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ABSTARCT

Carbon Materials Supported Metal Nanostructures for Efficient

Catalytic Organic Transformations

My research is focused on two main objectives, the preparation and
characterization of carbon materials (CMs) supported metal nanostructures (MNSs), and
apply them to catalyze various organic transformations.

A very simple and cost-efficient “dry synthesis” method has been used to decorate
the MNSs over CMs. Copper oxide nanoparticles (CUONPs) have been successfully
decorated on multi-wall carbon nanotubes (MWCNTS) using copper acetate precursor,
and was used as a heterogeneous nanocatalyst (CuUO/MWCNT) for the N-arylation of
imidazole. In the same way, ultrafine ruthenium dioxide nanoparticles (RuO,NPs) with
mean diameter of 0.9 nm have been decorated on single-walled carbon nanotubes
(SWCNTSs), and used as a nanocatalyst (RuO,/SWCNT) for the Heck-type olefination of
aryl halides under mild reaction conditions. For the transfer hydrogenation of aromatic
aldehydes and ketones, graphene nanoplatelets (GNPs) supported ruthenium oxide
nanorods (RuNRs) catalyst was found to be an effective and reusable heterogeneous
catalyst. Alike, ruthenium nanoparticles (RuNPs) have been decorated on graphene
nanosheets (GNS), and the resultant material has been used as a nanocatalyst (GNS-
RuUNPs) for the aerial oxidation of alcohols. It was found that, RuO,NPs anchored GNPs
catalyst (GNP-RuO,NPs) is highly efficient for the N-oxidation of tertiary amines. Before

going for the catalytic applications, all the prepared nanocatalysts are characterized in



detail by various microscopic and spectroscopic techniques. The morphology and
particles size of the metal nanostructures (MNSs) have been investigated by HR-TEM
and TEM techniques. SEM-EDX and ICP-MS are taken to determine the factual weight
percentage of the metals loaded in nanocatalysts. Raman spectroscopy has been recorded
to study the nature of interaction between MNSs and CMs. Chemical states of the MNSs
in nanocatalysts have been identified by XPS and XRD techniques. In all the catalytic
systems, initially, reaction condition is optimized and then the substrate scope of the
catalytic system has been extended. Chemoselectivity, regioselectivity, heterogeneity and
reusability tests have been performed. GC is recorded to calculate the conversion and
selectivity of the reactants and products, respectively. Catalytic products have been
analyzed by *H and **C NMR, FT-IR and Mass spectra. In order to reveal the physical as
well as chemical stability, after the completion of catalytic reactions, the nanocatalysts
are separated out from the reaction mixture and analyzed by TEM, XRD, Raman and
SEM-EDS. Here, it is worth mentioning that, after the catalytic reactions, MWCNTSs and
GNPs supporters have been successfully recovered from the used nanocatalysts (u-

CuO/MWCNT or u-GNPs-RuNRs) and confirmed by TEM, Raman and WAXD.

Keywords: CuO/MWCNT; RuO,/SWCNT; GNPs-RuNRs; GNS-RuNPs; GNP-
RuO;NPs; N-Arylation; Heck-Type Olefination; Transfer Hydrogenation; Aerial

Oxidation; N-Oxidation.
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CHAPTER 1

Introduction

1.1 Background

Research in catalysis has undergone remarkable development and continues to
expand since the word ‘catalysis” was coined by Berzelius in 1836. One of the most
important driving forces for this amazing development is the increasing demand of the
catalytic products in various fields such as biomedical, pharmaceutical, material sciences
and agricultural. There are several transition metal complexes-based homogeneous
catalytic systems have been reported. However, recently, owing to the high recyclability
and easy separation from the reaction mixture, transition metal nanoparticles (MNPs)
have gained vast interest in heterogeneous catalysis [1]. Among them, supported MNPs
based on Cu- and RuNPs have played a tremendous role in various organic
transformations; the results have been well-documented [2, 3]. Silica, alumina and
polymers are well known supports for these active metal catalysts [4]. In fact, supported
Cu- and RuNPs are cost-effective, environmental friendly and highly versatile when
compared to other supported MNPs. In spite of their advantages, these catalytic systems
often require higher stoichiometric amounts of Cu or Ru catalysts (typically 10-5 mol%)
and the scope is also very limited. In addition, most of the common supports are not
stable under both acidic and basic reaction conditions [5]. These are the problems mainly

affect the productivity of the chemical industries. Therefore, several researchers focus on



the development of efficient, stable and recyclable supported catalysts for the organic

reactions with the use of catalytic amount of Cu or Ru.

1.2 Role of carbon materials as support in heterogeneous catalysis

In heterogeneous catalysis, carbon materials (CMs) have been used as a support to
disperse and stabilize small MNPs [6]. In fact, they provide an access to a much larger
number of catalytically active sites than in the corresponding bulk metal. Indeed, the
catalytic activity of these active MNPs is also highly dependent on the interaction
between CMs and MNPs. To date, there are numerous publications have been written
about the CMs and its use as supports in heterogeneous catalysis [7]. Very recently,
owing to the astounding properties such as unique structure, high surface area, and
chemical as well as electrochemical inertness, carbon nanotubes (CNTs) and graphene
nanosheets (GNSs) have been receiving a great deal of attention as a support in
heterogeneous catalysis [8]. Krasheninnikov et al., demonstrated that the inert
GNSs/CNTs can be transformed to a very active catalyst through the interactions between
the active metal clusters and carbon vacancies [9, 10]. The transition MNPs supported on
CMs-catalyzed reactions provide the advantages of high atom efficiency, simplified
isolation of product, and easy recovery and recyclability of the catalyst. Moreover, the
decoration of transition MNPs onto the CMs support has shown a more versatility in
carrying out the highly selective catalytic processes. These outstanding catalytic activities
of CMs-supported MNPs are mainly due to the effective dispersion in various solvents,

very less aggregation of MNPs and larger surface area of the nanocatalyst. These are the



very important points to choose the CMs including CNTs and GNSs as supports for Ru

and Cu NPs.

1.3 Dry synthesis of CMs supported MNPs catalysts

Owing to the hydrophobic nature and chemical inertness of the CMs, the
decoration of MNPs over the CMs is a challenging task [11]. Previous studies almost
used solution-based techniques i.e. wet synthesis [12]. In order to obtain a homogeneous
distribution and very good adhesion of MNPs on CMs, many factors such as type of
organic solvents, concentration of metal precursors, reducing agents, deposition time and
temperature need to be controlled very carefully, therefore, a wet synthesis approach is
very limited [13]. In contrast to wet synthesis, the solventless bulk synthesis so called
‘dry synthesis’ has been attracting greater interest due to its simplicity, better adhesion
and advantages of least parameters to control; the results have been well documented [14].
Very recently, Li et al., [13] demonstrated a rapid, solventless, bulk synthesis method for
the preparation of MNPs-decorated CNTs. They found that the procedure is very simple,
highly effective, scalable to multigram quantities and generally applicable to various
carbon substrates (e.g., CNFs, expanded graphite, CNTs and carbon black) and many
metal salts (e.g., Ag, Au, Co, Ni, and Pd acetates) [15].

Well known that the oxygen functional groups (C-OH, C-O-C, C=0 and COOH)
play a significant role in the decoration of MNPs on CMs [13]. In fact, the presence of
oxygen functional groups can play a bridging role between the MNPs and support;
consequently, can exhibit good attachment of MNPs with supports such as CMs.

However, in case of other CMs such as activated carbon, creation of the oxygen



functional groups is very difficult whereas inert metal supports such as silica have only —
OH groups [13]. Since the ‘dry decoration’ methods need more nucleation centers
(oxygen functional groups) on the CMs, we believed that the CNTs and GNSs would be
the better option. Moreover, the functionalization of the C-OH, C-O-C, C=0 and COOH
groups on GNSs and CNTs is very easy. Furthermore, the high surface area, versatility
and its physicochemical stability also attracted to chose these smart materials (GNSs and

CNTs) as catalyst support in our work.

1.4 Literature survey

There are several reviews and book chapters dealing with the preparation and
catalytic applications of CMs-supported MNPs have been published. However, we found
only few reports on CMs/MNPs for the organic reactions.

The formation of C-C bonds via Heck reaction is one of the very important
reactions in organic synthesis. CUONPs has been very commonly used as a catalyst for
this transformation. Saberi et al., have prepared CNT@a-Fe,0;@CuO catalyst by a
simple solution phase reduction method [16]. They found that the catalyst is highly active
in Ullmann type coupling of aryl iodides and bromides with phenols in very shorter
reaction time. Moreover, they realized the merit of the CNTs support from the
recyclability and stability of the CNT@oa-Fe,O3@CuO catalyst.

Papageorgiou et al., have reported a simple and one step carbonization-reduction
procedure based on the modified polyol process for the preparation of carbon supported
CuNPs catalyst [17]. The prepared material has showed a very good dispersion of CuNPs

of fairly uniform size. Even at high metal loading, no visible aggregation of CuNPs is



evident due to the dispersion of the active metal binding sites on carbon support. The
catalyst was used for the NO catalytic abatement and showed high efficiency even at low
temperatures compared to other carbon supported catalysts.

Since the MNPs decorated MWCNTs composites display an excellent catalytic
activity and selectivity in various organic transformation reactions, Ye et al., have
developed a new, rapid, convenient and environmentally benign method for the
fabrication of MNPs-MWCNTs composites [18]. They found that the MNPs decorated
MWCNTSs composites exhibit a high catalytic activity for hydrogenation of olefins in
CO; as well as a high electrocatalytic activity for oxygen reduction for potential fuel cell
applications.

In organic synthesis, oxidation of alcohols to carbonyl compounds is one of the
very important reactions. Yang et al., have transformed a variety of alcohols to the
corresponding oxygenated products in good yield with high selectivity using RUNPs
supported on MWCNTSs catalyst [19]. They found that the Ru/CNTs can be easily
recoverable and reusable for several cycles.

RuUNPs supported MWCNTSs with different loadings (1% wt, 3% wt, 5% wt) have
been prepared by Guo et al. [20]. The activity of this RUNPsS/MWCNTSs catalyst towards
the hydrogenation of oils and fats is much higher than that of conventional Ni catalyst.
More interestingly, they found that the catalyst is highly cis-selective and this selectively
can be easily tunable.

Matsumoto et al., have reported that 5% Ru/C catalyst affords over 98% yield of
cinnamaldehyde in the slow oxidation of cinnamyl alcohol [21]. However, the drawback

in this process is that 2,6-di-tert-butyl-p-cresol additive was required to prevent further



oxidation to cinnamic acid. Moreover, reactivity of primary and secondary allylic
alcohols, R-keto alcohols, R-hydroxy-lactones, and saturated alcohols decreased in this
order.

MNPs-catalyzed carbon-carbon (C—C) cross coupling reactions is a key step in
the synthesis of organic building blocks, agricultural derivatives and natural products.
Although this transformation reaction is highly dominated by Pd-based catalysts, very
recently, RuNPs-catalyzed cross coupling reactions are proven to be an effective tool for
the construction of C—C bond. However, the results have been disclosed in very few
examples. Na et al., employed Ru/Al,Oj3 catalyst for both the Heck-type olefination and
Suzuki-type coupling reactions [22]. They found that the Ru/Al,O3 catalyst is highly
effective and reusable, but, bromo- and chloroarenes are unreactive under the catalytic
system. Soon after, polymers supported RuNPs catalyst also reported for the olefination

reactions.

1.5 Objectives

In spite of the advantages of the MNPs/CMs in heterogeneous catalysis,
drawbacks still remain in these catalysts as higher stoichiometric amounts of metal
catalysts (typically 10-2 mol %) are often required. Moreover, in most of the cases, scope
of the catalytic system is very limited and, the stability and reusability of these catalysts
under harsh reaction conditions are also questionable. Our main aim of this work is to
overcome the above discussed drawbacks.

Chapter 2 concentrates on the preparation of CUO/MWCNT using copper acetate

precursor by a very simple “dry synthesis” method. The resultant material has been used



as a heterogeneous nanocatalyst for the N—arylation of imidazole. Previously reported
CuONPs-based methods for this transformation required a stoichiometric amount of Cu
catalyst and, in some cases, the scope of the methods is also highly limited. These
drawbacks have been addressed.

In chapter 3, a mild and highly efficient SWCNTSs-supported RuO,;NPs based
catalytic system for the Heck-type olefination of aryl halides is reported. We demonstrate
that the substrate scope of the reactions could be efficiently carried out with as low as 0.9
mol % of the supported RuO; catalyst over a wide range of substrates in short reaction
times. Unreactive bromo- and chloroarenes are also effectively olefinated under the
present catalytic reaction condition. Regioselectivity, chemoselectivity, heterogeneity,
reusability and stability of RuO,/SWCNT are also tested.

In chapter 4, we report the preparation of a novel RUNRs/GNPs catalyst for the
transfer hydrogenation of carbonyl compounds. We demonstrate that a wide range of
substrates can be hydrogenated in good yield with excellent selectivity. Chemoselectivity,
heterogeneity and reusability are also tested.

In chapter 5, decoration of RUNPs on GNS by dry synthesis method is reported.
After the complete characterization, the prepared material (GNS-RUNPs) is used as
catalyst for the aerial oxidation of alcohols. The scope of the catalytic system has been
extended with various aliphatic, aromatic, alicyclic, benzylic, allylic, amino and
heterocyclic alcohols. We have shown that 0.036 mol% (5 mg) of catalyst was enough for
aerial oxidation of alcohols; lowest amount of catalyst among so far reported.
Chemoselectivity, heterogeneity, reusability and stability of RuO,/SWCNT are also

tested. The GNS-RuUNPs were separated out from the reaction mixture and analyzed by



TEM, XRD, Raman and SEM-EDS; the results revealed that the nanocatalyst is
physically as well as chemically stable. Owing to the high stability of used catalyst (u-
GNS-RuNPs), it was further applied in transfer hydrogenation, after suitable
modifications. We obtained ruthenium oxide nanorods hybrid GNS (u-GNS-RuO;NRs)
from u-GNS-RuNPs by simple calcination. The catalytic activity of u-GNS-RuO;NRs
toward the transfer hydrogenation of various aromatic, alicyclic and heterocyclic ketones
was found to be an excellent.

