordinate with the metallic active sites [11]. Moreover, it is generally

accepted that the ionic characters of ILs provide the catalysts a unique ionic
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environment that plays an important role in stabilizing the catalytically active
species or the reaction intermediates [12, 13].

Up to now, the study of alkene epoxidation with ILs applied as
solvent/co-solvent is mainly focused in the homogeneous catalytic processes.
For instance, Anil et al. studied the tungstate complex in ILs [14]. Rhenium(VII)
and molybdenum(VI) complexes in IL were investigated in the alkene
epoxidation [15]. Manganese porphyrins in IL was also reported [16].
Nonetheless, the heterogeneous catalytic process with ILs as solvent/co-solvent
for alkene epoxidation is rarely investigated; no detailed mechanistic study on
the specific interaction between ILs and active sites/support/substrate was
reported. In this work, the epoxidation of cis-cyclooctene over V-X catalyst
with TBHP as oxidant and a representative IL 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide ([emim][NTf,]) as the co-solvent (along with
DMF) was studied.. In addition, the IL 1-butyl-3-methylpyrrolidium bis
(trifluoromethylsulfonyl) imide ([ompy][NTf]) were also examined as
co-solvent for comparison.

5.1 The catalytic performance of the heterogeneous catalytic system with
ionic liquid [emim][NTf,] involved as co-solvent for the epoxidation of

cis-cyclooctene
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Epoxidation of cis-cyclooctene is challenging mainly due to the weak
nucleophilicity and rigid substrate structure [8]; and it was chosen as the
chemically probed reaction in this study. [Emim][NTf,] was introduced into
DMF as co-solvent, and the catalytic results are summarized in Table 5.1. Inthe
absence of catalyst, low cis-cyclooctene conversion and epoxide selectivity are
observed in DMF solvent due to the non-catalytic epoxidation (entry 1).
Epoxidation of cis-cyclooctene over V-X catalyst exhibits the conversion of
44.0% and selectivity of 94.0% towards epoxide in pure DMF accompanying
small amounts of 2-cycloocten-1-one and cyclooctane-1, 2-diol as by-products
(entry 2). Solvent has been reported to play a crucial role in the epoxidation: the
solvent with low polarity such as chlorobenzene exhibits low cis-cyclooctene

conversions while highly polar solvent may promote the activity [6].

Table 5.1. Epoxidation of cis-cyclooctene over V-X catalyst in different

solvents®.

(=3

Entry Solvent Co-solvent R Conversion (%) Selectivity® (%)

1 DMF - - 5.3 34.6
2 DMF - - 44.0 94.0
3 [emim][NTf] - - 94.1 94.6
4 DMF [emm][NTf] 41 54.4 96.8
5 DMF [emim][NTR] 32 66.8 96.5
6 DMF [emm][NTf] 2:3 90.0 93.0
7 DMF [emim][NT] 14 94.6 91.0
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8 DMF®  [emm][NTR] 23 12.7 90.4

9 DMF  [ompy][NTR] 23 85.4 90.9
10 DMF® - - 8.3 80.0
11 [emim][NTE] - - 92.6 93.7

a. Reaction conditions: 1mmol cis-cyclooctene, 0.2g V-X catalyst, 10 mmol
TBHP, 80°C, 24h. b. Molar ratio between [emim][NTf,] and DMF in the mixed
solvent. ¢. The main by-product is 2-cycloocten-1-one. d. no catalyst. e. 1 ml

t-butanol is added.

Entries 3-7 show that [emim][NTf,;] distinctly promotes the catalytic
performance: as the molar fraction of [emim][NTf;] increases in the mixed
solvent, cis-cyclooctene conversion remarkably increases and the selectivity
towards epoxide remains constantly high. The best catalytic activity is obtained
in pure [emim][NTf,] solvent, showing the conversion of 94.1% and the
selectivity of 94.6% towards epoxide (entry 3). A control experiment shows a
considerable conversion of 12.3% (entry 8) in the mixed solvent (DMF and
[emim][NTf,]) in the absence of catalyst, implying that [emim][NTf;] itself
may facilitate the epoxidation of cis-cyclooctene as a catalyst. In addition,
2-cycloocten-1-one is the only by-product, which is distinct from the reaction in
pure DMF. As shown in Table 5.1, the best catalytic activity is obtained in pure
[emim][NTf,] solvent. Nonetheless, due to the sticky nature of [emim][NTf;]

and economical consideration, a mixed DMF-[emim][NTf] solvent
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(DMF:[emim][NTf,] molar ratio 2:3) denoted as DMF-[emim][NTf,] was
chosen in the following studies.

5.2 Examination of reaction parameters for cis-cyclooctene epoxidation in
DMF-[emim][NTf;]

The Kinetics results in DMF-[emim][NTf,] solvent were benchmarked
against those inpure DMF and pure [emim][NTf,]. Fig. 5.1(a) shows the
correlation between reaction time duration and catalytic conversions in DMF,
DMF-[emim][NTf,] and [emim][NTf;]. In general, the cis-cyclooctene
conversions in three reaction mixtures increase with the reaction time. In the
entire reaction time range, the cis-cyclooctene epoxidation shows great
advantages in the [emim][N Tf,]-involved solvents compared to pure DMF. For
instance, after 6 hours of reaction, the conversions in both
[emim][NTf]-involved reaction mixtures are remarkably higher than the
conversion of 19.2% in pure DMF. After 30 hours of reaction, the conversions
are around 96.0%in DMF-[emim][NTf,] and [emim][NTf,]. Further increasing
the reaction time does not improve the conversion significantly. As shown in
Fig. 5.1(b), the selectivity towards epoxide remains high in three reaction
mixtures in the entire reaction time range and shows slight increase with the
reaction time, which is due to the increased amounts of peroxo species with

time. In the epoxidation of cis-cyclooctene, the allylic
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Fig.5.1. Kinetic profiles of cis-cyclooctene epoxidation at different reaction
time. (a) conversion, (b) selectivity towards epoxide.
by-products (allylic alcohol and allylic aldehyde) are produced through the

abstraction of allylic H atoms by radicals, while the epoxide is produced by the

unimolecular Twigg re-arrangement after adding radical to the C=C bond.
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Fig. 5.2(a) shows the influence of reaction temperature on the epoxidation of
cis-cyclooctene in three reaction solvents. cis-Cyclooctene conversion increases
with the temperature in DMF.

The activation energy barrier of the abstraction step is higher than that of the

addition step [17], therefore, the epoxidation of cis-cyclooctene favors the high

epoxide selectivity.
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While in DMF-[emim][NTf,] and [emim][NTf,], the conversion slightly
increases with reaction temperature followed by slight decrease after 90 °C,
which is attributed to the decomposition of TBHP at high temperature. The
highest cis-cyclooctene conversion of 96.2% is obtained in [emim][NTf;] at 90
°C.

Fig. 5.2(b) shows the correlation between reaction temperature and epoxide
selectivity. In three mediums, the epoxide selectivity remains higher than 90%
during the entire temperature range, showing no obvious change as the
temperature increases.

5.3 Recycle of the heterogeneous catalytic system with ionic liquid
[emim][NTf,] as co-solvent

The recyclability of V-X catalyst in DMF-[emim][NTf,] solvent was tested
and the results are shown in Fig.5.3.

The spent V-X catalyst was collected by hot filtration after each reaction
run, washed with acetone, dried, and re-used in the next reaction.The
conversion of cis-cyclooctene gradually decreases after each testing run, which
can be partially attributed to the vanadium active sites leached out during
reaction because we noticed that the filtrate possessed a vague yellowish color

while conducting the hot filtration.
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Fig. 5.3. The recycle of the V-X catalyst in the mixed solvent of DMF and
[emim][NTf,] (the molar ratio of DMF and [emim][NTf,] is 2:3).

However, even recycled for four times, the V-X catalyst in the
DMF-[emim][NTf,] mixed solvent still shows a superior catalytic performance
to that in DMF.

5.4 Characterizations of the spent V-X catalyst after reaction

Fig. 5.4 shows the XRD spectra of fresh and spent V-X catalysts. All
samples show the diffraction patterns that are identical to pristine faujasite
(Na2ALSk.509 6.2H,0 XRD PDF card #00-038-0237), suggesting that the

zeolitic crystalline structures of V-X catalysts were preserved during the
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reaction. For the spent catalysts in IL mixed solvents, the intensity of XRD
signal decreases due to the structure factors changed during the reaction [8].
SEM images in Fig. 5.5 show the morphology of both fresh and spent V-X
catalysts (washed with acetone then dried for a clearer view).
The parent zeolite particles exhibit mono-dispersed nearly spherical
morphology with diameter ranging from 2.0 to 2.5 um.

Fresh V-X catalyst shows no obvious morphology change compared to the

pristine zeolite.

s/V-X/[emim][NTf ]
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Fig. 5.4. XRD patterns of the fresh and spent V-X catalyst after reaction in
different solvents.
The spent V-X catalysts show some morphology changes to different

extents. The particle diameter of spent V-X catalyst in DMF clearly decreases
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due to the cracking. For the particles of spent V-X catalyst in [emim][NTf,], in

addition to the diameter decrease and cracking, lumpy heaps are also observed.
Fig. 5.6 shows the UV-vis and UV-Raman spectra of fresh and spent V-X

catalysts. For fresh V-X catalyst, the strong peak at 218 nm in the UV-vis

spectrum has no distinct difference compared to the parent faujasite zeolite.