Finally in chapter 6, anchoring of ultrafine RuO,NPs (1.3 nm) on GNP using
Ru(acac); precursor by a very simple dry synthesis method is presented. The resultant
material (GNP-RuO;NPs) has been used as a heterogeneous nanocatalyst for the N—
oxidation of tertiary amines. We have achieved an excellent yields even at a very low
amount of Ru catalyst (0.13 mol%). The GNP-RuO,NPs is heterogeneous in nature,
chemically as well as physically very stable and the catalyst can be reused for up to 5

times.
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CHAPTER 2
An efficient, reusable copper-oxide/carbon-nanotube catalyst

for N-arylation of imidazole

2.1 Introduction

Nitrogen—containing heterocycles are prevalent structural motifs in various fields
such as biological, pharmaceutical and material sciences [1]. Particularly, imidazole and
its derivatives are consigned as privileged structures in drug development because they
possess salt formation property and often exhibit good solubility, which are the prime
requirements for bioavailability and oral absorption in medicinal research [2]. In addition,
imidazole derivatives are efficient antibacterial, antimalarial, antiviral, antimycobacterial
and antifungal compounds [3, 4]. However, the traditional methods employed for N-
arylation of heterocycles are very limited because it often requires harsh conditions such
as high reaction temperatures (typically 150-200°C), extended reaction time, and in some
cases over-stoichiometric amount of Cu reagents, which lead to the environmental
problem of waste disposal [5-8]. To circumvent these issues, newer and milder
homogeneous transition metal catalysts have been developed for this reaction but the
preparation methods are complex and difficult to recycle [9, 10]. Recently, heterogeneous
catalysts particularly MNPs including CuO and Cu,O with high surface area are getting
so much attention from both economic and industrial point of view because they possess
very good activity and are highly recyclable [11, 12]. In spite of their advantages,

drawbacks remain in these catalysts too, as the MNPs effortlessly agglomerate during the
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reaction and also less stability under severe reaction conditions, which lead to low
catalytic activity as well as poor reusability of the catalyst [13]. In addition, higher
stoichiometric amounts of Cu catalyst (typically 20-10 mol%) are often required [11, 12,
14-16]. To prevent the agglomeration of MNPs and the over-stoichiometric use of Cu
reagents, several inorganic materials such as alumina and silica have been used as a
support for MNPs but again they have limited stability under both acidic and basic
conditions [17]. Therefore, developing an efficient and recyclable catalyst for the N-
arylation of heterocycles with the use of lower amount of Cu remains a challenging one.
Recently, owing to the astounding properties of CNTs such as unique structure,
high surface area, and chemical as well as electrochemical inertness [18, 19], it has been
receiving a great deal of attention as a support in heterogeneous catalysis [20, 21].
Particularly, transition MNPs supported on CNTs-catalyzed reactions provide the
advantages of high atom efficiency, simplified isolation of product, and easy recovery
and recyclability of the catalyst [22, 23]. Moreover, the decoration of transition MNPs
onto the CNTSs support has shown a more versatility in carrying out the highly selective
catalytic processes [24, 25]. These outstanding catalytic activities of CNTs-supported
MNPs are mainly due to the effective dispersion in various solvents, very less
aggregation of MNPs and larger surface area of the nanocatalyst [26]. Recently, Cano et
al., prepared CNTs supported PANPs and used as a catalyst for the Heck and Suzuki
coupling reactions [27]. They have found that the prepared CNTs-PdNPs showed very
high conversions and good recyclability. Byunghoon et al., described an unusual high
catalytic activity of the CNTs-supported bimetallic Pd/Rh NPs for the hydrogenation of

anthracene [28]. We believe that the CUONPs based on multi-wall carbon nanotubes
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(MWCNTSs) composite could overcome the drawbacks exist in the N-arylation of
heterocycles, especially higher stoichiometric amounts of Cu and the limited reusability.
Herein, we report the simple preparation of MWCNTs supported CuONPs and its
catalytic property towards N-arylation of imidazole with various aryl halides. Reusability
and heterogeneity of CUO/MWCNT are also described. In addition, MWCNTSs were

successfully recovered from the used CUO/MWCNT by a simple acid treatment method.

2.2 Experimental section

2.2.1 Materials and characterization

High-purity MWCNTSs with diameters ranging from 15 to 20 nm were used in this
study. The MWCNTSs were produced in large scale through the optimal combination of
chemical vapor deposition (CVD) method [29], and subsequent thermal treatment at
2800°C in an argon atmosphere [19]. Cu(OAc); (97%), H.SO,4 (98%), HNO3 (70%) and
HCI (70%) were purchased from Wako pure chemicals, Japan. All other chemicals were
purchased form Aldrich and used without further purification.

The morphology of CUO/MWCNT was investigated on a JEOL JEM-2100F TEM
with accelerating voltage of 120 kV. To quantify the weight percentage of Cu in
CuO/MWCNT, SEM-EDS was recorded using Hitachi 3000H SEM. The same field of
view was then scanned using an EDS spectrometer to acquire a set of X-ray maps for Cu,
C, and O using 1 ms point acquisition for approximately one million counts. The definite
quantity of Cu in the CUO/MWCNT was determined using ICP-MS (7500CS, Agilent).

Raman spectrometer (Hololab 5000, Kaiser Optical Systems Inc., USA) was applied to
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examine the interaction between CuONPs and MWCNTSs. The argon laser was operated
at 532 nm with a Kaiser holographic edge filter. WAXD experiment was performed at
room temperature using a Rotaflex RTP300 (Rigaku Co., Japan) diffractometer at 50 kV
and 200 mA. Nickel-filtered Cu K, radiation (10<20<80°) was used for the measurements.
XPS (Kratos Axis-Ultra DLD, Kratos Analytical Ltd, Japan) was recorded to confirm the
chemical state of Cu in CuO/MWCNT. During the XPS analysis, the sample was
irradiated with Mg Ko ray source. Temperature programmed reduction tests were
conducted in a Micromeritics TPD/TPR 2900 instrument. For the measurement, 80 mg of
sample was reduced under flowing Hy/Ar (10%) at 60 mL/min, from 50 to 800°C with a
ramping rate of 10°C/min. NMR spectra were recorded on a 400 MHz Bruker
spectrometer in CDCI3 using TMS as a standard. The conversion of the reactants and the

yield of N—arylated products were determined using Shimadzu-2010 gas chromatograph.

2.2.2 Preparation of nanocatalyst (CuUO/MWCNT)

Chemical vapor deposition (CVD) and wet chemical processing (WCP) are the
most common approaches to decorate the MNPs on the surface of CMs including CNTs.
However, these approaches require extremely high temperature and long reaction time,
and also the percentage of filled CNTs is very low [29]. To overcome these, a method
involving the reduction of metal precursors in solution phase using reducing agents has
been developed. Due to the inert and poor hydrophilic nature of CNTs surface, these
approaches are also limited because of the unsatisfactory coverage control and adhesion
of MNPs on the surface of CNTs [25]. Hence, in this study, the CUONPSs were decorated

on MWCNTs surface by a very simple “mix-and-heat” process without the use of any
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solvent, reducing agent, or electric current. Before mix-and-heat, MWCNTs were
functionalized with carboxylic (O=C—OH), carbonyl (-C=0), and hydroxyl (—C-OH)
groups to achieve good adhesion of CuONPs on MWCNTs [30-32]. In a typical
procedure, 0.5 g of pure MWCNTSs were treated with a 3:1 mixture of conc. H,SO,4 and
HNOj3, and then the mixture was sonicated at 40°C for 3 h in an ultrasonic bath. After
cooling to 27°C, the mixture was diluted with 500 mL of deionized water and then
vacuum-filtered through a filter paper of 3 um porosity. The resultant solid filtrate (f-
MWCNTSs) was repeatedly washed with deionized water until the pH became neutral and
then dried in vacuo at 60°C. After that, 0.1 g of Cu(OAc), was added into 0.5 g of f-
MWCNTs and mixed well by a mortar and pestle. The homogeneous mixture of f-
MWCNTs and Cu(OAc), was obtained in 10-15 minutes. Then the mixture was
calcinated under argon atmosphere at 350°C for 3 h in a muffle furnace. Figure 2.1 shows

schematic illustration of the procedure for the preparation of CUO/MWCNT.

HNO;3 HS04 Cu(OAc),

3 h, 40°C 3 h, 350°C
MWCNTs f-MWCNTs CuO/MWCNT
(f= 0=C-OH, -C=0 and C'OH) ( ® = CuON PS)

Figure 2.1 — Schematic illustration for the preparation of CUO/MWCNT.

2.2.3 N-Arylation of imidazole with aryl halides

In a typical procedure, CUO/MWCNT (5 mg, 0.98 mol%) were added into a
mixture of imidazole (81 mg, 1.2 mmol), 4—chlorobenzonitrile (137 mg, 1 mmol) and
K,CO3 (276 mg, 2 mmol), and stirred under air atmosphere at 120°C for 24 h. After the
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completion of the reaction, the nanocatalyst was separated out from the reaction mixture
via centrifugation and then the separated nanocatalyst was washed well with diethyl ether
and dried in an oven at 135°C for 3 h. The centrifugate was partitioned between 10 mL of
ethyl acetate and 5 mL of saturated aqueous sodium hydrogen carbonate solutions. Then
the organic layer was separated out and dried over anhydrous sodium sulphate. The yield
of product was determined by GC. Finally, the organic layer was concentrated to obtain
N-arylated imidazole. 4-(1H-imidazol-1-yl)benzonitrile: *H NMR (400 MHz, CDCls): &
7.28 (s, 1H), 7.39 (s, 1H), 7.59 (d, J = 7.2 Hz, 2H), 8.02 (s, 1H), 8.37 (d, J = 7.2 Hz, 2H)
ppm; *C NMR (150 MHz, CDCls): & 117.6, 121.0, 125.7, 131.7, 135.4, 141.9, 146.2

ppm; MS (GC) m/z 169.06 (M"); melting point 142-144°C.,

2.2.4 Product analysis

In order to confirm the formation of the product, samples of both reactants and
products were dissolved in ethyl acetate. The samples were then analyzed by GC, which
was equipped with 5 % diphenyl and 95 % dimethyl siloxane, Restek-5 capillary column
(0.32 mm dia, 60 m in length) and a flame ionization detector (FID). Nitrogen gas was
used as a carrier gas. The initial column temperature was increased from 60 to 150°C at
the rate of 10°C/min and then further increased to 220°C at the rate of 40°C/min. During
the product analysis, the temperatures of the FID and injection port were kept constant at

150 and 250°C respectively.
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2.2.5 Recovery of MWCNTSs from the used nanocatalyst

In a typical experiment, used CUO/MWCNT were washed with ethyl acetate and
then treated with a 3:1 mixture of conc. H,SO4and HNO3 (40 mL), then the mixture was
sonicated for 30 minutes at 40°C in an ultrasonic bath followed by stirring for 3 h at 60°C.
After cooling to room temperature, the mixture was diluted with 500 mL of deionized
water and then vacuum-filtered through a filter paper of 3 um porosity. The resultant
precipitate (R-MWCNTSs) was repeatedly washed with deionized water until the pH

became neutral followed by drying in vacuo.

2.3. Results and discussion

2.3.1 Characterization of CUO/MWCNT

To investigate the morphology of CUO/MWCNT, TEM images were taken for
pure MWCNTSs [Figure 2.2(i)] and CUO/MWCNT [Figure 2.2(ii-x)]. As seen from Figure
2.2, very small and well dispersed CuONPs were anchored tightly onto the external walls
of MWCNTSs. The histogram of CuONPs [Figure 2.2(ii), inset] demonstrates that the
CuONPs have a fairly broader size distribution ranging from 10 to 26 nm with a peak
centered at ca. 18.7 nm. The average diameter and its standard deviation of CuUONPs
were found to be ca. 18.5 and ca. 5 nm, respectively. In addition, the crystalline structure

of CUONPs can be noticed clearly in Figure 2.2(x).
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Figure 2.2 — TEM images of (i) pure MWCNTSs and (ii and iii) CUO/MWCNT (inset in
ii; the size distribution of CUONPS); (iv), (v) and (iv) are high-resolution TEM images of
CuO/MWCNT.

In order to determine the weight percentage of Cu and homogeneous distribution
of CuONPs in CuO/MWCNT, SEM-EDS images [Figure 2.3(i) and (ii)] and their

corresponding elemental mapping were taken for CUO/MWCNT [Figure 2.3(iii-v)].
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Figure 2.3 — (i) SEM image and (ii) corresponding EDS spectrum of CUO/MWCNT, and
EDS mapping of (iii) C, (iv) Cu and (v) O (inset in i, ii and iii, bottom, right: weight

percentage).

The weight percentage of Cu was found to be 7.59 wt%. The ICP-MS result
confirmed that the actual loading of Cu in CUO/MWCNT was 7.64 wt%, which agrees
well with the SEM-EDS result. Interestingly, the reliability of the proposed method can
be realized from the purity of CuUO/MWCNT that contain only carbon, oxygen and
copper as revealed by EDS analysis [Figure 2.3(iii-v)]. Similarly, SEM-EDS was also
taken for f-MWCNTSs in order to determine the presence of residual catalyst (Figure 2.4).
The result showed that the f-MWCNTSs contain only carbon and oxygen which confirmed

the high purity of -MWCNTSs without any residual metal catalyst.
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Figure 2.4 — (i) SEM image and the corresponding (ii) EDS spectrrm of -MWCNTSs.

Since the CuONPs were externally attached to the MWCNTSs, it was vital to
investigate the interaction between CuONPs and MWCNTSs surface, therefore, Raman
spectra were recorded for pure MWCNTs (a), -MWCNTs (b), MWCNTs-Cu(OAc),
[MWCNTSs and Cu(OAc), mixture before calcination] (c¢) and CuUO/MWCNT (d), under
532 nm excitation over the Raman shift interval of 250-4000 cm™ [Figure 2.5(i)]. The D
and G bands observed at 1346 and 1580 cm corresponding to the sp- and sp*
hybridized carbons in all the four samples [Figure 2.5(ii)] indicate the disordered graphite
(D band) and the ordered state graphite (G band) of MWCNTSs [33]. The two phonon D-
band secondary peak (2D band) [34] was observed at 2691 cm * which is the overtone of
the D mode, and D+G-band was appeared at 2918 cm™. It is well known that the ratios of
D and G bands (ID/IG) intensities are often used as a diagnostic tool to measure the
defect concentration in carbon materials including MWCNTSs [33]. This intensity ratio
was calculated for all the four samples and the calculated values were given in Figure

2 5(i).
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Figure 2.5 — (i) Full and (ii) magnified Raman spectra of (a) pure MWCNTSs, (b) f-
MWCNTSs, (c) MWCNTSs + Cu(OAc), mixture before calcination, and (d) CUO/MWCNT.

The data revealed that MWCNTS surface was functionalized by O=C—OH, —-C=0
and —C—OH groups as the ID/IG ratio was reasonably high for -MWCNTSs (1.4425)
when compared to that of pure MWCNTSs (1.3898). In addition, red shift was observed in
the D band (1346 cm™ to 1351 cm™) and G band (1580 cm™ to 1588 cm™) for f-
MWCNTs [35]. It is well known that the oxidative treatment introduces functional
groups on the MWCNTSs as well as responsible for shortening of the MWCNTS, which
create more defect sites for further oxidation [36]. In fact, these functional groups can act
as additional nucleation centers for CUONPSs, which favor more homogeneous nucleation
[31]. The calculated ID/IG ratio was very high for sample d (1.6329), which indicates the
strong attachment of CUONPs with MWCNTSs surface [37]. This higher ID/IG ratio of
CuO/MWCNT is also an indication that the CUONPs prefer anchoring sites in the defect
structures rather than in the prefect structures of MWCNTSs [36]. Moreover, in all the
cases analyzed, the absence of peaks around 1700 cm " suggested that the present process

produces fairly pure MWCNTS [38].
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Figure 2.6 — (i) WAXD pattern of (a) pure MWCNTSs, (b) -MWCNTSs, (¢) MWCNTSs +
Cu(OAC),, and (d) CuUO/MWCNT and (ii) magnified WAXD pattern of CUO/MWCNT.

Figure 2.6 shows WAXD patterns of pure MWCNTs (a), -MWCNTs (b),
MWCNTSs + Cu(OACc); (c), and CuUO/MWCNT (d). In all the four samples the diffraction
peaks are observed at 26.5°, 42.4°, and 44.2°, corresponding to the (002), (100) and (110)
crystal planes of MWCNTS, respectively, which are attributed to the hexagonal graphite
structures of MWCNTSs [39]. The sample c exhibited a typical WAXD patterns for
acetate groups (JCPDS 14-0733) at 40.0°, whereas the sample d [Figure 2.6(ii)] showed
signature patterns (JCPDS 41-0254) at 32.0°, 35.5°, 38.5°, 48.5°, 53.5° 58.0°, 61.5°,
66.0° and 67.5°, corresponding to the (110), (111), (111), (202), (020), (202), (113),
(311) and (220) crystal planes of monoclinic phase of the CuO, respectively [40]. The
absence of peaks at 40.0° in the sample d confirmed the complete conversion of
Cu(OAc); into CuO on the surface of MWCNTS. In addition, broadness of the diffraction
peaks for the sample d revealed nano-crystalline nature of CUONPs. The crystallite size

of CuO on MWCNTSs was calculated using Scherrer’s formula.
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Crystallite size = KA /B Cos 6 1)

Where K is the shape factor (0.9), A is the wavelength of X-rays (1.541 A) and B is the
full width half maxima. The crystallite size of CuO was found to be 22 nm, which agrees
well with the results of TEM.