10kV  X5,000 Spm

£

10kv  X5,000 Spm 10kV  X5,000 Spm

Fig. 5.5. SEM of the V-X catalyst after reaction in different solvents. (a) NaX,
(b) V-X, (c) s/V-XIDMF (short for the spent V-X in DMF, ), (d) s/\V-X/
[emim][N TH]

The peak at 273 nm is attributed to V°* in tetrahedral coordination [18-21].
The Raman bands at 294, 384 and 517 cm™ are assigned to the parent faujasite
zeolite. The 968 cm* band is due to V-O stretching [22, 23]. The sample is

easily hydrated under ambient conditions, thus the V=0-H resonance under a
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UV excitation causes the disappearance of the terminal V=0 stretching bands in
the range of 990-1050 cm'*. From UV-vis and UV-Raman results, we conclude
that the vanadium species of V-X catalyst is in V°* valance and a distorted
tetrahedral coordination [8]. The conclusion is consistent with the
earlier-proposed tetrahedral model for the molecular structure of VO4, which
specifically has one short terminal and three long basal plane vanadium-oxygen
bonds. The tetrahedral structure of vanadium species is generally considered to

be responsible for the catalytic performance of the vanadium oxide catalysts

[22-24].
(a) (b)
261 s/V-X/[emim][NTf,]
218 : 348 S/V-X/[emim][NTf]
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Fig.5.6. (a) UV-vis spectra of the spent V-X catalyst in different solvents; (b)
UV-Raman spectra of the spent V-X catalyst in different solvents.

For the spent V-X catalyst in DMF, the UV-vis spectrum shows only one

absorbance peak at 220 nm attributed to the zeolite support. Compared to the

fresh catalyst, the peak at 273 nm disappears, implying the destructive
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tetrahedral structure of vanadium species during the reaction. For the spent
catalyst V-X in [emim][NTf,], the peak at 261 nm assignable to V°* in
tetrahedral coordination is still retained [18-21]. The peak shows a
bathochromic shift compared to the corresponding peak of fresh V-X catalyst at
273 nm. The higher energy band implies that a greater distortion of tetrahedral
structure has been developed along with the decrease of coordination number
[25, 26]. In addition, another broad peak appears at about 348 nm that can be
assigned to the polyvanadate species in either tetrahedral or pentahedral
coordination [18-21].

The fingerprint Raman bands for spent V-X catalysts in DMF and in
[emim][NTf,] are 987 and 975 cm, respectively, both due to the V-O
stretching [22, 23]. Compared with the band at 965 cm™* for fresh V-X catalyst,
a blue shift appears for both spent catalysts to different extents. The Raman
shift of V-0 stretching is often due to the coordination environment change of
vanadium, leading to the steric change of mole structure of vanadium species,
which induces the stretching energy change of V-O bond. For spent catalyst in
[emim][NTH,], the broad band in the range of 1350-1600 cm*, which is often
assigned to alkenes and aromatic complexes [27], is due to the adsorbed
organics (such as the reactant and IL) in the zeolite pores.

5.5 Discussion
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XRD results along with the SEM images show the changes of zeolite
structure and morphology, implying the interaction between the IL and zeolite.
Further investigation is performed to study this specific interaction. The zeolite
support (0.1 g) in the absence of vanadium active sites was soaked in the
[emim][NTf,] (5 ml) and stirred for 24 h under reaction condition, followed by
filtrating, washing with acetone and drying overnight at 383 K. The treated
zeolite with 1L was denoted as d/X/IL and characterized by 2°Si MAS NMR. As
shown in Fig. 5.7, the parent NaX shows chemical shifts at -83.5, -87.9, -92.4,
-97.3 and -101.4 ppm that are respectively assigned to Q*(4Al), Q° (3Al), Q?
(2Al), Q* (1Al) and Q° (OAI) (Q" (nAl) represents a Si atom bound to n-O-Al
groups and 4-n-O-Sit groups [28]). Compared to the pristine NaX, the
IL-treated zeolites show displaced Q* (4Al) and Q3 (3Al) peaks and the peaks
broaden to a different extend. The distortion of the corresponding tetrahedrons
implies the interaction between IL cations and Na® [29]. Strong interaction
between ILs and zeolite leads to the vanishing of Q% (2Al), Q' (1Al) and Q°
(OAI) peaks. A certain amount of Na* is detected in the residue liquid after

treating zeolite by IL as indicated by the ICP, which further supports the results.
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Fig. 5.7. The 2°Si MAS NMR spectra of the IL-treated NaX with IL.

The UV-vis and the UV-Raman results imply the coordination structures of
vanadium active center are better preserved in IL-mixed solvent than in pure
DMF. It is reasonable to assume that IL may interact with vanadium sites
during the reaction. To investigate the possible interaction between IL and the
vanadium active center, further control experiment and characterization were
carried out: following similar procedures as the treatment of zeolite for the
characterization of 2°Si MAS NMR, the V-X catalyst was treated, denoted as
d/V-X/IL and characterized by XPS. As shown

in Fig. 5.8, the V 2ps3, peak of d/V-X/IL catalyst at 517.8 eV shifts to a
lower binding energy compared to that of the pristine VV-X catalyst at 518.1 eV,

indicating the slight increase of electron density of the vanadium center with
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[emim][NTf,] adsorbed. The binding energies of N 1s and F 1s for adsorbed
[emim][NTf,] shows no shift comparing to those of pristine [emim][NTf,] as
shown in Fig. 5.8.

The interaction between IL and heterogeneous catalyst, especially the metal
oxide catalyst is complex. It was reported that the liquid—phase oxidation of
pyrimidine thioether on Ti-SBA-15 with [emim][NTf] as the solvent showed
superior catalytic activity [30].

The acidic C-H group (the carbon between two nitrogen atoms) of the
imidazolium cation as hydrogen bonding donator is proposed to interact with
the oxygen in the Ti-O bond, resulting in the increased Lewis acidity of the
catalytic sites. However, the XPS spectra of pristine V-X and d/V-X/IL in this
study indicate that the electron density of vanadium sites increases or rather the
Lewis acidity of the catalytic site decreases when adsorbing ILs; furthermore,
the binding energies of N 1s and F 1s for adsorbed [emim][NTf;] of the
d/V-X/IL do not shift compared to those of pristine [emim][NTf,], therefore,
the interaction between the IL and catalyst cannot be well correlated with the
improved catalytic activity.

It is speculated that the catalytic performances of vanadium sites are
affected through the cation exchange between the IL and the zeolite indirectly.

Another aspect of the complexity in an IL-involved catalytic system is that
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except for the interaction between IL and the catalyst, the interaction between

IL and the substrate in the liquid phase also matters.
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Fig. 5.8. (@) The V 2p3, spectra of V-X; (b) the V 2p3/, spectra of the IL-treated
V-X; (c)the comparison of N 1s spectra of V-X and the IL-treated V-X; (d) the
comparison of F 1s spectra of V-X and the IL-treated V-X.

During the epoxidation, the by-product t-butanol and a small amount of
water also form complexes with the catalytic sites; therefore compete the
adsorption with TBHP to hinder the reaction [31]. Recently IL has continued to

attract considerable interest in catalysis due to its capability of hydrogen
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bonding [32]. Different from organic solvents, IL solvent may coordinate with
t-butanol through hydrogen bonding [33] [34] and pull the t-butanol by-product
away from the active sites, which in turn free the active site for adsorbing
substrate and oxidant. In this regards, the anion of IL is proposed to play the
main role to form hydrogen bonds [34]. To further verify the hypothesis
mentioned above, additional t-butanol was introduced in the reaction. As shown
in Entry 10 in Table 1, the reaction was obviously inhibited in pure DMF
solvent due to the addition of t-butanol, while adding t-butanol does not affect
the catalytic activity in IL-involved solvent as shown in Entry 11. Therefore,
the improved catalytic performance in the presence of IL as co-solvent or
solvent in epoxidation might be attributed to the specific hydrogen bonding
interaction between the IL with t-butanol as well as water. Having the same
anion with [emim][NTf,], the reaction with [ompy][NTf;] as the co-solvent for
comparison has shown similar catalytic activity (Entry 9), which agrees well
with the hypothesis described above.

Iglesia et al. have addressed the importance of support acidity in the
epoxidation of alkene with TBHP as oxidant over the Ti oxide catalyst [35].
Strong Brensted acids open epoxide rings rapidly in the presence of trace
amounts of water and lead to low epoxide yields. The catalyst will also be

deactivated via chelation of Lewis acid active sites by the alkane diols. While
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the density functional theory studies suggested that the formed
hydrogen-bonded structures between the vicinal weakly acidic protons and the
vanadium peroxo intermediate will decrease the activation barrier for the
kinetically relevant step. In this study, the cation of IL may easily get
exchanged with the Na* of NaX zeolite; hence the exchanged imidazolium
cation capable of affording weak acidic proton might decrease the activation
energy of the kinetically relevant step by H-bonding effect.
5.6 Catalytic performance of the heterogeneous catalytic system with
[emim][NTf,] as co-solvent on various alkenes

The epoxidation of various alkene substrate scopes was also carried out and
the results are summarized in Table 5.2.