In order to investigate the formation of functional groups (-C—OH, —C=0 and
O=C-OH groups) on MWCNTs and the chemical state of CUONPs, XPS spectra were
recorded for MWCNTSs, -MWCNTs and CuO/MWCNT; the results are shown in Figure
2.7. As expected, all the three samples showed a C 1s peak and O 1s peak at 284.5 and
532.5 eV respectively. As can be seen from Figure 2.7(ii), the binding energy (BE) of the
C—C and C-H bonds are assigned at 284.5-285 eV and the peaks at 285.7, 286.9 and
288.8 eV are attributed to —-C-OH, —-C=0 and O=C-OH groups respectively. The
presence of oxygen functional groups makes MWCNTs hydrophilic and supports
homogeneous decoration and good adhesion of CuONPs. In addition, this oxygen
functional groups play a bridging role between the CuONPs and MWCNTS, hence,
heterogeneous nucleation of CuONPs on the surface of MWCNTs obtained [36].
Particularly, O=C—OH group assists well decoration and adhesion of charged CUONPs by

replacing the proton of carboxylic group of the f-MWCNTS [41].

26



Intensity, a.u.

(a)
.

(ii)

Intensity, a.u.

1000

800

600 400
Binding energy, eV

" 200

0

T T T T T T T
294 292 290 288 286 284 282 28
Binding energy, eV

(iii)

Intensity, a.u.

(iv)

Intensity, a.u.

320 310

300 290

280
Binding energy, eV

shake-up-satellite

Culp,,

Cu2p,,

of Cu2p_ line !
I shake-up-satellite

of Cu 2p,, line

970 960 950 940 930

Binding energy, eV

Figure 2.7 — (i) XPS spectra (a) MWCNTSs, (b) f-MWCNTSs and (¢c) CUO/MWCNT, (ii)
magnified C 1s peak of f-MWCNTSs, (iii) magnified C 1s peak of a, b and c, and (iv) main
peaks of Cu 3p of CUO/MWCNT.

The XPS spectrum of the CUO/MWCNT in Cu 2p region [Figure 2.7(iii)] showed

BE of Cu 2ps; at 934.2 eV and Cu 2py, at 954.1 eV (with splitting of 19.9 eV) which

correspond to the photoemission from CuO (Cu®"). Furthermore, the shake-up satellite

peaks of the Cu 2ps, and Cu 2pi, at 942.4 and 962.6 eV (~9 eV greater than the

corresponding main peaks) respectively, confirmed the formation of Cu®* [42]. In fact,

the shake-up satellite feature is peculiar to the CuO that relates to d° configuration of
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ground state of the Cu. However, in the case of Cu,0O, the d shell is completely filled,
therefore, the screening via a charge transfer into the d states is not possible and hence
the satellite peaks were absent. It is worth to mention that a positive shift in C 1s peak
was observed for CUO/MWCNT in comparison with that of the -MWCNTS; this proves
there has been a strong interaction between MWCNTSs and CuONPs. This positive shift
also provides evidence for the decoration of CUONPs mainly on the defect sites of

MWCNTSs.

(140°c)
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Figure 2.8 — TPR profiles of (a) -MWCNTSs and (b) CUO/MWCNT.

The structure of CUO/MWCNT was further investigated in detail by TPR method.
Figure 2.8 shows the TPR profile of pure -MWCNTs and CuO/MWCNT. As can be seen
from Figure 2.8, the characteristic reduction was observed between 110 and 190°C
(maximum at 140°C) in CUO/MWCNT, which is ascribed to a two-step reduction of CuO
by H, as CuO — Cu,O — Cu [43]. Whereas no peak was observed between 100 and
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500°C in -MWCNTSs, which shows the absence of metal residues and confirms the high
purity of -MWCNTSs as verified by SEM-EDS results. In comparison to bulk CuO
(230°C), the reduction peak of CuO/MWCNT was found to be shifted to lower
temperature; this implies that the CuONPs are very small, highly dispersed and strongly
interacted with the MWCNTSs support [43]. In addition, the CUONPs are attached mainly
on the defect site of MWCNTSs that could be easily reduced to Cu, because these defect
sites have an ability to promote the electron transfer during the reduction process of
CUONPs [44]. In the case of -MWCNTSs, only one broad peak between 500 and 750°C
(maximum at 621°C) was observed, which may be due to the gasification of MWCNTSs
[43]. Interestingly, the reduction temperature of MWCNTs in the CuO/MWCNT
(maximum at 575°C) was lower than that of -MWCNTSs (maximum at 621°C), which

confirms a possible interaction of CUONPs with the defect sites on MWCNTS.

2.3.2 Optimization of reaction condition

In a preliminary study, we used imidazole and 4—chlorobenzonitrile as substrates
and varied the solvent, base, amount of Cu and amount of catalyst, to find out the most
effective reaction condition for N-arylation of imidazole (Table 2.1). In solvent
optimization, various organic solvents such as dimethyl sulfoxide (DMSQO), N,N-
dimethylacetamide (DMAC), toluene and N,N—-dimethylformamide (DMF) were used and
the results are given in Table 2.1 (entries 1-4). The yield of 87% was obtained when

DMACc was used (Table 2.1, entry 3).
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Table 2.1 - Optimization of reaction conditions for the CUO/MWCNT catalyzed N-

arylation of imidazole (1a) with 4-chlorobenzonitrile (1b) to obtain N-arylated

imidazole (1c)?

NVNH + NC

O

CuO/MWCNT [T

Base, Solvent,
Catalyst amount

entry  solvent base wt % of Cu  amount of catalyst yield® (%)
(mol %)
1 toluene K,CO3 7.59 0.98 trace
2 DMSO K,CO3 7.59 0.98 31
3 DMAc K,COs 7.59 0.98 87
4 DMF K>CO3 7.59 0.98 16
5 DMACc KOH 7.59 0.98 no reaction
6 DMACc K,POy4 7.59 0.98 3
7 DMACc K-'OBu 7.59 0.98 5
8 DMACc K,CO3 1.20 0.98 5
9 DMACc K,CO3 3.31 0.98 12
10 DMACc K>CO3 7.59 0 no reaction
11 DMACc K>CO3 7.59 0.48 14
12 DMACc K>CO3 7.59 1.44 21

8All the reactions were performed with CuUO/MWCNT, 1 mmol (137 mg) of 4-
chlorobenzonitrile, 1.2 mmol (81 mg) of imidazole, 2.0 mmol of base in 5 mL of
solvent at 120°C for 24 h. °GC vyield.

Subsequently, in base optimization (Table 2.1, entries 3, 5-7), potassium

carbonate (2 mmol) was found to be the most efficient one (Table 2.1, entry 3) over other

bases such as potassium hydroxide (KOH), potassium phosphate (K3PO,), and potassium

tert-butoxide (K-'OBu). Different wt% of Cu supported on MWCNTSs were investigated

(Table 2.1, entries 3, 8 and 9) and the optimum quantity was found to be 7.59 wt% (Table
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2.1, entry 3). As expected, no N-arylated product was obtained in the absence of
CuO/MWCNT (Table 2.1, entry 10). The catalyst containing 7.59 wt% of Cu was used in
different quantities to optimize the amount of the catalyst (Table 2.1, entries 3, 11 and 12).
The optimum amount of CUO/MWCNT catalyst was found as low as 5 mg (0.98 mol%)
and to the best of our knowledge, this is the lowest amount of Cu used for this reaction.
Either less than or greater than 5 mg of CUO/MWCNT, decreased the yield of N-arylated
imidazole (Table 2.1, entries 11 and 12). Finally, a blank run i.e., the reaction was carried
out in the presence of pure -MWCNTSs, which showed no conversion after stirring at
120°C for 24 h. The optimized reaction conditions were opted to extend the scope of the

N-arylation of imidazole with various aryl halides (Table 2.2).

2.3.3 Extension of scope

In an attempt to extend the scope of the above optimized methodology, the
catalyst was applied to N-arylation of imidazole with various aryl halides and the results
are presented in Table 2.2. It can be seen that the present catalytic system tolerates wide
range of functional groups including —-NO,, —CF3, -CHO and —COOH (Table 2.2). Both
aryl bromides and aryl chlorides reacted with imidazole to yield N-arylated product in
good yields (Table 2.2, entries 1-9). However, the yield obtained for aryl bromides (Table
2.2, entries 4, 5, 7 and 8) was better than the aryl chlorides (Table 2.2, entries 1-3),

because the bromo group is a better leaving group compared to chloro.
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Table 2.2 - CuUO/MWCNT catalyzed N-arylation of imidazole with various aryl
halides®

=\ Arx CuO/MWCNT N/_\N
+ r- > ~
Ny NH K,COs, DMAc, Ar
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4All the reactions were performed with 0.98 mol % of Cu (5.0 mg of CUO/MWCNT), 1
mmol of ArX, 1.2 mmol (81 mg) of imidazole, 2.0 mmol (276 mg) of K,COg3 in 5 mL of
DMAC at 120°C for 24 h. °GC yield. ®Isolated yield.

Whereas inspections of entries 1, 10 and 11 in Table 2.2, confirmed that the para-
substituted aryl halides provided a better yield in comparison to the ortho-substituted aryl
halides. The poor yield of ortho-substituted aryl halides may be due to the steric-effect of
cyano group in the ortho position [11]. The results obtained are promising in terms of
catalytic activity under the optimized condition. The good -catalytic activity of
CuO/MWCNT may be due to two possible reasons: (i) higher surface area of MWCNTSs

and (ii) effective dispersion of the CUO/MWCNT in the reaction medium.

2.3.4 Effect of particle size on catalytic efficiency

The size of MNPs plays a very important role in heterogeneous catalysis.
Therefore, we have investigated the effect of particle size of CUONPs in CUO/MWCNT
on catalytic efficiecy in terms of yields. For this purpose, another nanocatalyst with
CUuONPs size of around 60-80 nm [Figure 2.9(i) and (ii)] have been prepared using the
procedure pursued for the preparation of CUO/MWCNT, however the calcination was

carried out under air atmosphere at 450°C [46]. The weight percentage of Cu was 7.95 in
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this catalyst [Figure 2.9(iii)]. The shake-up satellite peaks of the Cu 2psz;, and Cu 2py;,

observed at 942.4 and 962.6 eV respectively, confirmed the chemical state of Cu as +2

[Figure 2.9(iv)].

3
o] g
2 @ Shake-up satellite Cu(2p,) Shake-up satellite
2 € of Cu(2p,,)line
= o
%100~ °
§ 3 H
ol| 3 i £
3 i 4
oﬁ A|l . ‘ I
~ i | 11 1 1 1} 14 14 1 r T T T 1
000 1.00 200 300 400 500 600 700 800 9.00 1000  g7p 960 950 940 930
eV Binding energy, eV

Figure 2.9 — (i and ii) TEM images, (iii) EDS and (iv) XPS spectra survey (main and
satellite peaks of Cu 2ps;, and Cu 2py,; of the XPS spectra of Cu) of CUO/MWCNT
(having 60-80 nm CuONPs).
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Table 2.3 — Catalytic activity of CUO/MWCNT (having 10-26 nm CuONPs) and
CuO/MWCNT (having 60-80 nm CuONPs) on N-arylation of imidazole with

various aryl halides®

[\ nanocatalyst [T\
+ Ar-X > N. No
Ny NH K,COs, DMAc, XA
120°C, 24 h
1a 1b 1c
entry Ar-X (1b) product (1c) yield” (%) yield® (%)
)\
=N
o} N/:\N
2 c|©J % @\ 81 42
\o
o) N/:\N
3 Br_©_// S~ @ 01 54
\o
[\
4 Br—©~CF3 NN 94 55
CF;

4All the reactions were performed with 81 mg of imidazole (1.2 mmol), nanocatalyst
(5.0 mg), 2 mmol of K,CO;3 (276 mg) and 5 mL of DMAc at 120°C for 24 h. °GC
yield of the product with the particle size of CUO/MWCNT is 10-26 nm. “‘GC vyield of
the product with the particle size of CUO/MWCNT is 60-80 nm.

After the characterization, this catalyst was employed in the N-arylation of
imidazole and efficiency was compared with CUO/MWCNT having 10-26 nm CuONPs
(Table 2.3).As expected, the catalyst with 10-26 nm CuONPs exhibited higher catalytic
activity compared to the one which contains CUONPs of 60-80 nm size. In fact, when the

particle size of solid catalyst decreases, the surface area to volume ratio increases. As the
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surface area to volume ratio increases, obviously more number of active sites per unit
area are available [11, 47]. Thus, the proposed catalyst exhibited better catalytic activity

in terms of yields.

2.3.5 Heterogeneous nature of CUO/MWCNT

In order to confirm the factual heterogeneity of the nanocatalyst, a hot-filtration
test was performed for N-arylation of imidazole with 4—chlorobenzonitrile. In a typical
experiment of 24 h, the nanocatalyst was separated out by simple centrifugation after 16
h when GC yield was 5%. Then stirring was continued without the catalyst for another 8
h and the reaction conversion was monitored at 2 h intervals; the results are shown in
Figure 2.10(i). It is obvious from the results that no further conversion occurred after the
nanocatalyst was separated out from the reaction mixture, which indicates that the N—
arylation reaction of imidazole occurred only due to the solid CUO/MWCNT. Moreover,
the conversion remained 5% even after 24 h of reaction time, which revealed that the Cu
was not leached out from CuO/MWCNT during the N-arylation reaction. The filtrate was
further analyzed by ICP-MS; only a negligible amount of Cu (10 ppb) was detected,

which confirms the heterogeneous nature of the present catalytic system [45].

2.3.6 Reusability of CUO/MWCNT

One of the unique features of nanocatalysts is their recovery and reusability,
which make these viable and economical. In a typical experiment, the catalyst was

recovered from the reaction mixture by simple centrifugation, and washed well with ethyl
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acetate, dried in vacuo at 130°C and reused for N-arylation of imidazole with 4—

chlorobenzonitrile; the results are shown in Figure 2.10(ii). Interestingly, the present

catalytic system provided a good yield of 69% even at the 8™ cycle, which indicates its

good reusability. It is worth to mention that the reused CUO/MWCNT showed improved

yields after calcination under argon atmosphere at 350°C for 2 h. At the 8" cycle, the

calcined catalyst showed a better yield of 78% [Figure 2.10(ii)]. This may be due to

complete or effective removal of adsorbed species or coupled products from CuONPs

active sites during the calcination process, as a concequence, more number of active sites

are available. Furthermore, in order to investigate the stability of CuO/MWCNT, the

reused catalyst was investigated by TEM, SEM-EDS and XPS (Figure 2.11).
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Figure 2.10 — (i) Heterogeneity and (ii) recyclability of CUO/MWCNT for N-arylation of
imidazole with 4—chlorobenzonitrile [Reaction condition: 81 mg of imidazole (1.2 mmol),
137 mg of 4—chlorobenzonitrile (1 mmol), CUO/MWCNT (0.98 mol % or 5 mg), 2 mmol

of K,CO3 (276 mg) and 5 mL of DMACc at 120°C for 24 h].
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Figure 2.11 — (i) TEM image, (ii) EDS and (iii) XPS spectrum of used CUO/MWCNT.