1-Heptene as a representative aliphatic alkene shows the increased
conversion from 37.3% in DMF (entry 1) to 69.0% in DMF-[emim][NTf,]
(entry 2), with 2-heptenol as the only product instead of the corresponding
epoxide. As shown in entry 3, the conversion of cyclohexene is only 5.6% in
DMF, while the conversion is elevated to 73.2% in DMF-[emim][NTf,] with
2-cyclohexen-1-one and cyclohexene epoxide as main products (entry 4).
Styrene shows a high conversion of 98.0% as well as the epoxide selectivity of
53.4% in DMF (entry 5). In DMF-[emim][NTf,] mixed solvent, not only the

high conversion of 98.5% was maintained for styrene epoxidation, but also is
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the epoxide selectivity greatly improved to 89.4%. For trans-stilbene, high
conversion and epoxide selectivity have already been achieved in DMF (entry

7),

Table 5.2. Substrate scope of alkene epoxidation over V-X catalyst in mixed

solvent?,

Entry Reactant  Solvent Co-solvent  Conversion (%) Selectivity” (%)

1 1-Heptene  DMF - 37.3 0
2 1-Heptene  DMF  [emim][NTf] 69.0 0
3 Cyclohexene DMF - 5.6 66.7
4 Cyclohexene DMF  [emim][NTf] 73.2 55.0
5 Styrene DMF - 98.2 53.4
89.4
6 Styrene DMF  [emim][NTf,] 98.5
7  trans-Stibene DMF  [emim][NTf;] 96.5 86.3
8 trans-Stilbene DMF [emim][NTf,] 100.0 83.5

a. Reaction conditions: 1mmol reactant, 0.2g V-X catalyst, 10 mmol TBHP,
80°C, 24h, the molar ratio between DMF and [emim][NTf;] in the mixed
solvent is 2:3. b. The selectivity is towards corresponding epoxide. In
supplement, for 1-heptene, the 1-hepten-3-ol is the main product; for
cyclohexene, the main by-product is 2-cyclohexen-1-one; for styrene, the main
by-products are benzaldehyde and benzoic acid; for trans-stilbene the main

by-products are benzaldehyde and benzoic acid.
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no remarkable improvement is observed when introducing [emim][NTf;] to the
solvent (entry 8).
5.7 Conclusion

The efficient selective epoxidation of cis-cyclooctene over V-X catalyst in
DMF using TBHP as the oxidant has been reported in this work. The
cis-cyclooctene conversion is greatly improved as well as the high epoxide
selectivity is maintained in the presence of [emim][NTf,] as co-solvent. In
addition to the high polarity of IL, the superior catalytic activity with
[emim][NTf,]-involved solvent is summarized to be attributed to the following
reasons. The vanadium active site shows improved stability in the
[emim][NTf,]-involved solvent, and the effective molecular structure of
vanadium active site is well preserved. The hydrogen bonding between
[emim][NTf,] and by-product t-butanol prevents the coordination of t-butanol
with vanadium center; hence improves the catalytic efficiency. Due to the weak
acidity of the imidazolium cation, it is also proposed that the hydrogen bonding
between the weak acidic protons with the vanadium peroxo intermediate may

decrease the activation energy barrier of the kinetically relevant steps.
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Chapter 6 One-pot production of bio-derived chemicals from renewable
resources: Transformation of cellobiose into formic acid and levulinic acid
over ionic liquid-based polyoxometalate composites.

Biomass has been extensively discussed as one of the alternatives for energy
and chemical production due to its abundance, high energy content,
sustainability and biodegradability. As compared with existing techniques
(enzymatic fermentation, high-temperature pyrolysis and thermal gasification),
aqueous phase catalytic transformation of non-edible biomass resources (e.g.
cellulose) with high efficiency and selectivity to valuable chemicals or bio-fuels
is more desirable [1-3]. Although various routes for the catalytic conversion of
biomass resources have been explored [4-7], transformation of cellulose into
valuable platform molecules in a one-pot approach is undoubtedly one of the
most attractive routes for biomass utilization. Yan et al. reported the one-pot
transformation of cellobiose (a model compound of cellulose) to Cg-alcohols on
Ru-based catalyst by combining hydrolysis and hydrogenation in aqueous
medium [8]. A high yield of 62.3% toward 5-hydroxymethyl furfural (5-HMF)
from lignocellulosic biomass materials was obtained by using an ionic liquid as
solvent and an inorganic salt of CrCls as homogeneous catalyst [9].
Shunmugavel and co-workers also developed a catalytic transformation of

disaccharides to ethyl levulinate that is the final product of 5-HMF rehydration
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in the presence of a functionalized ionic liquid with strong Brensted acidity

[10].
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Scheme 6.1 Catalytic conversion of cellobiose to formic acid and levulinic

108



acid. In recent years, one-pot synthesis combining hydrolytic and oxidative
degradation of biomass resources has been discerned to be an alternative route
for efficiently producing valuable platform molecules. Catalyzed by gold
nanoparticles loaded on nitric acid-pretreated carbon nanotubes, selective
oxidation of cellobiose to gluconic acid proceeded efficiently in the aqueous
solution with molecular dioxygen [11]. Recently, Wasserscheid et al. have
reported a catalytic route to produce formic acid (FA) with extremely high
selectivity in the conversion of biomass-based carbohydrates in the presence of
HsPV2Mo1004 as a bifunctional catalyst and molecular dioxygen. Although
this catalytic system required a long reaction time and the detailed mechanism
remained unclear, it provided a novel route for the sustainable production of FA
that has been considered as an important commodity chemical and an energy
carrier with high energy density [12]. Inspired by these great progresses in
catalytic biomass transformation, it is believed that sustainable production of
energy carriers and chemicals via the one-pot synthetic procedure will be
realized by exploring multiple-functional catalysts.
lonic liquid-heteropolyanion (IL-HPA) salts have been reported to show
excellent catalytic performance and self-separation behavior in esterification
process [13]. Due to its high melting point and polarity, IL-HPA salt dissolved

in the polar solvent and acted as a homogeneous catalyst during the reaction at

109



high temperatures and precipitated as gelatinous solids at low temperatures,
which made the catalyst recovery remarkably convenient [13]. In our previous
work, the IL-HPA salts comprised of Keggin-type HPA and functionalized
Brensted acidic IL cation were found to afford similar catalytic performance
and separation behavior in transesterification of trimethylolpropane [14].
Nonetheless, all these results about IL-HPA demonstrated that the HPA was
primarily responsible for the self-separation rather than a catalytic active site
carrier. In this study, a series of multi-functional ionic liquid based
polyoxometalate (IL-POM) comprising IL cations with strongly acidic groups
and POM anions containing various metal atoms (tungsten, molybdenum and
vanadium) were designed, fabricated and employed in one-pot catalytic
transformation of cellobiose to valuable chemicals in the presence of molecular
dioxygen (Scheme 6.1). Both the Brensted acidic sites in the IL cations and the
redox catalytic sites in POM anions involved in the catalytic reaction. Upon the
hydrolysis of cellobiose, subsequent oxygenation and rehydration led to
selective C-C bond cleavage of the sugar intermediates. As a result, FA, formed
by both oxygenation and rehydration, and Lewvulinic acid (LA), formed by
rehydration, were found to be the dominant products. Moreover, the separation
of IL-POM catalyst from the reaction mixture was simply achieved by

filtration.
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6.1 Structure characterization of as-synthesized IL-POM catalysts

FT-IR spectra of some representative as-synthesized IL-POM catalysts were
collected and shown in Fig. 6.1. The IR bands at 1633 and 1486 cm™*, which are
observable for all [PyBS]" cation-based IL-POM catalysts, are attributed to the
characteristics stretching vibrations modes of C-H and C=N,
respectively. Characteristic IR bands at 794, 914, 976 and 1033 cm* were

observed for [PyBS]4SiW1204 (Fig. 6.1cC), indicating the Keggin structure is

well preserved in the [PyBS]4SiW12,040 catalyst.
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Similarly, the as-synthesized [PyBS]sP2W15Os2 (Fig. 6.1d) possesses typical
Dawson structure as evidenced by its characteristic IR bands at 790, 909, 966
and 1091 cm* attributed for v(W-O¢-W), v(W-Op-W), vas(W=0x) and v(P-0),
respectively.

The IR spectrum for Keggin-structured  vanadium-containing
[PyBS]sPV2Mo01004 (Fig. 6.1b) shows slight difference in the characteristic
bands for the POM anions from its parent molybdovanadophosphoric
heteropoly acid (HsPV2Mo010040, Fig. 6.1a) due to the structural distortion
induced by the donation of conjugated m electrons of organic cations to
inorganic anions [15,16]. Moreover, the IR band at 1078 cm for v(P-O) in
HsPV>Mo1¢04 is observed to split into two bands at 1085 and 1041 cm™ after
the protons are completely substituted by [PyBS]* cations, indicating the
formation of extra hydrogen bonds between terminal oxygen atoms of POM
anions and sulfate functional group in the IL cations [17-18]. Accordingly, it is
speculated that the solid nature of these as-synthesized IL-POM composites at
room temperature (melting points > 373 K) mainly arises from the existence of
numerous extra hydrogen bonds and strong electrostatic interaction between the
IL cations and the POM anions.

XRD patterns  for  HsPV2Mo010040, HaSIW1204, HeP2Wi50e,

[PyBS]4Si\N12040, [PyBS]5PV2M01004o, and [PyBS]6P2W18062 are also

112



collected and shown in Fig. 6.2. The measured XRD patterns of both
Keggin-structured HsPV>Mo01004 and H;SiW1,04 and Dawson-structured
HeP2W150s, are in good consistence with reported diffraction patterns in

literature (81,
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Fig. 6.2 XRD patterns of (a) [PyBS]4SiW12040 (b) [PyBS]sPV2Mo010040 (C)
HsPV2M010040 (d) HaSIW12040 (8) HsP2W150s2 (f) [PyBS]6P2W150s:2.
Moreover, the diffraction peaks for these three proton-type heteropoly acids

are distinct and sharp, indicating the high crystallinity. After the protons in
Keggin-structured HsPV2Mo010040 and HsSiW12040 are completely replaced by
[PyBS]" cations, characteristic XRD peaks in the range of 15~40< almost

completely disappear, suggesting the low crystallinities of [PyBS]4SiW12049
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and [PyBS]sPV2Mo1004. Introducing organic [PyBS]* cations greatly
influences the crystallization of POM anions and then results in the formation

of a semi-amorphous structure.
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However, some diffraction peaks in the range of 5~10=emerge and they cannot
be observed for parent heteropoly acids (HsPV2Mo010040 and HsSiW12040).
These low angle diffractions indicate the existence of facets with large
inter-planar spacing according to the Bragg equation. Therefore, it is deduced
that a unique inorganic-organic hybrid material with relatively large cavities is
formed as Keggin structured POM anions combine with organic [PyBS]*
cations. Differently, Dawson-structured POM  based  IL-POMs
([PyBS]6P2W15062) reserve XRD diffractions clearly in the range of 15~40<
Nonetheless, those peaks in the range of 5~10< which cannot be found in the
XRD pattern of proton-typed Dawson heteropoly acids, is still clearly observed.

In brief, the characterization results reveal that Keggin or Dawson type
IL-POM catalysts synthesized in this study retain the typical POM structural
features of particular combination of oxygen with metals and non-metals while
POM anions bond with the organic IL cations, as confirmed by the preservation
of characteristic IR bands. However, various factors, such as supercritical
electrostatic interactions between organic cations and inorganic anions,
hydrogen bonding, Van der Waals forces, etc., greatly influence the
crystallization behavior of the 1L-POM compounds in atypical XRD patterns
[19].

The vanadium-containing IL-POMs are further characterized by **V-NMR
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spectrometry to gain information on the local symmetry of vanadium site.

According to the previous result 'Y, there are five possible Keggin structures
for [PV2Mo1004]"", and they are identified by different rotated degrees on their
X-O axis of edge-sharing M3O13 group in the Keggin structure.

The >V-NMR chemical shift of these five positional isomers significantly
varies with different pH values of medium in the range of 0-2, whereas changes
smoothly when the pH value is above 2. According to the abundance and
chemical shift (835) in a >*V-NMR spectrum reported by Pettersson et al. [20],
the chemical shift of ~-532 ppm shown in Fig. 6.3 is assigned to isomer a-1, 2
and the chemical shift of ~-534 ppm is assigned to isomer a-1,6 and isomer
a-1,11. Moreover, these two chemical shifts are within ~2 ppm range, which is
consistent well with the data reported by Pettersson and co-workers.
Quantitative analysis shows that the molar ratio of isomer a-1, 2 to isomer a-1,6
/ isomer a-1,11 is approximately 1:1 for as-synthesized catalyst before reaction
(Fig. 6.3a).

6.2 One-pot transformation of cellobiose over different IL-POM catalysts
Cellobiose is a disaccharide consisting of two glucose molecules linked by

a glycosidic bond and represents the simplest model molecule for cellulose, and

it was chosen as the model substrate to facilitate the evaluation of different

IL-POM catalysts. The catalytic performances these IL-POM catalysts with
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different IL cations and POM anions are listed in Table 6.1. The blank
experiment in the absence of any catalyst reveals that nearly no cellobiose is
converted to valuable hydrolytic or oxidized products, such as saccharides and
carboxylic acids (entry 1), implying that acid and redox sites of catalyst are
important in the catalytic transformation of cellobiose. Adding IL-POMs
promotes significantly the degradation of cellobiose, showing remarkably high
conversions in the range of 83.6~100% under the relatively mild reaction
conditions. The C-C bond cleavage of sugar intermediates was demonstrated by
the appearance of FAand LA as the primary products. These results demonstrate
the multi-functional roles of IL-POM in accelerating the transformation of
cellobiose including the hydrolysis of cellobiose and C-C bond cleavage of
sugars intermediates. According to the proposed mechanism for LA and FA
formation via hydrolytic pathways [10, 21], the rehydration of 5-HMF affords
equimolar FA and LA simultaneously (n(C-atoms of FA): n(C-atoms of LA) =
1:5). The evidence for the existence of hydrolytic transformation of cellobiose
in this study is the presence of trace amounts of fructose and 5-HMF in the
reaction products. In the acidic environment mainly originated from the
sulfonic group in the IL cations, the catalytic hydrolysis of cellobiose to glucose
and the isomerizaiton of glucose to fructose proceeds more rapidly than in a

neutral environment without catalyst, consequently leading to almost complete
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conversion of cellobiose and rehydration of 5-HMF to LA and FA. The strong
Brensted acidic sites of these IL-POMs are responsible for their catalytic
activity in the hydrolytic degradation of cellobiose, which is consistent with our
previous results 4. The influence of cation of IL-POM on the catalytic activity
is in the following sequence: [PyBS] >[MIMBS] > [TEABS] (entry 2-4), as
evidenced by the conversion of cellobiose and selectivity toward LA and FA.
The structures of POM anions may also influence the hydrolysis of
cellobiose and subsequent reactions. As compared to Keggin-structured
IL-POMs (entry 2-6), Dawson-structured 1L-POMs (entry 12-13) afford higher
cellobiose conversion with primary products of glucose and subsequent
transformations of glucose to fructose, 5-HMF. The formation of LA and FA
over these Dawson-structured IL-POM catalysts is significantly inhibited,
implying the superior catalytic activity of Keggin type POM-s to Dawson type
POMs in isomerization of glucose to fructose and subsequent hydrolytic
degradations. Notably, under the similar reaction conditions, the selectivity
toward FA sharply increases in the degradation of cellobiose catalyzed by
vanadium-containing IL-POMs, concurrently with a significant decline of
selectivity toward glucose and increase of selectivity of gaseous products (entry
7-9). Introducing vanadium into the IL-POMs markedly promotes the catalytic

oxidation of sugar intermediates with molecular oxygen after hydrolyzing
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cellobiose, leading to FA formation and deep oxidation products. A stepwise
Mars-van Krevelen-type mechanism is proposed to be involved in such
catalytic oxidation reactions, in which the valence alternation of V atom
between V°* and V** in catalytic cycles is responsible for the redox
transformations of substrates [22]. In order to confirm the hypothesis of
oxidative transformation of cellobiose, two comparative experiments on
[PyBS]sPV2Mo01004 are conducted by changing the reaction atmosphere from
dioxygen to hydrogen and nitrogen (entry 10-11). No obvious increase of FA
and a similar product distribution to that under IL-POMs without vanadium
(entry 2-6) are found in the absence of molecular dioxygen as the oxidant for
formaldehyde, which is the first product due to the initial oxidative C-C bond
scission [23]. Furthermore, three vanadium-containing IL-POMs with different
exchange degrees between proton and [PyBS]* afford dissimilar cellobiose
conversion and selectivities toward LA, FA and gaseous product. As the molar
ratio of cellobiose /IL-POM is kept at a constant of 20:1 for all catalytic runs,
the amount of [PyBS]* in the reaction mediums varies in an order of
[PyBS]sPV2Mo01004 > [PyBS]sHPV2M01004 > [PyBS]sH2PV2M010O40. This
decrease in the concentration of [PyBS]" substantially hinders the reaction rates
of cellobiose catalytic degradation and reduces the yields of LA and FA,

indicating that the protons from the sulfonic groups in [PyBS]* are more
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beneficial for promoting cellobiose transformation via hydrolytic pathways than

that from parent heteropolyacids.
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Table 6.1 Catalytic performances of different IL-POM catalysts in cellobiose degradation in the presence of molecular dioxygen °.

Selectivity (%)

Entry  Catalyst Conversion . L L Gaseous product
(%) Glucose  Sorbitol  Fructose  Levulinic acid  Formic acid 5-HMF .
(mainly CO,)

1 0 7.8 0 0 0 0 0 0 7.8

2 [TEABS]3PW1,040 83.6 47.1 0 17.6 25.6 5.1 2.5 2.1

3 [MIMBS]3PW;,040 88.8 45.2 0 16.0 29.2 5.9 3.1 0.6

4 [PyBS]3sPW;1,040 90.1 44.1 0 10.4 35.8 7.3 2.2 0.2

5 [PyBS]3PM0;,040 90.5 41.3 0 11.7 321 6.6 2.4 5.9

6 [PyBS]4SiW;,040 98.9 36.9 0 10.0 40.8 8.2 1.1 3.0

7 [PyBS]s PV>,M014040 100.0 5.6 0 2.1 48.3 26.1 0.2 17.7

8 [PyBS]4HPV,M01004 99.7 11.6 0 4.5 40.7 24.1 3.2 15.9

9 [PyBS]5H,PV2M015049 98.8 13.9 0 5.9 34.8 23.6 5.0 16.8
10° [PyBS]sPV,M010049 89.1 39.1 0 13.4 315 9.3 31 3.6

1° [PyBS]sPV,M010040 88.2 34.4 0 11.4 38.9 10.8 0.8 3.7

12 [PyBS]sP2W:50s; 100.0 82.4 0 3.1 10.2 2.0 1.7 0.6

13 [PyBS]sP2M01506; 100.0 79.0 0 1.8 8.5 1.6 0.1 9

14 H3PW,,040 95.0 56.8 0 0.4 2.6 0.5 0 39.7

15 [PyBS]HSO, 100.0 47.0 0 1.0 0 0 0 52.0
16" [PyBS]sPV,M010049 34.6 30.7 3.6 2.3 21.5 8.6 0.8 325

a. reaction condition: 0.125 g cellobiose, 423K, 3MPa O,,catalyst amount=5 mol% (based on the mole of cellobiose), 10ml H,0O, 3 h.
b. under 3MPa H,; c. under 3MPa N,; d. reaction conditions: 0.1g cellulose, 423K,3 MPa O,, 3 h, catalyst amount = 5wt% (base on the total weight

of mixture).
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A pure heteropolyacid catalyst of HsPW1,04¢ is examined in the reaction (entryl4).
A small amount of FA and LA are found, implying that the cation of IL-POM is
responsible for the rehydration of 5-HMF to LA and FA. The IL without
heteropolyanion is also tested (entry 15). Surprisingly, 47.0% selectivity of glucose
is obtained and no other side-product is detected, implying that the acid strength of
the IL is insufficient to rehydrate 5-HMF to form LA and FA.