TEM images confirmed that the morphology has not been changed [Figure
2.11(i)]. The weight percentage of Cu was almost same as in the fresh catalyst as
determined by EDS [Figure 2.11(ii)]. XPS of the used catalyst showed +2 oxidation state

for Cu [Figure 2.11(iii)]. Hence it is concluded that CUO/MWCNT are physically and

chemically stable.
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2.3.7 Recovery of MWCNTSs from the used nanocatalyst

As a matter of fact the MWCNTSs are quite expensive and it is worth to be
recovered after catalytic reactions. To the best of our knowledge, MWCNTSs based
nanocatalysts have limited versatility in terms of its recovery, which in our opinion, make
many MWCNTs based nanocatalysts less affordable [46]. We report here the good
recovery (4.3 mg of R-MWCNTSs was recovered from the 5.0 mg of used CuO/MWCNT)

of MWCNTSs from used nanocatalyst; this is the hallmark of CUO/MWCNT.
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Figure 2.12 — (i and ii) TEM images, (iii) Raman spectrum and (iv) WAXD pattern of R-
MWCNTs.
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The MWCNTSs were recovered by simple chemical treatment and was further
confirmed by TEM, Raman and WAXD. The TEM morphology of R-MWCNTSs [Figure
2.12(i) and (ii)] showed that the R-MWCNTSs did not contain residues of CuONPs; this
purity confirms the successful recovery of MWCNTSs from the used CUO/MWCNT. The
diffraction peaks observed at 26.5°, 42.4°, and 44.2° for R-MWCNTSs [Figure 2.12(iv)],
are well correlated with the peaks observed for pure MWCNTS (Figure 2.6). The D and G
bands in the Raman spectrum of R-MWCNTSs [Figure 2.12(iii)] were observed at 1346
and 1580 cm, which correspond to the sp®- and sp®-hybridized carbons, which also
agree well with the results obtained for MWCNTSs (Figure 2.4). Moreover, the ID/IG ratio

of R-MWCNTSs is found to be 1.4425.

2.3.8 Proposed catalytic mechanism

The proposed mechanism for CUO/MWCNT-catalyzed N-arylation reaction has
been provided in Figure 2.13. The catalytic reaction is expected to take place via
adsorption followed by desorption (Figure 2.13). Firstly, heating the mixture of
CuO/MWCNT and aryl halide may lead to the adsorption of the aryl halide species on the
surface of the CuONPs. Due to the adsorption of aryl halide speices on CuONPs, the
positive charge was developed and the excess charge might be shared among the
CUuONPs. Since the MWCNTSs are highly condutive the created excess charge may assist
good dispersion of charged CuONPs on MWCNTSs support and consequently exhibit
more feasible adsorption of the aryl halide species on the surface of CuONPs [47, 48].
Secondly, the adsorbed aryl halide species undergoes reaction with imidazole and base.

Thirdly, the catalytic cycle is completed by the desorption of coupled products.
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Figure 2.13 — Possible mechanism of N-arylation of imidazole with aryl halide.

Either less than or greater than 5 mg of catalyst, decreased the yield of products
(Table 2.1, entries 14 and 16); this observation well supports the proposed mechanism.
When the amount of CUO/MWCNT is increased, imidazole and aryl ions might not be

adsorbed close enough to interact effectively. In the same way, while the catalyst amount
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IS decreased, there may not be adequate number of active sites for the adsorption of
substrates. Apart from the catalytic reaction, the -MWCNTSs can be recovered from the

used CUO/MWCNT by simple acid treatment.

2.4 Conclusions

We have successfully decorated CUONPs on MWCNTSs by a straight forward
“mix and heat” method. The resultant material behaves as efficient catalysts for N—
arylation of imidazole with various aryl halides. The stoichiometric amount of
CuO/MWCNT catalyst was found as low as 5 mg (0.98 mol % of Cu) and to the best of
our knowledge, this is the lowest amount of Cu used for this reaction. The good yields of
products are mainly due to the smaller particle size of the CuONPs. The proposed
catalyst is chemically as well as physically very stable, heterogenous in nature and
reusable. The main feature of CUO/MWCNT nanocatalysts is the recovery of pure
MWCNTs from the used nanocatalyst by the simple acid treatment. The recovered
MWCNTSs can be used for any further applications. In summary, we have developed a
ligand free and heterogeneous Cu based nanocatalytic system for N-arylation of

imidazole, which requires a lower amount of catalyst (0.98 mol% of Cu) to be effective.
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CHAPTER 3
Highly active, selective and reusable RuO,/SWCNT catalyst

for Heck olefination of aryl halides

3.1 Introduction

The transition metal-catalyzed C—C cross coupling reaction is a key step in the
synthesis of organic building blocks, natural products, pharmaceuticals, and agricultural
derivatives [1]. Certainly, Pd-catalyzed olefination of aryl halides (Heck-Mizoroki
reaction) is one of the most powerful tools for the construction of C—C bonds [2]. In fact,
the Pd-based catalytic systems are highly efficient and they generally offer excellent
product yields with good selectivity. In spite of that, they often suffer from three major
problems: (i) the use of expensive phosphine ligands for the stabilization of Pd active
species, (ii) utilization of highly volatile solvents, and (iii) very low reactivity towards
aryl chlorides [3]. Moreover, homogeneous Pd catalysts can be easily precipitated in the
reaction mixtures; therefore, the recovery and the reusability of the catalysts are highly
complicated [4]. To overcome these issues, polymers [5] and metal oxides [6] have been
used as supports for the immaobilization of Pd complexes. Later, due to high activity, easy
separation and reusability, Pd nanoparticles (NPs) gained importance [7]. Nevertheless,
the catalytic systems require hindered phosphines and amines as ancillary ligands with a
stoicomtric amount of the catalyst for the activation of aryl chlorides. Recently, the use of
other MNPs such as Cu [8], Ni [9], Fe [10], Rh [11] and Ir [12] has been reported for the

Heck-type olefination of aryl halides. Although they have shown good catalytic activity

51



in the Heck coupling reactions, the scope and functional group tolerance of these catalytic
systems are generally limited. Therefore, developing an efficient catalytic system for the
Heck-type olefination is a challenging task.

In the past few years, RuNPs-catalyzed cross coupling reactions were found to be
an effective tool for the construction of C-C bond [13]. Na et al., [14] employed
Ru/Al,O3 catalyst for both the Heck olefination and Suzuki coupling reactions. They
found that Ru/Al,O3 catalyst is highly effective and reusable; but, bromo- and
chloroarenes are less reactive. Hence, there is a continuous exploration for a better
heterogeneous Ru-based catalytic system for the Heck coupling reaction. According to
Joo et al., [15] activity of the supported MNPs catalyst is dependent on three main
factors: (i) nature of the support, (ii) metal-support interaction, and (iii) particle size.
Indeed, single-walled carbon nanotube (SWCNT) is one of the promising supports for
active metal catalysts in heterogeneous catalysis and trustable due to its astounding
properties such as high specific surface area, and chemical as well as electrochemical
inertness [16]. Recently, Krasheninnikov et al., [17] demonstrated that the inert SWCNT
can be transformed to a very active catalyst through the interactions between the active
metal clusters and carbon vacancies. We presumed that the decoration of a very fine
RuO,NPs can transform the SWCNT to a very active catalyst for the Heck olefination
reaction. In this study, ultrafine RuO,NPs were decorated over SWCNT by a simple ‘dry
synthesis’ method and used as a nanocatalyst for the Heck olefination of aryl halides.
Regioselectivity and chemoselectivity of RuO,/SWCNT-catalyzed Heck olefination
reaction were investigated. Moreover, heterogeneity, reusability and stability of

RuO,/SWCNT were also examined.
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3.2 Experimental section

3.2.1 Materials and characterization

High-purity SWCNT (>90%) with diameter ranging from 0.7 to 1.3 nm was
purchased from Sigma Aldrich and used as received. All other chemicals were purchased
from Sigma Aldrich or Wako pure chemicals, Japan.

The surface morphology of RuO,/SWCNT was investigated on a JEOL JEM-
2100F HR-TEM with the accelerating voltage of 200 kV. To quantify the weight
percentage of Ru in RuO,/SWCNT, SEM-EDS was recorded using Hitachi 3000H SEM.
The same field of view was then scanned using an EDS spectrometer to acquire a set of
X-ray maps for Ru, C, and O using 1 ms point acquisition for approximately one million
counts. Raman spectrometer (Hololab 5000, Kaiser Optical Systems Inc., USA) was
applied to examine the interaction between RuO,NPs and SWCNT. The Ar laser was
operated at 532 nm with a Kaiser holographic edge filter. XRD experiment was
performed at room temperature using a Rotaflex RTP300 (Rigaku Co., Japan)
diffractometer at 50 kV and 200 mA. Nickel-filtered Cu K, radiation (5>20<80°) was
used for XRD measurements. XPS (Kratos Axis-Ultra DLD, Kratos Analytical Ltd,
Japan) was recorded to confirm the chemical state of Ru in RuO,/SWCNT. During the
XPS analysis, the sample was irradiated with Mg Ka ray source. The conversion of the
reactants and the yield of coupled products were determined using gas chromatograph
(Shimadzu, GC-2014). The heterogeneity of the RuO,/SWCNT was tested using

inductively coupled plasma-mass spectrometer (ICP-MS, 7500CS, Agilent). NMR
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spectra were recorded on a 400 MHz Bruker spectrometer using tetramethylsilane (TMS)

as a standard.

3.2.2 Dry Synthesis of RUO,/SWCNT

Functional groups such as C=0, COOH, C-OH and C-O-C are very important
anchoring sites for metal NPs, which assists homogeneous decoration and good adhesion
of metal NPs on SWCNT [18]. Hence, at first, SWCNTs were treated with acid. In a
typical procedure, 1.0 g of SWCNTSs were chemically treated with a 3:1 mixture of conc.
H,SO4and HNO3, and then the mixture was sonicated at 40°C for 4 h in ultrasonic bath.
After cooling to 21°C, the solution mixture was diluted with 1000 mL of deionized water
and then vacuum-filtered through a filter paper of 0.65 xm porosity. The resultant solid
(f-SWCNTSs) was washed with deionized water until the pH became neutral and then
dried in vacuo at 60°C. After that, 0.13 g of Ru(acac); was added into 0.5 g of f-SWCNTSs
and mixed well by a mortar and pestle. The homogeneous mixture of f-SWCNTs and
Ru(acac); was obtained in 13-15 minutes. Finally, the mixture was calcinated under
nitrogen atmosphere at 350°C for 3 h in a muffle furnace. Figure 3.1 shows schematic

illustration of the procedure for the preparation of RuO,/SWCNT.

0=0

~N

HNO;, H,SO, Ru(acac);

40°C,3h 350°C,3 h

SWCNTs f-SWCNTs RuO,/SWCNT

Figure 3.1 — Schematic illustration for the preparation of RuO,/SWCNT.
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3.2.3 Procedure for Heck olefination reaction

In a typical procedure, RuO,/SWCNT (5 mg, 0.9 mol%) was added into a mixture
of styrene (343 pL, 3.0 mmol), iodobenzene (111 pL, 1.0 mmol) and (CH3)3;COK (224
mg, 2.0 mmol) in DMF, and stirred at 100°C for 10 minutes. After the completion of
reaction, the RuO,/SWCNT was separated out from the reaction mixture via
centrifugation and then the separated nanocatalyst was washed well with diethyl ether
and dried in an oven at 60°C for 5 h. On the other hand, the centrifugate was partitioned
between 15 mL of ethyl acetate and 10 mL of saturated aqueous sodium hydrogen
carbonate. Subsequently, the organic layer was separated out and dried over anhydrous
magnesium sulphate. The yield of olefinated product was determined by GC. Finally, the
organic layer was concentrated to obtain the coupled product. The products were
confirmed by *H and **C NMR spectra.

trans-Stilbene (3a): "H NMR (400 MHz, DMSO-ds): & (ppm) 7.12 (s, 2H), 7.26
(t, 2H), 7.36 (t, 4H), 7.72 (d, J = 8.0 Hz, 4H); °C NMR (400 MHz, DMSO-dg): & (ppm)
126.5, 127.5, 129.0, 130.0, 137.7.

1-1sopropyl-4-styrylbenzene (3b): *H NMR (400 MHz, DMSO-dg): & (ppm)
1.31 (d, J = 8.0 Hz, 6H), 2.79 (m, 1H), 6.78 (2, 2H), 7.12-7.15 (m, 3H), 7.35-7.38 (m,
2H), 7.58-7.61 (m, 4H); *C NMR (400 MHz, DMSO-ds): & (ppm) 28.7, 34.5, 115.3,
118.5, 128.6, 128.8, 129.9, 130.9, 133.3, 137.4, 149.9.

4-Methoxy-trans-stilbene (3d): *H NMR (400 MHz, DMSO-dg): & (ppm) 3.64 (s,
3H), 6.84 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 16.0 Hz, 1H), 7.05 (d, J = 16.0 Hz, 1H), 7.10 (t,
1H), 7.23 (t, 2H), 7.35-7.45 (m, 4H); *C NMR (400 MHz, DMSO-dg): & (ppm) 60.2,

114.2, 126.5, 127.5, 128.4, 129.0, 130.0, 137.7, 159.4.
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4-Styrylbenzonitrile [3h(i) and (ii)]: *"H NMR (400 MHz, DMSO-ds): & (ppm)
6.83 (s, 2H), 7.32-7.55 (m, 3H), 7.71-7.78 (m, 4H), 7.85 (m, 2H); *C NMR (400 MHz,
DMSO-de): & (ppm) 110.0, 118.5, 127.1, 127.3, 127.5, 128.5, 129.1, 130.36, 132.6, 136.7,
142.2.

Ethyl-3-(4-cyanophenyl)acrylate [3i(i) and (ii)]: *H NMR (400 MHz, DMSO-
ds): & (ppm) 1.37 (m, 3H), 4.23 (m, 2H), 7.23-7.28 (m, 3H), 7.82 (d, J = 8.0 Hz, 2H); **C
NMR (400 MHz, DMSO-dg): & (ppm) 14.6, 61.4, 112.6, 119.6, 120.1, 128.7, 132.5, 139.6,

140.1, 166.5.

3.2.4 Product analysis

In order to confirm the formation of the product, samples of both reactants and
products were dissolved in ethyl acetate and then analyzed by GC. GC was equipped with
5 % diphenyl and 95 % dimethyl siloxane, Restek capillary column (0.32 mm dia, 60 m
in length) and a flame ionization detector (FID). He gas was used as a carrier gas. The
initial column temperature was increased from 60 to 150°C at the rate of 10°C/min and

then to 280°C at the rate of 40°C/min. During the product analysis, the temperatures of

the FID and injection port were kept constant at 150 and 280°C, respectively.

3.3 Results and discussion

3.3.1 Characterization of RuO,/SWCNT

Figure 3.2 shows the HR-TEM images of RuO,/SWCNT and the particle size

distribution histogram of RuO,NPs in RuO,/SWCNT. As seen from Figure 3.2(i-v), a
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very fine and homogeneously dispersed RuO,NPs were externally attached on anchoring
sites of SWCNT. The size distribution histogram of RuO;NPs revealed that the diameter
of RuO;NPs ranges from 0.1 to 3.0 nm, with a mean diameter of 0.9 nm [Figure 3.2(vi)].

It is worth to mention that no free RuO,;NPs were observed in the background of the HR-

TEM images, which shows a complete utilization of the RuO,NPs by the SWCNT.

Mean diameter of
RuO,NPs = 0.9 nm

0.1-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-25 25-3.0
Particle size, nm

Figure 3.2 — (i and ii) Low and (iii-v) high magnification HR-TEM images of
RuO./SWCNT, and (vi) the particle size distribution of RuO;NPs in RuO,/SWCNT.

The RUO2/SWCNT has a BET surface area of 415.74 m? g™ with a pore volume of
0.6541 cm® g and a BJH desorption average pore diameter of 1.2 nm. Moreover, the
surface area per unit mass (S) of RuO,NPs was calculated to be 956.5 m? g™ based on the

equation S = 6000/(p x d), where d is the mean diameter, and p is the density of RuO,
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(6.97 g cm™). The weight percentage of Ru in RuO,/SWCNT was 13.79 wt%, as
determined by EDS analysis [Figure 3.3(ii)]. Figures 3.3(iv) and (v) show the
homogeneous distribution of RUO;NPs in RuO,/SWCNT. RuO,/SWCNT contains only C,
Ru and O elements as shown by EDS analysis, which indicates the reliability of the

proposed method.

(ii)
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Figure 3.3 — (i) SEM image and (ii) EDS spectrum of RuO,/SWCNT, and corresponding
EDS mapping of (iii) C, (iv) Ru and (v) O.

To investigate the interaction of RuO;NPs on SWCNTs, Raman spectra were
recorded for pure SWCNT (a), f-SWCNT (b) and RuO,/SWCNT (c) over the Raman
shift interval of 200-4000 cm™. As can be seen in Figure 3.4, all the three samples
showed two characteristic peaks at 1345 and 1592 cm *, corresponding to the sp* and sp?
hybridized carbons respectively, which confirm the presence of disordered graphite (D
band) and ordered state graphite (G band) in SWCNT [19]. Since the ratio of D and G
bands (Ip/lg) intensities is often used as a diagnostic tool to measure the defect

concentration in SWCNT, the Ip/lg ratio was calculated for all the three samples; the
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values are given in Figure 3.4 [19]. It was found that the Ip/lg ratio of pure SWCNT is
0.5267, whereas, after acid treatment, the Ip/lg value increased to 0.7317 (f-SWCNT)
which confirms the successful functionalization of SWCNT. In addition, positive shift
was observed in the D (1342 to 1351 cm) and G bands (1587 to 1591 cm™) of f-
SWCNT. This is due to the shortening of SWCNT as well as the creation of oxygen
functional groups on SWCNT during the oxidative treatment, which create more
anchoring sites for RuO,NPs [20]. In fact, the oxygen functional groups make the
SWCNT hydrophilic and support homogeneous decoration and good adhesion of
RuO,NPs [21]. The calculated Ip/lg ratio was low for RuO,/SWCNT (0.1875) when
compared to that of -SWCNT (0.7317). Negative and positive shifts were also observed
in the D (1342 to 1331 cm ) and G bands (1587 to 1593 cm ™) respectively. The results
reveal that the RuO,NPs were strongly attached on to the anchoring sites in the defect

structure as well as in the prefect structure of SWCNT [20].

D band
(1342 cm™)

G band

D band 4
(1587 cm )

(1342 cm™)

I/1, = 0.5267

(a)

Intensity, a.u.

I,/l, =0.7317

LJL.“ //ﬂ«
N (c) ; | I/l = 0.1875 /M—\

" 4300 1350 1400 600 800 1000 1200 1400 1600 1800 2000 2200 1500 1550 1600 1650 1700
em’” Raman shift, cm” cm’

Figure 3.4 — Raman spectra of (a) pure SWCNTSs, (b) -SWCNTSs, and (c) RuO,/SWCNT
(left: magnified D band region; right: magnified G band region).
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XPS spectra were recorded for SWCNT (a), -SWCNT (b) and RuO2/SWCNT (c)
and the results are shown in Figure 3.5. As expected, all the three samples displayed C 1s
and O 1s peaks at 284.4 and 532.5 eV respectively. Figures 3.5(i) and (ii) show the
deconvoluted C 1s and O 1s XPS spectra of f-SWCNT. In C 1s spectrum, the binding
energy of C—C/C=C, C-OH, C-O-C, C=0 and COOH groups are assigned at 284.3,
285.0, 285.8, 286.7 and 288.3 eV respectively [21]. Alike, deconvolution of the O 1s
spectrum of f-SWCNT resulted in five peaks located at 529.8, 530.7, 531.5, 532.2 and
533.5 eV, which were assigned to C=0, COOH, C-OH, C-O-C and H,O respectively
[21]. Moreover, in comparison to the C 1s spectrum of SWCNT [Figure 3.5(i) insert], the
p—p* shake-up satellite peak at 291.5 eV was completely disappeared in that of f-
SWCNT. These results confirm the successful creation of the functional groups on the
SWCNT. According to Fuller et al., [22] the reactivity of SWCNT is directly decided by
the concentration of functional groups. Among the functional groups, mainly, COOH
assists well dispersion and adhesion of RuO,;NPs by replacing its proton. The XPS
spectrum of RuO2/SWCNT in Ru 3p region [Figure 3.5(iv)] showed BE of Ru 3pz, at
462.5 eV and Ru 3py; at 485.2 eV, which are attributed to the photoemission from RuO,
(Ru*") [23]. The intensity of the peaks in both O 1s and C 1s spectra of RuO,/SWCNT
dramatically decreased which shows a virtually complete reduction of the functional
groups [Figure 3.5(iii)]. Interestingly, the strong interaction of RUO,NPs on SWCNT was
also confirmed from the positive shift in C 1s peak of RuO,/SWCNT [Figure 3.5(iii)]

when compared to that of f-SWCNT [24].
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Figure 3.5 — (i) C 1s peak of f-SWCNTs, (ii) O 1s peak of f-SWCNTs, (iii) C 1s peak and
O 1s peak of (a) SWCNTSs, (b) -SWCNTs and (¢) RuO/SWCNT, and (iv) main peaks of

Ru 3p of RUO,/SWCNT.

3.3.2 Screening for optimal reaction conditions

Initially, the reaction of styrene (1a) with iodobenzene (2a) was chosen as the
model reaction to screen the reaction conditions (Table 3.1). In this screening, reaction
variables such as solvent, base, amount of base, amount of catalyst, temperature and time

were optimized to find out the most effective reaction conditions.
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Table 3.1 — Screening for optimal reaction conditions®

|
©/\ . \@ RuO,/SWCNT _ S O
2a

3a

1a

entry solvent base amount amountof temp. time vyield® (TON/
of base  catalyst °C) (min) (%) TOFh?
(mmol)  (mol%)

1 DMSO (CHs)COK 2.0 0.9 100 10 47 313/1874
2 Toluene (CHg):COK 2.0 0.9 100 10 32 213/1275
3 DMF  (CH3):COK 2.0 0.9 100 10 91  606/3651
4  DMAc (CH3)COK 2.0 0.9 100 10 57  380/2276
5 DMF KOH 2.0 0.9 100 10 19  127/760
6 DMF NaOH 2.0 0.9 100 10 39  260/1557
7 DMF K2COs 2.0 0.9 100 10 55  367/2198
8 DMF NaOAc 2.0 0.9 100 10 14 93/557

9 DMF  (CH3):COK 15 0.9 100 10 69  460/2755
10 DMF  (CHg:COK 25 0.9 100 10 90  600/3593
11 DMF  (CHsCOK 2.0 0.45 100 10 71 95/569

12 DMF  (CHgCOK 2.0 1.35 100 10 91  413/2473
13 DMF  (CHgsCOK 2.0 0.9 60 10 32 213/1276
14  DMF  (CH3COK 2.0 0.9 80 10 56  373/2234
15 DMF  (CHgCOK 2.0 0.9 120 10 89  593/3551
16 DMF  (CHg:COK 20 0.9 100 5 78 520/6243
17 DMF  (CHsCOK 2.0 0.9 100 15 91  606/2424
18  DMF  (CHgsCOK 20 0.9 100 20 91  606/1820
19 DMF  (CHgsCOK 2.0 0.9 100 25 90  600/1429
20 DMF  (CH3)COK 2.0 0.9 100 30 91  606/1212

®Reaction conditions: 1a (3.0 mmol), 2a (1.0 mmol), air atmosphere.

®5 mL aliquot of solvent was used in all the reactions.

‘GC yield.

“TON/TOF [TON = the amount of product (mol)/the amount of active sites; TOF =
TON/time (h)].

Among the various solvents tested, DMF was found to be more effective (Table
3.1, entries 1-4). It was found that (CH3)3sCOK was a more efficient base (Table 3.1,

entries 3, 5-8). The amount of base has played a crucial role in the efficiency of present
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catalytic system. 2.0 mmol of (CH3);COK was found to be an optimal (Table 3.1, entry
3). When the amount of base was decreased to 1.5 mmol, the reaction was very slow
(Table 3.1, entry 9). Subsequently, amount of catalyst was optimized (Table 3.1, entries 3,
11 and 12). A 5.0 mg (0.9 mol% of Ru) of RuO,/SWCNT was found to be the optimal
amount of catalyst with an excellent yield of 91% (Table 3.1, entry 3). To our delight,
this is the lowest amount of Ru catalyst (0.9 mol%) used to perform the Heck olefination
of aryl halides. In the temperature optimization (Table 3.1, entries 13-15), an excellent
yield of 91% was obtained when the reaction was stirred at 100°C (Table 3.1, entry 3).
To the best of our knowledge, among the Ru-based catalytic systems for Heck olefination
of aryl halides, the present one requires the lowest reaction temperature. In the time
optimization (Table 3.1, entries 16-20), 91% vyield of product was obtained after 10
minutes. Further increase in the reaction time did not enhance the yield of product.
Moreover, under the optimized reaction conditions, the present catalytic system achieved
a good vyield of 91% with a highest turnover number (TON) of 606 and turnover
frequency (TOF) of 3651 h™ (Table 3.1, entry 3). The optimal reaction conditions were

adopted to extend the scope of the Heck olefination of aryl halides.

3.3.3 Substrate scope

As seen from Table 3.2, a wide range of aryl halides have been effectively
coupled to give the olefinated products in moderate to good yields. The yield of the
products was fairly affected by various substituents on the aromatic ring of aryl halides.
Aryl iodides gave slightly higher yields compared to aryl bromides and aryl chlorides. In

the olefination of iodobenzene with styrene, the present catalytic system gave a better
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yield of 91% (3a) when compared to silylated Pd-NHC system [25]. Interestingly, aryl
iodides containing electron donating group such as —OCHj3; and CH(CHs), at para
position were also effectively coupled with styrene to give the olefinated products in
excellent yields (3b and 3d) whereas the same substrates exhibited lower yields with
ethyl acrylate (3c). In the olefination of 1-iodo-3-nitrobenzene with styrene, an excellent
yield of 92% was achieved (3e). Similarly, the present system affords 92% of ethyl 3-(3-
nitrophenyl)acrylate (3f) from the reaction of 1-iodo-3-nitrobenzene with ethyl acrylate.
It was found that a moderate yield of 64% (3g) was obtained from the coupling reaction
of 1-iodo-4-benzoicacid with ethyl acrylate. The good yields obtained from aryl iodides
are due to the better leaving nature of the iodo group.

The present catalytic system worked well also for the olefination of less reactive
chloro- and bromoarenes. As seen from Table 3.2, a wide range of chloro- and
bromoarenes have been olefinated (3h-3p). Particularly, bromoarenes react faster than
chloroarenes. For example, in the coupling of 4-bromobenzonitrile with styrene, the
product [3h(i)] was obtained in 78% yield just after 10 minutes whereas the coupling of
4-chlorobenzonitrile with styrene gave 79% of the desired product [3h(ii)] only after 30
minutes. In the same way, an excellent yield of 87% [3i(i)] was achieved from the
coupling of 4-bromobenzonitrile with ethyl acrylate in 15 minutes, but similar olefination
of 4-chlorobenzonitrile yielded 81% of ethyl 3-(4-cyanophenyl)acrylate [3i(ii)] after 30
minutes. The present RUuO,/SWCNT system gave a moderate yield of 61% [3j(i) and

3j(ii)] from the coupling of 4-bromobenzaldehyde or 4-chlorobenzaldehyde with styrene.

64



Table 3.2 — Substrate Scope of the RuO,/SWCNT-catalyzed Heck-type Olefination

of aryl halides®

X
R + | R
1 2

R; = CgHs or COOC,H5

RuO,/SWCNT

(CH3)3COK, DMF, 100°C

R, = OCHj, CN, CH(CHs3),, CH3, NO,, CHO or COOH

X =1,BrorCl

o

3a, (91%)", (86%)°, 15
min, (606/3651 h™)"

OCH,
L

3d, (90%)°, (79%)°, 10
min, (600/3592 h™)¢

N©/c00|-|
C,H,00C™ X

39, (64%)"°, 10 min
(427/2557 hY)°

CHO
oh

3j(i), (61%)°, 20min,
(406/1219 h™)"

3j(ii),(61%)"°, 50min,
(406/487 h)¢

g

b

3b, (91%)"°, (80%)°, 20 min,

(606/1820 h)°

o
N
=

o

3e, (92%)", (84%)°, 10 min,

(613/3671 hY)°
O AN O

3h(i), (78%)", 10 min,
(520/3114 h%)*

3h(ii), (77%)°, 20min,
(513/1541 h%)°

CN

W7
) 3
O

3K, (61%)°, 15 min,
(406/1624 h™)°

cszooc/\/©)\

3c, (50%)°, 10 min
(333/1994 h1)¢

NO,
Czl'lsooc/\/éj

3f, (92%)"°, (87%)°, 10
min, (613/3671 h™)°

/\Q/CN
C,Hs00C" X

3i(i), (87%)°, 10 min,
(580/3473 h™)"

3i(ii), (81%)", 20 min,
(485/1456 h™)"

NS
C,H;00C X

31, (86%)", 20 min,
(573/1720 h%)¢




COCH; CH, CHO
o~

3m, (71%)°, 10 min, 3n, (28%)°, 20 min, 30, (31%)", 15 min,
(473/2832 h)? (187/562 ht) (207/828 hty
CHO

o

3p, (28%)°, 10 min,
(187/1124 h%)¢

®Reaction conditions: 1 (3.0 mmol), 2 (1.0 mmol), RUO,/SWCNT (0.9 mol%),
(CH3)3COK (2.0 mmol), DMF (5.0 mL), air atmosphere, 10-50 min, 110°C.
°GC yield. ®Isolated yield. “TON/TOF.

The present catalytic system required just 20 minutes to yield 61% of the desired
product (3k) from the coupling of 2-bromobenzonitrile with styrene whereas the
CuO/aluminosilicate yielded the same product after 20 h [8]. Interestingly, a good yield
of 86% (3I) was obtained from the olefination of 2-bromobenzonitrile with ethyl acrylate.
This showed the effectiveness of the present catalytic system towards the olefination of
bromo- and chloroarenes. With a 0.9 mol% RuO,/SWCNT under optimal conditions, the
olefination of 4-bromoacetophenone with styrene gave a better yield of 71% (3m) when
compared to Pd-catalyzed coupling [26]. However, the olefination of aryl bromide
containing —CHs at para position afforded a lower yield of 28% (3n). When processing
the aryl halides containing —CHO group (30 and 3p), the GC analyses showed the
presence of side products: bromo- or chloro benzoic acid and styrylbenzoic acid.

Importantly, for the Ru-catalyzed Heck coupling reactions, this is the highest TON and
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TOF values (TON: from 187 to 613; TOF: from 3671 to 1120 h™) reported to date. The
excellent catalytic activity of RuO,/SWCNT is due to three most important reasons: (i)
the ultrafine nature of the RUO,NPs, (ii) specific high surface area of RuO,/SWCNT, and

(iii) an effective dispersion of the RuO,/SWCNT in the reaction medium.

3.3.4 Regioselectivity

To study the regioselectivity of the present catalytic system, coupling between
styrene and 1-bromo-4-iodobenzene was carried out under the optimized reaction
conditions (Scheme 3.1). As expected, 1-bromo-4-styrylbenzene was selectively formed
in 67% yield with a higher TON (447) and TOF (2677 h™), whereas only 17% of 1-iodo-
4-styrylbenzene was obtained. This can be explained by the better leaving nature of the

iodo group compared to the bromo group.

| Br |
©/\ \@\ RuO,/SWCNT O O
. - N + N
Br  (CHs);COK, DMF O O
100°C
)

(67 % (17%)
(TON/TOF = 447/2677 h")

Scheme 3.1 — Regioselectivity of RuO,/SWCNT-catalyzed Heck olefination reaction.

3.3.5 Chemoselectivity

When a mixture of styrene (3 mmol), 4-bromobenzonitrile [scheme 3.2 (a)] or 4-
chlorobenzonitrile (1.0 mmol) [scheme 3.2 (b)] and ethyl acrylate (3.0 mmol) was

allowed to stir under optimized reaction conditions, aryl halide selectively coupled with
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styrene to give 4-styrylbenzonitrile in good yields with higher TON (580) and TOF (3473

h') in the presence of ethyl acrylate.