In order to explore the practical application of IL-POM catalysts in the biomass
transformation to valuable chemicals, the optimal catalyst of [PyBS]sPV2Mo010O4
is employed in the cellulose degradation at 423 K. Upon 3 MPa pressure and 5 wt.%
catalyst amount, 34.6 % conversion is obtained with considerable selectivities
toward FA and LA (entry 16). The lower conversion compared with cellobiose
transformation is due to the robust crystalline structure and water-insolubility of
cellulose.

6.3 Recovery and reusability of IL-POM catalysts
One of the outstanding advantages of as-synthesized IL-POMs in catalyzing

one-pot transformation of cellobiose is the convenient recovery of catalysts. Since
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these IL-POMs possess relatively high melting points and low solubility in water,
they can recrystallize into solid state, and then be easily recycled for the next
catalytic run. A four-run recycling test of [PyBS]sPV2Mo01004 for the
transformation of cellobiose is conducted and the results are shown in Fig. 6.4.
Only a slight decline in cellobiose conversion and FA selectivity is observed
after four successive recycling tests. The stable performance of this catalyst is
consistent with the characterization results. Compared with the fresh catalyst, the
recovered one shows similar IR bands at 1087, 951, 904 and 791 cm* for
POM:-anion along with the bands at 1170, 1631 and 1423 cm * for IL-cation (curve
e in Fig. 6.1). ®'V NMR result of spent catalyst (Fig. 6.3b) does not show any
evidence of impurities and degradation, further suggesting the durable structure of
2 to isomer a-1,6/ isomer a-1,11 becomes 2:1 according to their relative intensities
shown in Fig. 6.3b. [PyBS]sPV2Mo01004 during the catalytic cycle. After the
reaction, the molar ratio of isomer o-1, The alternation of relative intensities is
probably due to the decreased pH in the reaction mixture as LA and FA are

accumulated during the reaction, which is consistent well with the conclusion
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proved by Pettersson and co-workers that the relative abundance of these isomers

changes when part of them become mono-protonated resulted from the decline of

pH in the system [20].
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I Formic acid 80
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Fig. 6.4 Cellobiose and cellulose conversion and selectivity for levulinic acid and

formic acid for four recycling runs on [PyBS]sPV2Mo010040 (Reaction conditions:

0.125 g cellobiose, 423K, 3 MPa O,catalyst amount =5 mol% base on the mole of

substrate, 10ml H,O, 3 h).

6.4 Exploration of catalytic reaction mechanism

Catalytic degradation of cellobiose catalyzed by IL-POM catalyst in the

124



presence of molecular dioxygen comprises a series of successive hydrolysis,

isomerization and oxidation reactions. In order to probe into the catalytic

mechanism, several compounds including glucose, sorbitol, xylitol, erythritol,

glycerol and ethylene glycol, which are possible reaction intermediates, are

employed as substrates in the presence of [PyBS]sPV2Mo01004 under identical

reaction conditions, and the results are shown in Table 6.2.

Table 6.2 Selectivity of final product in reactions of different sugar intermediates®.

Selectivity
Entry/substrat
Fructos L . . . Gaseous product
€ Lewulinic acid  Formic acid )
e (mainly CO»)

1 Glucose 5.7 471 9.6 36.8
2 Glucose 4.8 50.8 27.3 17.1
3°  Glucose 1.8 5.4 48.1 44.5
4 Sorbitol 0 0 65.8 34.2
5 Xylitol 0 0 61.2 38.8

Erythrit
6 0 0 49.5 50.5

ol
7% Glycerol 0 0 67.8 32.2

Ethylen
g¢ Y 0 0 99.1 0.9

e glycol

a. Reaction conditions: 423 K, 3h, 3 MPa 02, 10 ml H,O, 0.125 g sugars
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intermediates, catalyst amount of [PyBS]sPV2Mo01004= 3 mol% (based on the
mole of substrate), sugar intermediates conversions are all 100%.

b. The reaction was catalysed by [PyBS]4SiW12040.

c. The reaction was catalysed by HsPV2M010040.

d. Conwversion of glycerol and ethylene glycol was 49.2% and 58.3%, respectively.

As compared with the glucose conversion catalyzed by [PyBS]4SiW1,04 in the
absence of vanadium active sites incorporated in the POM anion (entry 1), the
selectivity toward FA increases sharply over the [PyBS]sPV2Mo01004 catalyst. The
amount of gaseous products significantly decreases while the LA yield only
slightly changes(entry 2). Glucose is converted to LA and FA with relatively high
selectivities of 50.8% and 27.3%, respectively. It is assumed that the oxidative C-C
bond cleavage of glucose, which is the first product derived from the hydrolysis of
cellobiose, dominates the transformation of cellobiose to FA and CO; over the
active species of vanadium % 24 the FA/CO, ratio in the products of glucose
degradation should be close to that for cellobiose degradation, after subtracting the
FA yielded from rehydration of 5-HMF. The oxidative C-C bond cleavage of

organics in the presence of molecular dioxygen and vanadium-containing POMs
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HO OH HO OH —> O._OH OH
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[PyBS]sHPVYIVYMo, 405
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e, -H"
OH OH

(¢) /O VI
+ [PyBS]sPVVL,Mo,005y + 2H" + /[k
OH OH ([PyBS]sPOM,.y)

o .

- + ’
/O -e7, -H o/
HO ’ o OH

ou  [PyBS]POM
POM[PyBS];

> -e,-H"
Formaldehyde

/ o\ <H -H" Ho \\_/ ﬁ}\/
© 5 ° PyBS]SPOM \_/

H H OH

[PyBS]5POMred + 2Hads+ 02 e [PyBS]sPOM + H2O

Scheme 6.2 Pathway for the oxidation of glucose to formic acid and carbon oxide.
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has been proposed to follow an electron-oxygen transfer (ET-OT) mechanism [12,
22-24], as depicted in Scheme 6.2 for oxidative degradation of glucose. Initially, a
POM-substrate complex is formed after electron and proton transfer from glucose
to IL-POM, and then this complex undergoes C-C bond cleavage after the oxygen
transfer from the IL-POM to the substrate, followed by an additional electron and
proton transfer.

Finally, the ET-OT reactions lead to the formation of final products and the
reduced and deoxygenated 1L-POM, which can be easily re-oxidized by molecular
dioxygen to restore their catalytically active structure. This is a two-electron
oxidation coupled with one molecular oxygen transfer and two protons release.
According to this mechanism and the study on oxidation of glucose and
C2-substrates to FA and CO, by Wasserscheid et al. [*3, one can expect that the
ratios of FA/CO. in products for glucose, sorbitol, xylitol, erythritol, glycerol and
ethylene glycol should be 1/1, 2/1, 3/2, 1/1, 2/1 and 1/0, respectively. In this study,
the FA/CO; ratios in all these substrates are consistent with the proposed molar

ratios except glucose transformation (entry 2). This exception for glucose reaction
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becomes more understandable when taking into account that part of FA coming
from rehydration of 5-HMF. HsPV2Mo01,04 is employed to confirm this hypothesis
since the rehydration of 5-HMF to LA and FA is significantly inhibited in the
absence of IL-cation. 1/1 of FA/CO; is obtained (entry 3), which is similar to the

result in the glucose reaction reported by Wasserscheid.

HO

HOH,C _HO/H' - HOM,C
A\ ORK,, —2 moOC

5-HMF
l +H,0

2 Q 0 0 CHO
H3CHCHO - HC CHO MO ”
= * - \ OH
i OH OH

2,5-dioxo-3-hexenal

l -HCOOH

O OH O

Levulinic acid

Scheme 6.3 Pathway for the rehydration of 5-HMF to formic acid and levulinic
acid.
These results strongly support the validity of degradation of polyols and
saccharides via ET-OT oxidation. 5-HMF and LA cannot be found in the

transformation of C2~C5 alcohols (sorbitol, xylitol, erythritol, glycerol and
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ethylene glycol), which further supports the standpoint that LA originates from the

rehydration of 5-HMF via a series of hydrolysis and isomerization steps of

saccharides. Accordingly, a possible reaction pathway for Brensted acid catalyzed

rehydration of 5-HMF is proposed in Scheme 6.3 [11].

The rehydration of 5-HMF undergoes a series of hydrolysis and isomerization

steps, leading to a variety of intermediates, and finally forms LA and FA. It is

worth noting that 1) LA and FA molecules, which are all terminal carboxylic acid

without oxygen-containing functional group on the a-carbon atom, are remarkably

more stable than glucose, fructose and 5-HMF in the presence of

vanadium-containing POM-IL catalyst and molecular dioxygen; 2) equimolar LA

and FA, which is corresponding to 5/1 of n (C-atoms of LA)/n(C-atoms of FA), is

always obtained through hydrolysis and isomerization pathways.