(a) CN

(87 %)
Br TON/TOF= 580/3473 h"'!
©/\ . . CO0C,H, _ RUOJSWCNT ( ° )
CH K, DMF
CN ( 3)3C0 CN
100°C ﬂ
3:1:3 C2H500C \
(0%)
(b) O CN

W
%

(63 %)

Cl = -1
TON/TOF= 420/2515 h
©/\ . \@\ + 2 CO0C,Hs RuO,/SWCNT _ ( % )
CN (CH,);COK, DMF N
100°C ﬂ
3:1:3 C,H;00C" X

(13%)

Scheme 3.2 — Chemoselectivity of RuO,/SWCNT-catalyzed Heck olefination reaction.

3.3.6 Heterogeneity, Reusability and Stability of RUO,/SWCNT

Well known that several heterogeneous catalysts, particularly in Heck type
olefination reaction, are suffered by the leaching of active species from the catalyst and,
therefore, the stability and reusability of the catalyst are highly limited [3-6]. To check
whether the RuO, active species leached out from the SWCNT support during the

reaction, a heterogeneity test was performed.
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Figure 3.6 — (i) Heterogeneity and (ii) recyclability test of RuUO,/SWCNT [styrene (343
pL, 3.0 mmol), iodobenzene (111 pL, 1.0 mmol), (CH3);COK (224 mg, 2.0 mmol) and
RuO/SWCNT (5 mg, 0.9 mol% of Ru) at 100°C in 5 mL of DMF], (iii) SEM and
corresponding EDS spectrum of u-RuO,/SWCNT, and (iv) Ru 3p XPS spectrum of u-

RUuO,/SWCNT.

In a typical test, a mixture of styrene (343 uL, 3.0 mmol) and iodobenzene (111

pL, 1.0 mmol) was stirred under optimized reaction conditions. After the reaction was

completed, the solid RuO,/SWCNT was separated out from the reaction mixture by

centrifugation and then the filtrate was analyzed by ICP-MS [Figure 3.6(i)]; a very low

content of Ru (~10 ppb) confirmed that the leaching of active species (RuO;) from the
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SWCNTSs support is negligible. Inspired by this result, subsequently, reusability of the
catalyst was investigated. After the first use, the catalyst was separated out by
centrifugation, washed, dried at 60°C, and then reused. The catalyst was reused eight
times and the yields of product are shown in Figure 3.6(i). Merit of the proposed catalytic
system can be realized from the reusability of RuO,/SWCNT that shows an excellent
yield of 86% with a higher TON (573) and TOF (3431 h™) at eighth cycle. Moreover, to
confirm the stability of the catalyst, the used RuO,/SWCNT (u-RuO,/SWCNT) was
analyzed by TEM, XPS and SEM-EDS [Figure 3.6(ii-iv)]. It can be seen that there is no
significant change was found in the morphology of the u-RuO,/SWCNT when compared
to the fresh RuO,/SWCNT. It was found that the oxidation state and the weight
percentage of Ru in u-RuO,/SWCNT were +4 and 13.01 wt% respectively. The results

indicate that the RuO,/SWCNT is physically as well as chemically stable.

3.3.7 Proposed mechanism

In order to understand the mechanism of RuO,/SWCNT-catalyzed Heck
olefination of aryl halides, FT-IR and XPS spectra (data not shown) were recorded for
RuO2/SWCNT (pure nanocatalyst) and h-RuO,/SWCNT (the catalyst after stirring with
styrene and iodobenzene in 5 mL of DMF at 100°C for 5 min). In comparison to pure
RuO,/SWCNT, both the FT-IR and C 1s XPS spectra of h-RuO,/SWCNT showed extra
peaks which may be attributed to the adsorption of aryl halide on the active sites of
RuO,NPs. In addition, XPS spectrum of h-RuO,/SWCNT confirmed the formation of KI
(1'3p and K 2p XPS spectrum) during the reaction. Furthermore, GC analysis showed the

formation of tBuOH during the Heck coupling reaction.
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(setp 2)

Figure 3.7 — Proposed mechanism for Heck olefination of iodobenzene with styrene.

Based on the results obtained from the XPS, FT-IR and GC analysis, we
concluded that the catalytic reaction might be taken place via adsorption followed by
desorption. In step (i), heating the mixture of RuO,/SWCNT and aryl halide lead to the
adsorption of the aryl halide on the active sites of the RuO,NPs. Owing to the adsorption
of aryl halide on RuO,NPs, the positive charge was developed and the excess charge
might be shared among the RuO,NPs. Since the SWCNT is highly condutive, the created
excess charge might assist good dispersion of charged RuO,NPs on SWCNT support and
consequently exhibit more adsorption of the aryl halide species on the surface of

RuO,NPs [27]. In step (ii), the adsorbed aryl halide undergoes reaction with olefin and
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base. Subsequently, in step (iii), the catalytic cycle is completed by the desorption of
coupled product. Finally, RuO,/SWCNT was regenerated for the further coupling

reaction.

3.4 Conclusions

In conclusion, a mild and highly efficient SWCNT-supported RuO;NPs based
catalytic system for the Heck olefination of aryl halides is developed. The substrate scope
of the reaction could be efficiently carried out with as low as 0.9 mol % of the supported
RuO, catalyst over a wide range of substrates in moderate to excellent yields with a very
high TON and TOF values. In addition to the iodoarenes, less reactive bromo- and
chloroarenes can also be effectively olefinated using the present catalytic system. To the
best of our knowledge, the RuO,/SWCNT is the most active Ru-based heterogeneous
catalyst for the Heck olefination of aryl halides among those reported so far. The
RuO/SWCNT is highly regioselective and chemoselective for the Heck olefination
reaction. Heterogeneity, reusability and stability of RuO,/SWCNT were found to be good.
Overall, the simple synthesis and excellent activity make RuO,/SWCNT as an alternate

choice to the existing Ru based catalysts for Heck coupling reactions.
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CHAPTER 4
Facile and homogeneous decoration of RuO, nanorods on
graphene nanoplatelets for transfer hydrogenation of carbonyl

compounds

4.1 Introduction

Reduction of carbonyl compounds (C=0) to their corresponding alcohols is a
pivotal organic transformation and synthetically important both in industrial and fine
chemical processes [1]. There are many methods available to achieve this transformation
[2]. Recently most of the studies have focused on the transition metals-catalyzed
reduction of carbonyl compounds by hydrogen transfer from 2—propanol. In fact, this
method is operationally very simple and these reactions can be carried out in the absence
of molecular hydrogen [3]. Hence, there are many homogeneous and heterogeneous
catalysts have been developed and investigated for this transformation [4]. For the last
few decades, heterogeneous catalysts particularly MNPs are getting more attention from
both economic and industrial point of view because they are highly recyclable and easily
separable from the reaction mixture [5]. In spite of remarkable catalytic effect, a
drawback remains in these catalysts as the MNPs effortlessly agglomerate in the reaction
conditions, which lead to low catalytic activity as well as the poor reusability of the
catalyst. To overcome this, several inorganic and organic materials have been used as a
support for metal catalysts [6]. Recently, owing to the unique properties such as high

surface area and chemical inertness, carbon building blocks such as CNTs and carbon
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nanofibers have been used as a support for metal catalysts [7]. In this century, graphene
has been discovered as a “rising-star” nanomaterial and has attracted vast interest owing
to its extraordinary properties such as chemical inertness, thermal stability and a huge
surface area. Recently graphene has been used as a support for MNPs in heterogeneous
catalysis [8]. Krasheninnikov et al., examined the transition metals supported on
graphene using density functional theory and found that there is a bonding between the
transition metal atom and neighboring carbon atoms of graphene [9]. Hence, the inert
graphene may be transformed to a very active catalyst through the interactions between
the metal clusters and carbon vacancies. Recently, Baogiang et al., has investigated the
transfer hydrogenation of alkynes, alkenes and nitro aromatics using graphene supported
PtNPs [10]. Gil et al., prepared graphite oxide supported PdNPs and used as a catalyst for
the Suzuki-Miyaura coupling reaction with higher activity than the commercial Pd-C
catalyst [11]. Inspired by these results, we presumed that GNPs supported RuUNRs would
also exhibit high catalytic activity for the transfer hydrogenation of carbonyl compounds.
Herein, we report the preparation of GNPs supported RuNRs and its catalytic property in
the transfer hydrogenation of various aldehydes and ketones. In addition, GNPs were
successfully recovered from the used GNPs-RuNRs by simple chemical treatment.
Chemoselectivity, reusability and heterogeneity of GNPs-RuNRs on transfer

hydrogenation of carbonyl compounds were also tested.
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4.2 Experimental section

4.2.1 Materials and characterization

Graphene nanoplatelets (GNPs, purity: >99wt%, surface area: >750m?/g, average
thickness: 3nm, layers: <3, diameter: 1-2 um) were purchased from Cheap tubes Inc., VT,
US. H,SO, (98%) and HNOj3 (70%) were purchased from Wako pure chemicals, Japan.
Ru(acac)s (97%) and all other chemicals were purchased form Aldrich and used as
received.

To find the actual size of RUNRs on GNPs and to study the morphology of GNPs-
RuNRs, TEM images were taken with accelerating voltage of 120 kV using JEM-2100
JEOL Japan. The definite quantity of decorated RuNRs in the GNPs-RuNRs was
determined by ICP-MS model (7500CS, Agilent). In addition, the weight percentage of
Ru in GNPs-RuNRs was determined by SEM-EDS [Hitachi (model-3000H) Scanning
Electron Microscope]. The same field of view was then scanned using an EDS
spectrometer to acquire a set of X-ray maps for Ru, C, and O using 1 ms point acquisition
for approximately one million counts. To investigate the interaction between RuNRs and
GNPs, Raman spectra were recorded using a Raman spectrometer (Hololab 5000, Kaiser
Optical Systems Inc., USA), argon laser at 532 nm with a Kaiser holographic edge filter.
WAXD experiments were performed at room temperature using a Rotaflex RTP300
(Rigaku.Co., Japan) at 50 kV and 200 mA. Nickel-filtered Cu Ka radiation was used for
the measurements, along with an angular range of 10 <26 < 80°. To confirm the chemical
state of Ru in GNPs-RuNRs, XPS spectrum was recorded in Kratos Axis-Ultra DLD

model instrument. The GNPs-RuNRs was irradiated under Mg Ka ray source before XPS
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analysis. In order to determine the conversion of the reactants and to calculate the yield of

resultant products, GC was recorded using Shimadzu-2010 gas chromatograph.

4.2.2 Typical procedure for oxidation of GNPs

In a typical procedure, 0.5 g of as-received GNPs was treated with a 3:1 ratio
mixture of concentrated H,SO, and HNO3. Then the mixture was sonicated at 40°C for 3
h in ultrasonic bath for the generation of functional groups -COOH, —C=0, -C-0O-C-
and —OH) on the GNPs surface. After cooling at room temperature, the reaction mixture
was diluted with 500 mL of deionized water and then vacuum-filtered through a filter
paper of 3 um porosity. The resultant f-GNPs were repeatedly washed with deionized

water until the pH reached neutral and finally, the solid was dried in vacuo at 60°C.

Ru(acac),
HNO,, H,S0, l
_ )
. - 40°C,3h 500°C, 1 h _
GNPs f-GNPs GNPs-RuNRs

Figure 4.1 — Preparation of nanocatalyst, GNPs-RUNRs.

4.2.3 Preparation of nanocatalyst

To attain a specific nucleation of RuUNRs on GNPs with excellent adhesion,
initially, GNPs were functionalized by chemical treatment with HNO3/H,SO, to generate

—COOH, -C=0, —-C-0-C- and —OH functional groups on GNPs surface as described in
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literature.’* Then, 0.5 g of functionalized GNPs (f-GNPs) were added to 0.2 g of
Ru(acac); and mixed well using a mortar and pestle until the mixture was homogeneous.

Then the mixture was calcinated at 500°C under argon atmosphere for 1 h (Figure 4.1).

4.2.4 Transfer hydrogenation of carbonyl compounds

A 5.0 mg of GNPs-RuNRs (0.15 mol% of Ru), substrate (1.0 mmol), isopropyl
alcohol (4 mL) and potassium tert-butoxide ((CH3)sCOK, 1 mmol) were refluxed under
air atmosphere at 82°C. The completion of the reaction was checked by TLC. Once the
reactions completed, the nanocatalyst was separated out from the reaction mixture by
simple centrifugation and the products and unconverted reactants were analyzed by GC
without any purification. Selectivity of the product for each reaction was also calculated.
Subsequently, the reduced products of selected reactions were separated to compare the
isolated yields to those determined by GC. The separated nanocatalyst was washed well
with diethyl ether followed by drying in oven at 130°C for 3 h and was reused for the
subsequent transfer hydrogenation of carbonyl compounds for testing the reusability of

GNPs-RuNRs.

4.2.5 Typical procedure for reusability of GNPs-RuNRs

It is well known that the most excellent advantages of the heterogeneous catalyst
are the prospect of reusing and recovering it from reaction mixture. After the first cycle
the catalyst was separated out by simple filtration and washed well with diethyl ether,

dried in vacuo at 130°C for 3 h, and then used for the second cycle under the optimized
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reaction condition. The catalytic run was repeated for four cycles with further addition of
substrates in appropriate amounts under optimum reaction conditions and the conversion

yield of the final products were monitored by GC.

4.2.6 Typical procedure for recovery of GNPs

After the first cycle, the catalyst was separated out by simple filtration, then
washed well with diethyl ether and dried in an oven at 130°C for 3 h. Then the catalyst
was chemically treated with Conc. HNO3; and H,SO, mixture (1:4 ratios) under
sonication for 1 h. Then the solid was filtered and washed well with distilled water
followed by drying in vacuo. Finally, the resultant sample was characterized by TEM,

Raman and XRD.

4.2.7 Product confirmation and analysis

In order to confirm the formation of the product, samples of both reactant and
products were dissolved in ethyl acetate and then analyzed by GC. GC was equipped with
5 % diphenyl and 95 % dimethyl siloxane, Restek capillary column (0.32 mm dia, 60 m
in length) and a flame ionization detector (FID). Nitrogen gas was used as a carrier gas.
The initial column temperature was increased from 60 to 150°C at the rate of 10°C/min
and then to 220°C at the rate of 40°C/min. During the product analysis, the temperatures

of the FID and injection port were kept constant at 150 and 250°C, respectively.
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4.3 Result and discussions

4.3.1 Characterization of GNPs-RuNRs

Very small and homogeneously dispersed RUNRs on GNPs were observed by
TEM images [Figure 4.2(i)]. The length and diameter of RUNRs were found to be around
25-30 nm and 8-12 nm, respectively. The XPS and XRD were recorded to investigate the
chemical state of the RuNRs. The binding energies of Ru 3ps,; at 462.5 eV, Ru 3py, at
485.0 eV and Ru 3ds, at 280.8 eV are attributed to the photoemission from RuO, (Ru**)
[Figure 4.2(ii)] [16]. The XRD peaks [Figure 4.3(i) and (ii)] observed at 27.5°, 34.9°,

39.9° and 57.5° correspond to the typical crystal faces (110), (101), (200) and (220) of

RuO, (JCPDS 21-1172), respectively.

(ii) C1s+Ru 3d5;2
(284.5)

C1s

(287.5) Ru(IV)
(280.8)

Counis/séc

291 285 279 495 477 459

—— C1s+Ru 3d

: ‘Inféns'i'ty;ll

Vo Ru 2p
A 2 Ru 4p
1000 800 600 400 200 0
Binding energy, eV

Figure 4.2 — (i) TEM image of the GNPs-RuNRs (inset: magnified TEM image); (ii)

XPS for catalyst (insert, above, right: Ruy, and Rusj, spectrum; left: Ru 3ds/, spectrum).
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Figure 4.3 — (i) Full and (ii) magnified (right) region of XRD pattern of GNPs (a), f-
GNPs (b), GNPs-Ru(acac)s (c) and GNPs-RuNRs (d).
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Figure 4.4 — (i) SEM and (ii) corresponding EDS images of GNPs-RuNRs, and EDX
mapping observations of (iii) C, (iv) Ru and (v) O (inset in iii, iv and v, bottom, right:

weight percentage).
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The actual loading of Ru in GNPs-RuNRs was 2.99 wt%, as determined by ICP-
MS. The SEM-EDS and its corresponding elemental mapping were taken for GNPs-
RuUNRs [Figure 4.4(i) and (ii)]. EDS result revealed the loading of Ru in GNPs-RUNRs as
3.19 wt%, which agrees well with the ICP-MS result. The elemental mapping of GNPs-
RuNRs confirmed that the RUNRs are homogeneously distributed on GNPs, which agrees

well with TEM results.

(ii) G band

D band
ID/IG=0.2078

Intensity, a.u.
Intensity, a.u.

ID/IG= 0.1505

ID/IG= 0.0909
T - T i T T 1 ¥ T d T ¥ T ¥ T ¥ 1
1000 2000 3000 4000 1300 1400 1500 \ 1600 1700
Raman shift, cm” Raman shift, cm’

Figure 4.5 — (i) Full and (ii) magnified region of Raman spectrum of GNPs (a), f-GNPs
(b), GNPs-Ru(acac)s (c) and GNPs-RuNRs (d).

The Raman spectra were recorded for GNPs, f-GNPs, GNPs-Ru(acac); [GNPs and
Ru(acac)s; mixture before the calcination] and GNPs-RuNRs [Figure 4.5(i) and (ii)]. The
D and G bands observed at 1345 and 1575 cm* respectively corresponding to the sp*-
and sp’- hybridized carbons, indicating the disordered graphite (D band) and the ordered
state graphite (G band) of GNPs [13]. The red shift in the G band for f-GNPs revealed
that the GNPs were chemically functionalized by ~-COOH, -C=0, -C-O-C- and -OH

groups [14]. The intensity ratios (ID/IG) were calculated for all the four samples from
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Raman peaks. The intensity ratio of GNPs-RuNRs was high (ID/IG = 0.2078) when
compared to that of GNPs-Ru(acac)s; (ID/IG = 0.1589), which revealed the physical

attachment of RUNRs on GNPs [15].

4.3.2 Optimization of reaction conditions

The prepared GNPs-RuNRs have been applied as catalyst in the transfer

hydrogenation of aldehydes/ketones using 2—propanol as hydrogen donor.
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Figure 4.6 — Effect of (i) catalyst amount, (ii) reaction time, (iii) temperature and (iv)
base on transfer hydrogenation of acetophenone.
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To find the most effective reaction condition, we have chosen acetophenone as a
model substrate and varied the amount of catalyst, reaction time, temperature and base
[Figure 4.6(1-iv)]. The conversion was checked by GC. At first, the catalyst amount was
optimized; as we anticipated, a very lower conversion (13%) was obtained in the absence
of GNPs-RuNRs. A 5.0 mg (0.15 mol %) of GNPs-RuNRs was found to be the optimum
amount of catalyst. The optimum reaction time and temperature were 12 h and 82°C
respectively. In base optimization, potassium tert-butoxide ((CH3)3sCOK, 1 mmol) was

found to be the most effective one compared to NaOH, K,CO3 and KOH.

4.3.3 Extension of scope

To extend the scope, the catalyst was applied to the transfer hydrogenation of
wide range of carbonyl compounds in the optimum condition (Table 4.1). The conversion
and yield were moderately affected by the substituent on the aromatic ring, but the high
selectivity was maintained. Active aryl secondary ketone, acetophenone, was reduced to
1-phenylethanol in excellent yield of 95% with an excellent selectivity of 100% (Table
4.1, entry 1) whereas NiNPs system gave only 80% 1-phenylethanol [17]. In addition,
the resultant product (1-phenylethanol) was analyzed by HPLC to understand the
chirality of the product and found to be racemic. Similarly, 4-bromo acetophenone
(Table 4.1, entry 2) gave the corresponding alcohol in excellent yield (95%) and
selectivity (100%). In the conversion of 4-methoxy acetophenone to 1-(4-
methoxyphenyl)ethanol (Table 4.1, entry 3), the present catalytic system afforded a better

yield of 74% in comparison to the NiNPs system [18].
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Table 4.1 — Transfer hydrogenation of carbonyl compounds catalyzed by GNPs-
RuUNRs®

0] OH GNPs-RuNRs OH e}
)L + )\ (0.15mol %) /L + )J\
Ri™ R (CHa);COK, 820c 1 R
1a 1b
substrate product time conv.”  sel®  vyield”
entry
(1a) (1b) (h) (%) (%) (%)
o OH
1 ©)K ©)\ 12 95 100 95
o OH
) Q)k @2\ 10 95 100 95 (89)°
Br Br
o OH
3 J@)‘\ J@A 12 74 100 74
HCO H,CO
0 OH
4 /©)J\ J@)\ 8 63 100 63
ON O,N
Q OH
5 ©)LH @ 8 g7 9%  83(80)°
o) OH
6 10 71 100 71 (68)°
1) OH
10 90 86 76 (71)
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o OH
6 15 95 93 89 (82)
Br Br
NH, O
o 9 100 55 55

10

1 10 93 94 87

H
r DU 100 99

© 14 99 98 97
O 18 61 100 61

OH
O)\ 20 25 100 25

14

15

A
1
PSS i
:
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o
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16
7 / \
17 S S
o) OH 20 12 100 72
18 /O\ /O\ 20 82 100 82
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®Reaction conditions: Substrate (1 mmole), GNPs-RuNRs (0.15 mol %), (CH3);COK (1
mmole), i-PrOH (4 mL), 82° C. "Determined by GC analysis. ®Isolated yield.
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In the case of 4-nitro acetophenone, the conversion was less, but the selectivity
was high (Table 4.1, entry 4). In the reduction of benzaldehyde to benzyl alcohol (Table
4.1, entry 5), the present catalytic system afforded a better yield compared to NiNPs-
catalyzed conversion [17]. In the same way, benzophenone (Table 4.1, entry 6) was
transformed into diphenylmethanol in moderate yield (71%) whereas Au/TiO, system
produced only 44% of the product [19]. It was found that 4-fluoro benzophenone
was transformed into its corresponding alcohol in moderate yield of 76% (Table 4.1,
entry 7). A good yield of 89% was obtained from the reduction of 4-bromo
benzophenone after stirring for 15 h (Table 4.1, entry 8). However, the reduction of 2—
amino benzopheneone (Table 4.1, entry 9) gave the corresponding alcohol in poor yield
(55%) with poor selectivity. This may be due to the steric effect of an amino group at the
ortho position [20].

Less reactive 2—butanone yielded 2—butanol in moderate yield of 52% (Table 4.1,
entry 10). In the transfer hydrogenation of 2—pentanone to form 2—penantol (Table 4.1,
entry 11), the present catalytic system showed a better yield of 87% (94% selectivity)
whereas MgO/Al,O3 system showed lower yield of 47% even after stirring for 24 h [20].
Similarly, 2-hexanone was transformed into 2—hexanol in excellent yield (92%) with
high selectivity (Table 4.1, entry 12). It is worth to mention that an excellent yield of
99% (100% selectivity) was obtained from the transfer hydrogenation of 2—octanone
(Table 4.1, entry 13) whereas Ru(OH),/TiO, system produced 2—octanol in 92% yield
[21]. In the reduction of cyclohexanone to cyclohexanol, the present catalytic system
showed a good yield of 97% with high selectivity (Table 4.1, entry 14) whereas CuNPs

catalyzed reduction proceeded to give 88% of the product [23].
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Table 4.2 — Selective transfer hydrogenation of carbonyl compounds catalyzed by
GNPs-RuNRs?

time conv.”  sel”  yield"
(h) (%) (%0) (%)

O)L @ 93 93
H,COOC H,COOC
HOOG HOOC

0 OH
o @)

®Reaction conditions: Substrate (1 mmole), GNPs-RuNRs (0.15 mol %), (CH3);COK (1
mmole), i-PrOH (4 mL), 82° C. "Determined by GC analysis.

entry substrate product

In the same way, cycloheptanone was reduced to cycloheptanol in moderate yield
of 62% but the selectivity was high (Table 4.1, entry 15). Alicyclic ketone, 1-
cyclohexylethanone was transformed into 1-cyclohexylethanol in poor yield (25%)
(Table 4.1, entry 16).

The present GNPs-RuNRs system can be adopted for the reduction of
heterocyclic carbonyl compounds as well. 2—Acetylthiophene was reduced to 1-
thiophene ethanol (72%) with high selectivity (Table 4.1, entry 17) while nickel
aluminosilicate system gave only 48% of the product [24]. Similarly, 1-furyl ethanone
yielded 1-furyl ethanol in 82% (Table 4.1, entry 18) whereas MgO/Al,O3 catalyzed

reaction yielded only 50% of the product [21]. There can be two possible reasons for the
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higher catalytic activity of GNPs-RuNRs: (i) higher surface area of GNPs and (ii)

effective dispersion of the GNPs-RuNRs in the reaction medium [25].

4.3.4 Chemoselectivity of GNPs-RUNRs

The present catalytic system was also investigated for the chemoselective
reduction of various substrates under optimized reaction condition. The results are
presented in Table 4.2. Methyl 4—formylbenzoate (Table 4.2, entry 1), was selectively
(93% selectivity) reduced to methyl 4—(hydroxymethyl)benzoate in excellent yield of
93%. Similarly, hydrogenation of 4-acetylbenzoic acid vyielded 4-(1-
hydroxyethyl)benzoic acid selectively (87%) in 80% (Table 4.2, entry 2). 4-
acetylbenzaldehyde was reduced selectively to 1-(4—(hydroxymethyl)phenyl)-ethanone
in the present catalytic system (Table 4.2, entry 3). Furthermore, when an equimolar
mixture of benzaldehyde and acetophenone was stirred under optimized reaction
condition, benzaldehyde vyielded benzyl alcohol in excellent yield of 98% whereas

acetophenone was reduced to 1-phenylethanol in a lower yield of 18% (Scheme 4.1).

OH
©/~>O . GNPs-RuNRs (0.15 mol %) @/\OH
- +
(CH5);COK, 82°C, 12 h
111 98% 18%

Scheme 4.1 — Chemoselectivity of catalyst, GNPs-RuNRs.
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4.3.5 Heterogeneity and reusability of GNPs-RuUNRs

In order to inspect the factual heterogeneity of the GNPs-RuNRs, the transfer
hydrogenation of acetophenone was carried out for 4 h, then the filtrate after the
separation of solid GNPs-RuNRs was stirred for 8 h, no further reduction occurred
(Figure 4.7). This clearly indicates the heterogeneous nature of the GNPs-RuNRs. In

addition, the filtrate was also analyzed by ICP-MS; absence of Ru further confirmed the

above fact.
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Figure 4.7 — (i) Reusability test and (ii) heterogeneity test of GNPs-RuNRs for transfer
hydrogenation of acetophenone.

The catalyst can be reused for four times (Figure 4.7). Additionally, TEM, XPS,
SEM-EDS, XRD and Raman analyses were carried out for the used GNPs-RuNRs. No
significant change in the morphology, NRs size and shape, chemical state and weight
percentage of Ru was observed. The complete characterization details of used GNPs-

RuNRs are shown in Figures 4.7.
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Figure 4.8 — TEM images of used GNPs-RuNRs: (i) cycle 1, (ii) cycle 2, (iii) cycle 3 and
(iv) cycle 4.
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GNPs-RuNRs.
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4.3.6 Proposed mechanism

The mechanism proposed for the reduction of acetophenone involves metal
hydride intermediate (Figure 4.10). First, the base reacts with 2—proponol to form 2—
propoxide, (CH3);COH and K*. Subsequently, the formed 2—propoxide coordinates with
Ru (1) and then hydride migrates from a—C of 2—propoxide to the Ru to form Ru-H
reducing species (2). Then coordinated acetone is replaced by acetophenone followed by
hydride migration from Ru to o—C of the substrate to give 4. Finally, H exchange

between (CH3)3COH and 4 yields 1-phenylethanol and completes the catalytic cycle.

(CH;),COH

. . o}
(CH;);COK .
A ' CH;);COK
:"'.‘ “-.. . HC CH 3 ( 3}3
CHs
o /I(H ]
+(CH3);COH+ K*

O || CHs

Figure 4.10 — Proposed catalytic mechanism.
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FT-IR and Raman spectra exhibited a weak band at ~2000 cm™ for the catalyst
which was stirred with a mixture of 2—proponol and (CH3)3;COK at 82°C for 6 h. This

confirmed the formation of Ru—H intermediate during the catalytic reaction (Figures 4.11

and 4.12).
(i)la-pure catalyst (ii)

b-catalyst stirred with

2-proponol and K-'OBu
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Figure 4.11 — (i) FT-IR spectra (ii) of pure catalyst (a) and catalyst after stirred with 2—
propanal and (CH3)3;COK for 6 h at 82°C (b).

Certainly, graphene is a very expensive material and plays a vital role in many
fields [8]. Hence the recovery of graphene from the catalyst after being used is very
important. In this study, the GNPs were successfully recovered from the used GNPs-
RuUNRs. The results of TEM, Raman spectrum and XRD (Figure 4.13) of the recovered

GNPs were well correlated with the results obtained for fresh GNPs.
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Figure 4.12 — (i) Raman spectra (ii) of pure catalyst (a) and catalyst after stirred with 2—

propanal and (CH3)3COK for 6 h at 82°C (b).
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Figure 4.13 — (i) TEM image, (ii) Raman spectra and (iii) WAXD pattern of recovered
GNPs.
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4.4 Conclusions

In summary, we applied a simple protocol to prepare GNPs supported RUNRs
which exhibited excellent catalytic activity, chemoselectivity, stability and reusability in
the transfer hydrogenation of aldehyeds and ketones. Besides, GNPs were successfully

recovered from the used GNPs-RuNRs.
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CHAPTER 5

Dry synthesis of easily tunable nano ruthenium supported on graphene
— novel nanocatalysts for aerial oxidation of alcohols and transfer

hydrogenation of ketones

5.1 Introduction

Carbonyl compounds such as aldehydes and ketones serve as key and versatile
intermediates in C—C bond forming reactions and as a high-functional component in
perfumery industry and also used for the synthesis of fine chemicals [1—3]. In order to
obtain these compounds via organic transformation, a selective oxidation of primary and
secondary alcohols is the prime route [4—6]. Although there are several homogeneous and
heterogeneous metal catalysts have been proposed [7—10], particularly, MNPs based on
Pd [11], Au [12], Pt [13] and Ru [14], play a tremendous role in aerial oxidation process
due to their high recyclability and easy separation from the reaction mixture. Among the
numerous catalytic systems, RUNPs based aerobic system is an effective, inexpensive and
extremely versatile synthetic tool to afford selectively oxygenated products [15-17].
Consequently, many RuNPs mediated aerial oxidation systems in mild reaction
conditions such as low temperature and shorter reaction time have been developed
[18—21]. In spite of the advantages, they often require higher stoichiometric amounts of
Ru (typically 10-20 mol %), which lead to environmental hazard as well as less
economical feasibility. Besides, high surface energies and strong van der Waals

interactions in RUNPs promote unavoidable aggregation, as a consequence, low catalytic
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activities as well as poor reusability were observed [11]. To control the aggregation of
RuUNPs, several inorganic and organic supports have been used but their instability in
high basic and acidic reaction conditions limits their use [22—24]. Owing to the better
chemical stability and high surface area, activated carbon and CNTs have been used as a
support for the active metal catalysts [25—-29]. However, they too require higher
stoichiometric amounts of Ru (typically 5.0-7.5 mol %) and the catalytic system has a
very limited scope in terms of yields and selectivity [30, 31]. Therefore, developing an
efficient, selective, stable, recyclable and versatile catalyst for the aerial oxidation
process with the use of lesser amount of Ru remains a challenging task.