6.5 Conclusion

A series of multiple-functional ionic liquid-based polyoxometalate (IL-POM)

catalysts were synthesized and applied for transformation of cellobiose in the

presence of molecular dioxygen. Some of the POM-IL catalysts are very efficient
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and easily recyclable for the catalytic transformation of cellobiose/ cellulose to

valuable chemicals, such as FAand LA. This approach combines successfully two

different reaction pathways, which are the formation of LA and FA via acid

catalyzed hydrolysis and isomerization under the IL functional groups and also the

oxidative degradation of carbonoxygenates to FA and CO- under the active

vanadium species, to provide a green and efficient synthesis of LA and FA from

biomass materials.

The content in Chapter 6 has been published ChemsusChem and the DOI :

10.1002/cssc.201402157.
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Chapter 7 Conclusions and Future Perspectives
7.1 Conclusions

In this thesis, the IL involved heterogeneous catalytic systems were
successfully designed and performed on several oxidative transformations with
particular highlights on how specifically IL benefits the oxidation in the
catalytic systems. The primary results and findings are summarized in this
chapter.

The aerobic oxidation of 1-phenylethanol over a carbon nanotube supported
palladium catalyst was improved by adding small amount of IL [emim][NTf;],
showing an excellent TON of 149 000. The increased concentration of reactant
and the oxygen in [emim][NTf;] are partially responsible for the improve effect
of IL. Moreover, the electrophilic environment conferred by the anion NTf,™ is
proposed to accelerate the electron transfer hence accelerate the reaction.
Besides the instrinsic properties conferred by IL itself, the characterization of
both the pristine and spent Pd catalysts indicate the stability of both the Pd
metal and the carbon nanotube support with the existence of IL. Especially, the
XPS results showed the the existence of the Pd speices in the status of Pd®",
which may imply the interaction between the F atom in the IL anion and the Pd
metal resulting in stabilizing the catalyst. The heterogeneous catalytic system

consisting of IL [emim][NTf,] and Pd/CNT catalyst shows good activity in the
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aerobic oxidation of a series of phenylic alcohols, which can even maintain for
S runs.

Starting the point of cutting down the usage of traditional organic solvent,
[emim][NTf,] was introduced as a second solvent to mixed with
dimethylformamide (DMF) whereby the alkene epoxidation was significantly
improved over vanadium-exchanged faujasite zeolite catalysts (V-X), using
tert-butyl hydroperoxide (TBHP) as the oxidant. The cis-cyclooctene
conversion is greatly improved as well as the high epoxide selectivity is
maintained in the presence of [emim][NTf;]. In addition to the high polarity of
IL, the superior catalytic activity with [emim][NTf;]-involved solvent is
summarized to be attributed to the following reasons. The vanadium active site
shows improved stability in the [emim][NTf,]-involved solvent, and the
effective molecular structure of vanadium active site is well preserved. The
hydrogen bonding between [emim][N Tf,] and by-product t-butanol prevents the
coordination of t-butanol with vanadium center; hence improves the catalytic
efficiency. Due to the weak acidity of the imidazolium cation, it is also
proposed that the hydrogen bonding between the weak acidic protons with the
vanadium peroxo intermediate may decrease the activation energy barrier of the
kinetically relevant steps.

From the economic view the strategy of reducing the using amount of IL
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meanwhile maintaining its unique properties to obtain effective heterogeneous
catalysis is urged to be developed. To integrate IL directly with the
heterogeneous catalyst, IL-based polyoxometalate (IL-POM) composites were
synthesized by ion exchange method. A series of multiple-functional ionic
liquid-based polyoxometalate (IL-POM) catalysts were synthesized and applied
for transformation of cellobiose in the presence of molecular dioxygen. Some of
the IL-POM catalysts are very efficient and easily recyclable for the catalytic
transformation of cellobiose/ cellulose to valuable chemicals, such as FA and
LA. This approach combines successfully two different reaction pathways,
which are the formation of LA and FA via acid catalyzed hydrolysis and
isomerization under the IL functional groups and also the oxidative degradation
of carbonoxygenates to FA and CO, under the active vanadium species, to
provide a green and efficient synthesis of LA and FA from biomass materials.
The heterogeneous
7.2 Future perspectives

Basing on the results of Chapter 4, we have discovered and primarily
investigated the involvement of imidazolium ionic liquid [emim][NTf] leading
to an enhanced conversion of the aerobic oxidation of benzyl alcohol. The
improve effect of IL was explained from two aspects (1) the instrinsic

properties of IL, mainly the anion (2) the interaction between IL and the Pd
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catalyst which is mainly supported by the comparison of the XPS spectra of
pristine and spent catalysts. However, the evidences are still not sufficient to
clearly elucidate the specific effect of IL in the reaction course. It’s found that
the aerobic oxidation of a metal complex such as (CsMes),Fe(ll) might also be
promoted by employing imidazolium ILs [1]. In this work the importance of the

imidazolium cation of ILs was highlighted and the imidazolium ILs accelerated

e

N

(CsMes),Fe(ll) + (1/4)0, + [bmim]X]———

1 2 {X = SbFB. PFB. NTfQ;
BF4 and Cl)

Bu +

+

I
N

[(CsMes)Fe(llNIX] + | (1/4)05 ~==- H_<®
3-X rI|

Me

By .
|

[
| : + (1/2)H,0
N

\

Me

4
"in-situ formed NHC"

Scheme 7.1 Proposed mechanism for aerobic oxidation of the metal catalyst
promoted by imidazolium ILs.
the one-electron mechanism as depicted in Scheme 7.1. The imidazolium cation
of acidity might interact with anionic oxygen then generate the in-situ

N-heterocyclic carbene (NHC). Considering the similarity of this work and our
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one, we’re obliged to examine the cation effect on the reaction. On one aspect,
the hydrogen bonding ability of IL directly affects the interaction between IL
and the alcohol substrate hence affects the reaction progress. Moreover, it’s
necessary to find out if the imidazolium cation anticipates the activation of O,
and if the NHC appears as the reference work.

Basing on the content in Chapter 5, the introduction of IL [emim]NTf;
significantly improved the epoxidation reaction. However the large amount of
cost of IL as reaction solvent still becomes the obstacle of expanding the
application. Hence basing on the present recognition that how IL benefited the
epoxidation, to modify the zeolite support with imidazolium IL is planned in the
future work. The Na" of zeolite support can be replaced by the imidazolium
cation, which is called the IL-modified zeolite. Using the IL modified zeolite as
support the vanadium exchanged catalyst is synthesized as the used method. As
the primary investigation, a weak acidic environment due to the imidazolium
cation may possibly improve the activity of the catalyst, where the 1L amount
will be significantly reduced. Additionally, other promising effective catalytic
systems with IL will be tried and investigated as well in the future research

plan.
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Appendix
Al Cog(u3-OH)g cluster based coordination polymer as an effective

heterogeneous catalyst for aerobic epoxidation of alkenes

Catalytic epoxidation of alkenes takes a vital position in both organic
synthesis and industrial processes for producing the highly reactive epoxides as
one type of the most useful synthetic intermediates. Traditional epoxidation
normally involves peroxide-oxidants such as H,O,, PHIO, ethylbenzene
hydroperoxide, and tert-butyl hydroperoxide (TBHP), which are strongly
oxidative, corrosive, toxic, and environmentally unfriendly [1]. As the
increasing concerns on the development of green catalytic technology, directly
employing free oxygen/air in the epoxidation (aerobic epoxidation) process is
suggested to be the ideal oxidant choice and this process can contain the
maximum content of active oxygen [2]. Nevertheless, without additional radical
initiators and reducing reagents, maintaining high conversion and high
selectivity at the same time for the application of oxygen in the alkene
epoxidation is a big challenge [3].

Although the heterogeneous gold catalyst is reported to show promising
behaviour in the aerobic epoxidation, its limited activity for several alkenes
drives further investigation of other types of catalysts [4]. Coordination

polymers (CPs) or metal-organic frameworks (MOFs) are rapidly emerging
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class of multifunctional hybrid materials that have potential applcitaions in
gas storage [5],5 separation [6], chemial sensors [7], nonlinear optics [8],
magnets and biology [9]. CPs are also considered to be useful for diverse
heterogeneous catalytic applications as either catalysts or catalyst supports [10].
Several works have already shown that CPs as catalysts in the alkene
epoxidation give good acitivity and even asymmetric selectivity [11]. However,
the very high turn-over frequencies (TOFs) and numbers (TONSs) that required
for industrial oxidation or oxygenation reactions are still not achieved. In
addition, the CP catalyzed alkene epoxidation using molecular oxygen as the
only oxidant without the assistance of any sacrificial reductant or additive is
rarely reported [12].

Here, we report a newly synthesized hexaprismane Co(Il)6(n3-OH)6
cluster-based three-dimensional CP, noted as CO6-CP (Figure A.1l) as an
effective recyclable heterogeneous catalyst for the epoxidation of alkenes with
oxygen as the only oxidant.

Al.1 Experimental
Al.1.1 Materials

All chemicals were purchased from Alfa Aesar, TCI chemical and Aldrich

and used without further purification.

Al.1.2 Synthesis of compound Co(uz-OH)(HCOO)o.72(CH3COO0)o 25 (Cos-CP)
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The Co6 cluster based CP (Cos-CP) was synthesized by solvothermal
method. Co(NO3),6H,O (86 mg, 0.5 mmol), NaOAc (82 mg, 1 mmol) and
pyridine (0.5 ml) were added to a solution of DMF (3 ml) methanol (3 ml) and
deionized water (0.5 ml). The mixture solution was sealed in a teflon-lined steel
autoclave and heating at 110 °C for 5 days. Dark purple cubic crystals were
isolated after filtration in 62% yield with respect to cobalt.

Al.1.3 Characterization

Crystallographic measurements: data collection of crystals was carried out
on Bruker APEX Il CCD diffractometer equipped with a
graphite-monohromatized MoKo. radiation source (A=0.71073 A). Empirical
absorption was performed, and the structure was solved by direct methods and
refined with the aid of a SHELXTL program package. All hydrogen atoms were
calculated and refined using a riding model. CCDC number for Co6-CP is
915825.

Powder X-ray diffraction data were recorded on a Bruker D8 Advance
diffractometer with a graphite-monochromatized Cu Ka radiation. FTIR spectra
were recorded from KBr pellets by using a Perkin Elmer FTIR SpectrumGX
spectrometer. Elemental analyses were obtained from a EuroVector Euro EA
elemental analyzer. Thermogravimetric analysis (TGA) was carried out on a TA

Instrument Q500 Thermogravimetric Analyzer at a heating rate of 10 °C/min up
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to 800 °C.

ICP-MS analyses were performed on an ICP-MS Agilent 7700 spectrometer,
before which the sample was obtained as the following procedures: a hot
solution obtained after 8 h reaction time was filtered and 5.00 ml of this
solution was used for further analysis. After evaporating the organic solvent in
vacuum over night the residual was digested assisted by the CEM MDS-5
microwave oven then diluted with double distilled water to 10.0 ml.

Al.1.4 Catalytic reaction

The epoxidation of various alkenes using molecular O, was carried out in a
bath-type reactor operated under atmospheric conditions: a three-necked glass
flask (50 ml) precharged with 2 mmol of alkenes, 2 mg of Cog-CP, 20 ml of
DMF as well as a stirring bar, was heated by a silicon oil bath, where a
thermocouple was applied to control the temperature and a reflux condenser to
condense the vapor of products. Ineach reaction run, the mixture was heated to
the desired reaction temperature under vigorous stirring (stirring rate: 1000
rpm). Oxygen flow was bubbled at 30 ml/min controlled by a mass flow
controller into the mixture to initiate the reaction.

To investigate the oxygen pressure effect, the reaction was alternatively
carried out in a stainless steel reactor with Teflon liner (Parr 4950, controller

4843). The residual air inside the reactor was expelled by pressurizing and
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releasing O, several times. The reaction was performed under the oxygen
pressure of 20 bar, with the other reaction conditions unchanged.

The liquid mixture after reaction with Cog-CP filtered was analyzed by
Agilent gas chromatograph 6890 equipped with a HP-5 capillary column ( 30 m
long and 0.32 mm in diameter, packed with silica-based supelcosil) and flame
ionization detector (FID). Dodecane was the internal standard. The by-products
were identified by a gas chromatography-mass spectrometry (GCMS, Agilent,
GC 6890N, MS 5973 inert).

For reaction time effect examination, the reaction in the first 1h was
performed from 15 min to 1 h with 15 min interval, next from 2 hto 6 h with 1
h interval.

A1.1.5 Recycle of catalyst

After each reaction cycle, the filtered catalysts were recovered by washing
with plenty of acetone (>99%, Sigma—Aldrich) and dried in vacuum at 373 K.
Then the recycled catalysts were reused under the same reaction condition as

described above.

Al.2 Results and discussion
Al1.2.1 Characterization of Cog-CP
The detailed crystal analysis showed that Cog-CP crystallized in the trigonal

space group R-3. The structure of the Cos-CP is shown in Figure A.1. Each
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Co(ll) octahedrally coordinates with three OH groups and three oxygen atoms

from the carboxylate groups.

Figure Al.1 > a) The
3D structure of Cog-CP; b) The Cog(u3-OH)g cluster subunit in Cog-CP. Color
code: red ball, Oxygen; gray ball, Carbon; blue ball, Cobalt; white ball,
hydrogen.

The oxygen atom in each OH group bridges with three different Co atoms to
form a hexaprismane Cog(OH)g cluster. Each Cog cluster is further connected
with six neighbouring Cos clusters by edge sharing via the bidentate
carboxylate groups to form a three-dimensional network.

The experimental powder XRD pattern for Cog-CP matches very well with
the simulated one generated on the basis of single crystal structure analysis,
which confirms the phase purity of the bulk materials of Cogs-CP (Figure Al.2).
The IR spectrum of pristine Co6-CP is shown in Figure Al1.3. The strong peak

at 3512 cm® could be assigned to the v(O-H). The v(C-H) of the methyl group

is located at 2924 cm* and 2855 cmt. The peak at 747 cm* and 681 cm* could
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be assigned to the Co-O stretching vibration for Co(u3-OH) group, confirming

the existence of Co-hydroxide cluster in the crystal [13].

‘ Co6-CP recovered

Co6-CP fresh

Intensity (a.u.)
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Figure Al.2. The simulated and experimental powder XRD patterns of Co6-CP.
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Figure Al1.3. The IR spectra of pristine and recovered Cog-CP.

The thermal stability of Cog-CP was investigated by thermogravimetric

(TG) (Figure Al.4). The decomposition temperature of Cos-CP is about 290 °C
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and almost no weight loss happened when heating to 270 °C, which indicates

the quite good thermal stability of the crystal.
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Figure Al.4. The TGA spectra of fresh and recovered Cos-CP

A sharp weight loss (40%) occurred in the temperature range of 290-330 °C
due the decomposition of the organic ligand. Then, there was no further weight
loss till 800 °C.

Al1.2.2 Aeroataic epoxidation activity of Cog-CP

The activity of Cog-CP was studied with the epoxidation of trans-stilbene as
the test reaction with molecular oxygen as the oxidant and
N,N-Dimethylformamide (DMF) as solvent. Figure Al.2 shows the time course
of the epoxidation of the trans-stilbene. After reaction for 6 hours, the

conversion and the selectvity towards the epoxide reached 98.6% and 98.0%,
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respectively.
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Figure Al.6. The epoxidation of trans-stilbene catalyzed by Co6-CP. The
reaction conditions refer to the foot note of Table A.1.

The average TOF of 22 h™ was obtained for the reaction lasting for 6 hours.
The high TOF value and excellent conversion along with the epoxide selectivity
surpass all the ones reported with CP materials as heterogeneous catalyst for
converting trans-stilbene to corresponding epoxide [11a, 11f, 12a, 14] and rival
those of the traditional heterogeneous catalysts [15]. Moreover, most of these
works involving CP catalysts are required to employ either peroxides or
co-catalysts due to the limited catalytic activity of CPs. From the aspect of
catalytic ability, the Cos-CP catalyst takes the lead among the CP materials to
have achieved good activity which does not fade next to the traditional

heterogeneous catalysts of good activity. Except for trans-stilbene, the Cog-CP
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was found to be capable of catalyzing the epoxidation of other various alkenes
and the results were summarized in Table Al.1.

Table Al.1. Epoxidation of various alkenes over Cog-CP.2

b

Entry Substrate Conversion Selectivity Turnover
(%) (%) number®

1 trans-Stilbene  98.6 98.0 133.1

2 cis-Stilbene 66.2 84.3 89.4

3 Styrene 94.2 76.8 127.2

4 cis-Cycloocten 16.5 97.5 22.3

e

5 1-Decene 14.0 83.4 18.9

6 trans-Stilbene® 0.2 100.0 0.3

7 trans-Stilbene®  22.6 76.7 30.5

a. Reaction conditions: substrate, 2mmol; Cos-CP, 2mg; solvent,
dimethylformamide 20ml; oxygen flow rate 30ml/min, reaction time 6h,
reaction temperature 120 °C.

b. The selectivity is towards corresponding epoxide for each substrate: for
trans-stilbene the by-product is benzaldehyde; for cis-stilbene the by-products
are trans-stilbene and benzaldehyde; for styrene the by-products are

benzaldehyde and benzoic acid; for cis-cyclooctene the by-products are
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2-cyclooctene-1-one.and 4-cyclooctene-1-one; for 1-decene the by-product is
3-decanone.
c. TON is calculated by mmol of substrate converted to corresponding

epoxide/mmol of cobalt in the Co6-CP.
d. Radical scavenger 0.02 mmol butyl hydroxy toluene (BHT) is added.

e. The epoxidation of trans-stiloene was performed in a closed reaction system
with the oxygen pressure of 20 bar instead of the oxygen flow.

As shown in Table Al.1, no matter for the cyclo-alkene (cis-cyclooctene )of
rigid structure and weak nucleophilicity (entry 4) or the alphalic alkene
(1-decene) (entry 5) Cos-CP shows quite good catalytic activity during the
conversion to corresponding epoxide. The excellent catalytic behavior for the
aerobic epoxidation reaction raises the prospect of using the CP material for the
green industrial epoxidation process.

Al1.2.3 Examination of reaction parameters

As the next step, the effects of temperature, oxygen flow rate, catalyst
amount and the initial substrate concentration were studied in detail for the
aerobic epoxidation of trans-stilbene. As shown in Figure Al.7, higher
temperatures improved the reaction rate. The conversion was very low at 90 °C
(40.9 %) while at 110 °C the reaction reaches a higher conversion (larger than

95%). The selectivity increased from 97.0 % to 99.1 % when the reaction
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temperature raised from 90 °C to 100 °C; then, a slight decrease of selectivity

was displayed with the further increase of reaction temperature.
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Figure Al.7. The reaction temperature effect on the epoxidation of
trans-stilbene over Cog-CP. The reaction conditions refer to the foot note of
Table A1.1.

The oxygen flow rate also has obvious influnce on the reaction rate. As
shown in Figure A1.8, only a conversion of 60.8 % was achieved when the
oxygen flow rate is 10 ml/min while the epoxidation conversion was efficiently
improved to 92.7 % at a flow rate of 60 ml/min. Note that the selectivity (above
97.0 % all the time) showed a small change. This phenomenon is quite
consistent with the results obtained by W. Kleist et al., indicating that high

oxygen availability is crutical to the aerobic epoxidation [12a].

153



100

- +100
'/
[ ]
/__74 \. A
X 80qe u E,\i
< >
2 g
g 60 W e
Q U)
40 T T T T T T 95

10 20 30 40 50 60
Flow Rate(ml/min)
Figure A1.8. The oxygen flow rate effect on the epoxidation of trans-stilbene
over Co6-CP. The reaction time is 3h and other conditions refer to the footnote

of Table Al.1
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Figure A1.9. The catalyst amount effect on the epoxidation of trans-stilbene.
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The reaction conditions refer to the foot note of Table Al.1. This indicates that
the mass transfer effect might not majorly limit the reaction

The reaction rate increases with the amount of catalyst (Figure A1.9) till
which reaches 2 mg since the conversion of the reactant has reached its
limitation. rate.

Furthermore, the initial substrate concentration effect is examined keeping
the constant cobalt/substrate ratio by adjusting the volume of the solvent. It’s
found that within limits a higher initial concentration gave a higher conversion

as shown in Figure A1.10.
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Figure A1.10. The initial concentration effect on the epoxidation of
trans-stilbene over Cog-CP.The reaction conditions refer to the foot note of
Table A1.1.

The solvent plays vital role for the epoxidation reaction. The use of
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Dimethyl sulfoxide (DMSO) and 1,2-Dichlorobenzene did not yield any
epoxidation products. On the other hand cyclohexanone and
N,N-Dimethylacetamide (DMA) proved to be suitable solvents, affording rather
high reaction rate, as shown in Table Al.2.

Table A1.2. Solvent effect on the epoxidation over Cog-CP?.

Entry Substrate Conwversion (%) Selectivity (%)
1 DMF 98.6 98.0

2 DMSO - -

3 1,2-Dichlorobenzene - -

4 DMA 97.1 73.4

5 Cyclohexanone 98.0 90.8

a. Reaction conditions: trans-stilbene, 2mmol; Cog-CP, 2mg; solvent, 20ml;
oxygen flow rate 30ml/min, reaction time 6h, reaction temperature 120 °C.
Al1.2.4 Recyclability and stability of Cog-CP

An important issue of coordination polymer material as solid catalyst is if
the catalysis proceeds mainly heterogeneously [10c], [16]. In our research, the
catalyst was removed by hot filtration to examine the nature of the catalysis. As
shown in Figure Al.11, the reaction proceeds after the removal, but with an

obvious reduce of reaction rate.
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Figure AL.11. The comparation of the epoxidation of trans-stilbene with and
without catalyst removal after 1h. The reaction conditions refer to the foot note
of Table Al1.1.

Indeed after the whole reaction duration for 6h, the residue liquid solution
was obtained by removing the catalyst and characterized by ICP-MS. The
cobalt amount in the liquid is only 1.00 ppm, amounting to approximately 1%
of the employed Co, indicating limited amount of cobalt of Cos-CP leached out.
To exclude the possibility that the catalytic activity were attributed to the
leached-out homogeneous cobalt species, the Cog-CP was pretreated in DMF at
the reaction temperature for 6h before reaction, and then, the catalytic result
was examined with the reactant added as shown in Figure Al.12.

Comparing with the reaction without the pretreated process, however, a

higher reaction rate was not observed. Basing all above, it’s reasonable to
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attribute the excellent catalytic activity mainly to the heterogeneous route with
Cos-CP.
After confirming the heterogeneity of the Co6-CP, the stability as an

essential property to assess a heterogeneous catalyst was carefully examined.
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Figure Al.12. The comparison of the epoxidation of trans-stilbene with Co6-CP
and pretreated Cos-CP in DMF. The reaction conditions refer to the footnote of
Table AL.1.

The recycle usage of the Cog-CP was shown in Figure Al.13. In the
second-run and third-run test, the selectivity showed almost no change while
the conversion was slight reduced, which indicated the good stability of the
catalyst except for the excellent catalytic activity.

The stability of Co6-CP was further examined by powder XRD and IR

spectra. The XRD pattern of the Cog-CP after reaction (Figure A1.2&1.3) didn’t
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show obvious changes. In addition, IR spectra of both pristine and spent
Cos-CP have been studied and no obvious peak-shifts were observed. This
result together with the XRD result could furthermore support the recycle usage

result and indicate the excellent stability of the Cog-CP.

B Conversion
I Epoxide selectivity

100 4

% 80-

60 -

Run 1 Run 2 Run 3

Figure A1.13 The recycle of Cog-CP for the epoxidation of trans-stilbene.
A1.3 Disscussion

To uncover the epoxidation with Cog-CP as a primary catalyst, the reaction
was performed with the addition of a very small amount of free radical
scavenger butylhydroxytoluene (BHT) while keeping all other reaction
conditions same. As shown in entry 6 of Table Al.1l, the conversion of
trans-stilbene decreased almost to zero. This observation indicates the radical
nature of the active oxygen species. As shown in Figure Al.5, an obvious

induction period appeared in the beginning of the epoxidation. In addition,
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trans-stilbene oxide has been observed as the main product in the epoxidation
of cis-stilbene. Furthermore, we have confirmed that the isomerization of
cis-stilbene to trans-stilbene and that of cis-stilbene oxide to trans-stilbene
oxide do not take place in the absence of O, under the same reaction conditions.
Thus radical intermediate formed after the attack of the active oxygen may have
a long enough lifetime to rotate around the single carbon-carbon bond to
undergo isomerization, which is also due to the larger thermodynamical
stability of trans-isomer than that of cis-isomer. Considering that the induction
period is a typical feature of the radical reactions along with the retarded
epoxidation when radical scavenger exists and the isomerization of the
cis-stilbene to trans-stilbene during the epoxidation as described above, it can
be obviously concluded that the Cog-CP catalyzed epoxidation of alkene to be
the radical chain reaction [12a], [16b].

It is well known that many Co (I1) complexes can bind O, and activate it to
form complexes (e.g. Co(l11)-(O-)) [17]. Therefore, we proposed that a similar
binding of O, to the Co (1) sites may also occur in the initial step. The
intermidiate Co(ll1)-(O2-) species might undergo further reactions to generate
an active oxygen species with a radical nature responsible for the epoxidation.
To confirm if the oxidation state change of cobalt appears during the reaction,

the pristine Cog-CP and spent one were carefully characterized by UV-vis
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(Figure A1.14).

The UV/Vis spectrum of the pristine Cog-CP is in complete agreement with

the coordination environment revealed by X-ray single-crystal structure

analysis: each Co(ll) is octahedrally coordinated by three OH groups and three

oxygen atoms from the carboxylate groups. The broad band at 450 nm is

assigned to the transition *T;4(P)—"*Ti4(F) [18]. The bands at 475 and 510 nm

characteristic of high-spin Co?* ions in octahedral coordination, which can be

assigned to the transitions Tlg“ —)ZaTlg and 4Azg respectively [19].
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Figure Al.14. The UV-vis spectra of the Cog-CP: the pristine one (green), the
spent one (red).
The band at 486 nm arises from the d—d transition according to Hitchman

[20]. For contrast, in the spectra of the spent Cog-CP, the bands at 450 and 475

nm disappeared while the bands at 486 nm and 510 nm shift slightly to 487 nm
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and 515 nm, respectively, indicating a slight change of the coordination
between the ligands and cobalt. This small change cannot be detected by the
XRD spectrum of the spent Cog-CP. The adsorption of the Co (I1lI) was
negligible, however this isn’t sufficient to exclude the possibility of the
formation of active Co(ll1)-(O2-) specie because of the possible reduction by
the reaction mixture. On the other hand, in the transition-metal-catalyzed
aerobic epoxidation of alkenes, the concomitant by-product alhydes are often
considered to act as sarcrificant reductants to interact with the Co (I11)-(O2)
specie and result in the formation of peroxide oxygen species. However, it’s
noteworthy that the Cog-CP catalyzed epoxidation of trans-stilbene gives a very
high epoxide selectivity with only trace amount of benzylalhyde as the
by-product. Since several works reported the succesful heterogeneous
cobalt-catalyzed alkene epoxidation involving the amide solvent, the
epoxidation process has been proposed that the the olefin transformation is
accompanied by significant DMF oxidation to N-formyl-N-methylformamide
(FMF) [21]. Thus, we believe that the epoxidation mechanism involving the
solvent (DMF) as co-oxidation may account for the negligible UV-vis spectral
change of the spent catalyst. The mechanism was further confirmed by that
FMF was detected in after-reaction mixture through GC-MS.

Al.4 Conclusion
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In conclusion, we have demonstrated that the new hexaprismane
Cogs(u3-OH)s cluster based three-dimensional CP can efficiently catalyze the
epoxidation of alkenes with molecular oxygen as the oxidant, which is a green
route to obtain epoxides. In the catalytic epoxidation of the trans-stilbene, the
conversion and the selectivity towards the epoxide reached 98.6% and 98.0%,
respectively. The average TOF of 22 h™! was obtained for the reaction lasting for
6 hours. The high TOF value and excellent conversion and selectivity are
among the most efficient catalytic activities in all reported CP materials. The
excellent catalytic behavior for the aerobic epoxidation reaction raises the
prospect of using the CP material as green epoxidation catalysts for industrial

process.

Reproduced from Dalton Trans., 2014, 43, 2559. with permission from
Royal Society of Chemistry.
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