Very recently, graphene has been receiving a greater attention owing to its
astounding properties such as unique structure, high surface area, and chemical as well as
electrochemical inertness [32—-34]. Graphene plays a remarkable role as support for
transition MNPs in the heterogeneous catalysis [35]. Particularly, graphene-supported
transition MNPs demonstrated outstanding catalytic activities mainly due to the effective
dispersion in various solvents, less aggregation of MNPs and larger surface area of the
nanocatalysts [36]. Moreover, the decoration of MNPs onto the GNS support has shown
more versatility in carrying out the highly selective catalytic processes [37]. Recently, Gil
et al., [38] prepared PdNPs supported graphite oxide and used as a catalyst for the
Suzuki-Miyaura coupling reaction with higher activity than the commercial Pd-C catalyst.
Kamat et al., [39] have investigated the interaction between graphene oxide and
semiconductors (TiO2, Zn0O), and graphene oxide and metal (Au, Pt) NPs. They have
discussed their potential applications in catalysis, light energy conversion and fuel cells.

We believe that the RuNPs based on graphene composite could overcome the above
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discussed drawbacks especially higher stoichiometric amounts of Ru and the limited
scope. In our study, RuNPs have been decorated over graphene nanosheets (GNS) by dry
synthesis method and this was used as a nanocatalyst for the oxidation of alcohols.
Chemoselectivity, heterogeneity and reusability of the catalyst during the oxidation of
alcohols were examined. The influence of the size of RUNPs on the oxidation of alcohols
was also studied. Moreover, to investigate the versatility of the GNS-RuNPs, the used
catalyst (u-GNS-RuNPs) was separated out from the reaction, converted into GNS
supported RuO, nanorods (U-GNS-RuO;NRs) by calcination and used as a catalyst in the
transfer hydrogenation of ketones. In fact, the reduction of ketones to their corresponding
alcohols is also one of the essential organic transformations in both industrial and fine
chemical processes [40]. Particularly, o,B-unsaturated alcohols synthesized from this
route have a high commercial value [41]. Hence the used catalyst was applied in the

transfer hydrogenation of ketones after calcination.

5.2 Experimental section

5.2.1 Materials and characterization

Graphene nanoplatelets (GNPs, purity: >99wt%, surface area: >750m?/g, average
thickness: 3 nm, layers: <5, diameter: 1-2 um) were purchased from Cheap tubes Inc., VT,
US. H,SO,4 (98%) and HNO3 (70%) were purchased from Wako pure chemicals, Japan.
Ru(acac); (97%) and all other chemicals were purchased form Aldrich and used as

received.
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The morphology of the prepared nanocatalysts was investigated by transmission
electron microscopy (TEM, JEM-2100 JEOL Japan) with accelerating voltage of 200 kV.
The weight percentage and homogeneous decoration of metal NPs on GNS were
confirmed by scanning electron microscopy-energy dispersive spectrum [SEM-EDS,
Hitachi (model-3000H)]. The same field of view was then scanned using an EDS
spectrometer to acquire a set of X-ray maps at 1 ms point acquisition for approximately
one million counts. Nature of interaction between MNPs and GNS was examined by
Raman spectrometer (Hololab 5000, Kaiser Optical Systems Inc., USA) using argon laser
at 532 nm with a Kaiser holographic edge filter. Wide angle X-ray diffraction (WAXD)
experiments were performed at room temperature using a Rotaflex RTP300 instrument
(Rigaku.Co., Japan) at 50 kV and 200 mA. Nickel-filtered Cu Ka radiation was used for
the measurements, along with an angular range of 10 < 26 < 80". To confirm the chemical
state of metal NPs in nanocatalysts, X-ray photoelectron spectrum was recorded in Kratos
Axis-Ultra DLD model instrument. The samples were irradiated under Mg Ko ray source
before XPS analysis. In order to determine the conversion of the reactants, Gas
chromatograms (GC) was recorded using Shimadzu-2010 gas chromatograph. The
specific surface area (BET method), specific pore volume and average pore diameter
(BJH method) of the sample were measured by N, adsorption-desorption isotherms using
Quantochrome Autosorb 1 sorption analyzer. Before the measurements, the samples were
outguessed at 250 °C under vacuum (10-5 mbar) for 3 h. Ru content during heterogeneity

test was determined by ICP-mass spectrometer (7500CS, Agilent).
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5.2.2 Dry synthesis of nanocatalyst (GNS-RuNPs)

Owing to the hydrophobic nature and chemical inertness of the graphene [42], the
decoration of MNPs over graphene is a very difficult task. All previous studies so far
reported: used solution-based techniques i.e. wet synthesis [43—45]. In order to obtain a
homogeneous distribution and very good adhesion of MNPs on graphene, many factors
such as solvent, concentration of metal precursor, reducing agent, deposition time and
temperature need to be controlled very carefully, therefore, a wet synthesis approach has
limitations [46—48]. In contrast to wet synthesis, the solventless bulk synthesis so called
‘dry synthesis’ has been attracting greater interest due to its simplicity, better adhesion
and has an advantage of least parameters to be controlled [49]. Therefore, a straight

forward dry synthesis method was adopted to decorate the RUNPs on GNS.

Qio

P
COOH OH
exfoliation <Zewd®  oxidation b decoration <0
1 = 2 o COOH 3 Py
— L
o 2 o
GNPs GNS f-GNS GNS-RuNPs

Figure 5.1 — Schematic illustration for the preparation of GNS-RuUNPs.

Initially, the bi and few layered graphene nanosheets (GNS) were obtained from
graphene nanoplatelets (GNPs) by a solution phase exfoliation (SPE) method. In a typical
procedure, 500 mL of N-methylpyrrolidone (NMP) containing 0.5 g of GNPs was

sonicated for 12 h at 4°C (Figure 5.1, step 1). The GNPs-dispersed NMP solution was
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centrifuged and vacuum dried. Then the resultant graphene nanosheets (GNS, 0.5 g) were
chemically treated with a 3:1 volume ratio mixture of concentrated H,SO, and HNOs.
The mixture was sonicated at 40°C for 3 h in an ultrasonic bath for the generation of
functional groups (-COOH, —-C=0, —-C-O-C- and —OH) on the GNS surface (Figure 5.1,
step 2). After cooling to room temperature, the reaction mixture was diluted with 500 mL
of deionized water and then vacuum-filtered through a filter paper of 3 um porosity. The
resultant f-GNS were repeatedly washed with deionized water until the pH reached
neutral and finally, the solid was vacuum dried at 60°C. After that, 0.13 g of Ru(acac);
was added into 0.5 g of f-GNS and mixed well by a mortar and pestle under ambient
condition. The homogeneous mixture of f-GNS and Ru(acac); was obtained within 10-15
minutes. The impregnated Ru(acac); was thermally decomposed into metallic RUNPs by
calcination at 300°C for 3 h under argon atmosphere (Figure 5.1, step 3). Figure 5.1

shows a schematic illustration of the procedure for the preparation of GNS-RuNPs.

5.2.3 Aerial oxidation of alcohols

GNS-RuNPs (5 mg, 0.036 mol%) were stirred in 4 mL of toluene taken in a
round-bottomed flask equipped with a condenser and a stirring bar. The substrate (1
mmol) was added to the stirring solution and then the mixture was refluxed at 110°C
under atmospheric pressure of air. The oxidation reaction was monitored by TLC. After
the completion of the reaction, the nanocatalyst was separated out from the reaction
mixture by simple centrifugation, and the products and unconverted reactants were
analyzed by GC. Selectivity of the product formed in each reaction was also calculated.

Subsequently, the products of the selected oxidation reactions were isolated. The
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separated nanocatalyst was washed well with diethyl ether, dried at 130°C for 3 h and
reused. Yield of the product, conversion and selectivity were calculated by using the

equations (1), (2) and (3), respectively.

GC yield (%) = % of product formed @
GC conversion (%) = 100 — % of reactant remains (2)
Selectivity (%) = 100 — (conversion — yield) (3)

5.2.4 Transfer hydrogenation of ketones

A mixture of u-GNS-RuO,NRs (5.0 mg, 0.033 mol% of Ru), substrate (1.0 mmol),
2-propanol (4 mL) and potassium tert-butoxide (112.21 mg, 1 mmol) were refluxed at
82°C. The nanocatalyst was separated out from the reaction mixture after the completion
of the reaction by simple centrifugation, and the products and unconverted reactants were

analyzed by GC. Selectivity of the product was also calculated.

5.3 Result and discussions

5.3.1 Characterization of GNS-RuNPs

To investigate the morphology and fairly accurate number of GNS layers (bi or
few layers), TEM images were taken for pure GNPs, GNS, f-GNS and GNS-RuNPs
(Figure 5.2). The TEM image [Figure 5.2(i)] showed that the GNPs were two-
dimensional and pure. As seen from the magnified TEM images [Figure 5.2(i) and (v)],

most of the GNPs were found as irregular ultra thin sheets having size ranging from 0.5
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pm to 2 um. Further, GNPs showed a multi layer with an average thickness of about 7-9
nm. Whereas the GNPs after the SPE process with NMP [Figure 5.2(ii)] exhibited a
continuous, wrinkled and transparent sheet with an average thickness of about 0.8-2 nm,
indicating the successful generation of GNS [50]. In order to confirm the formation of
GNS, Brunauer—Emmett—Teller (BET) surface area was determined for GNPs and GNS.
It was found that the BET surface area of GNS was obviously higher (103.1 m?g™) than
that of the GNPs (62.5 mg™). These results are consistent with one of our previous
reports [51]; Raman, XRD and XPS results also substantiate the existence of GNS (few)
layers. For more details, refer the TEM images in the supporting information (Figure 5.3).
Ultra-fine RUNPs were homogeneously dispersed on the surface of GNS [Figure 2(iv)].
The factual size of these attached RuNPs was found to be around 0.5-3.0 nm. Referring to
the TEM images [Figures 5.2(vii) and (viii)], RUNPs were adhered on the anchoring sites
of GNS with a very narrow particle size distribution ranging from 0.5 to 3 nm. The mean
diameter of RuNPs was found to be ca. 1.7 nm. Furthermore, no free RuNPs were found
in the background of the TEM images [Figures 5.2(iv), (vii) and (viii)], which confirmed
the complete utilization of RuNPs. The GNS-RuNPs has a BET surface area of 83.3 mg’
! with a pore volume of 0.392 cm?®g™ and a BJH desorption average pore diameter of 19
nm. In addition, the surface area per unit mass (S) of RuUNPs was calculated to be 283.42

m?g ™ based on the equation S = 6000/(p X d), where d is the mean diameter of RuNPs

(1.7 nm), and p is the density of Ru (12.45 gem™) [52].
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Figure 5.2 — (i and v) TEM images of GNPs, (ii and vi) GNS, (iii) f-GNS and (iv, vii and

viii) GNS-RuUNPs.

Figure 5.3 — High resolution TEM images of GNS.

Figure 5.4 shows the SEM-EDS and their corresponding elemental mapping
images of GNS-RuNPs. The weight percentage of Ru in GNS-RuNPs was 3.31, as
determined by EDS analysis [Figure 5.4(ii)]. From Figure 5.4(v), the weight percentage
of oxygen was found to be 3.52 which indicate the presence of —OH groups in GNS-
RuUNPs. Figures 5.4(iv) and (v) depict the homogeneous distribution of RUNPs in GNS-

RuNPs. The credibility of the proposed method can be recognized from the purity of
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GNS-RuNPs that contain only carbon, ruthenium and oxygen elements as confirmed by

EDS analysis (Figure 5.4).

(ii) |

CKa

15.0

10.0—

Counts(x1.E+3]

5.0 | 1 ! &

0.0 e e e
0.00 0.50 1.00 150 200 250 3.00 350 4.00 4.50 5.00
keV

Figure 5.4 — (i) SEM image and (ii) EDS spectra of GNS-RuNPs, and corresponding

elemental mapping observations of (iii) C, (iv) Ru and (v) O.

Raman spectra were recorded for GNPs (a), GNS (b), f-GNS (c), GNS-Ru(acac);
[Ru(acac); and GNS mixture before calcination] (d) and GNS-RuNPs (e), under 514.5
nm excitation over the Raman shift interval of 250-4000 cm™ (Figure 5.5). Well known
that, graphene shows Raman features in the region 800-2000 cm* [53]. As expected, all
the five samples (a-e) exhibited three main Raman features, corresponding to the well-

defined D-band line at ~1345 cm™, G-band line at ~1570 ¢cm™* and 2D-band line at

~2700 cm ™ [54]. The G-band line was originated from the in-plane vibration of sp?
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carbon atoms, which represented the relative degree of graphitization [55]. The D-band
line was related to the amount of disorder which arises only in the presence of defects,
indicating the presence of sp® carbon atoms or defect sites in graphene [56]. The 2D—
band line at 2700 cm ' is an overtone of the D band. Obviously, the intensity ratios of D,
G and 2D bands (Ip/lg and I,p/lg) are often used as a diagnostic tool to evaluate the
number of layers and defects concentration in graphene [57]. The calculated intensity
ratios for all the five samples are shown in Figures 5.5(iii) and (iv). The Ip/lg (0.1475)
and I,p/lg (0.4032) values of GNS were found higher than the Ip/lg (0.0909) and I,p/lc
(0.3809) of GNPs, which indicated the effective exfoliation of GNPs. Besides, the shape
of the 2D band [Figure 5.5(iv)] was also significantly changed [51]. These changes
confirmed the successful generation of bi- and few-layered GNS, as a consequence, the
surface area has been increased [51]. Figure 5.4(iii) confirms the chemical
functionalization of GNS surface by —-COOH, —C=0, -C-O-C— and —OH groups as the
In/lg (0.1505) and Ip/lg (0.4206) ratios were high for f-GNS when compared to that of
pure GNS (Ip/1c=0.0909 and I,5/1c=0.3809). Indeed, these functional groups act as
effective nucleation centers for RuNPs, which assist homogeneous decoration as well as
better adhesion of RUNPs on GNS [58]. It is noteworthy that the Ip/lg (0.5320) ratio of
sample e was about four times higher than that of f-GNS (c), and in comparison to the f-
GNS (c), a positive shift in G band (1570 to 1578 cm™) was observed in e, which
confirmed the attachment of RuNPs on the surface of GNS. Apart from these relative
intensity ratios, the Raman spectrum of sample d showed four new peaks at 462, 506, 625

and 692 cm™ [Figure 5.5(ii)], which are attributed to the presence of acetylacetonate

116



groups. However, these peaks were completely disappeared in sample e which revealed

that Ru(acac); was converted into metallic Ru [59].
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Furthermore, the presence of a shoulder peak at 1620 cm ™ in sample e indicated
the presence of larger defect sites in GNS; this may be due to a very strong attachment of
RuNPs and/or may be caused by further fragmentation of GNS into smaller sheets during

the preparation process [60].

117



@ - (i
: . (002)
! : : / (004)
I 1(100) /
\ (002) /(( ) :(004) 5 )
5 | / ©
s : o z
2 | . . 2
‘@ ! . . 8
§|a ) =
£ I : :
b j|
c il
d ..
e
1|0 ' 2|0 ‘ 3l0 ‘ 4I0 ‘ 5l0 ‘ 6I0 ‘ 7[0 ‘ 80 10 20 30 40 50 60 70 80
20/degree 26/ degree

Figure 5.6 — (i) XRD pattern of GNPs (a), GNS (b), f-GNS (c), (d) GNS+Ru(acac); and
(e) GNS-RuUNPs, and (ii) magnified XRD pattern of GNS-RUNPs.

Figure 5.6 shows XRD patterns of pure GNPs (a), GNS (b), f-GNS (c), GNS-
Ru(acac); (d), and GNS-RuNPs (e). All the five samples (a-e) showed diffraction peaks
at 26.5°, 44.2°, and 54.8°, corresponding to the (002), (100), and (004) crystal planes of
graphite respectively, which are attributed to the hexagonal graphite structures of GNS
[61]. As a result of SPE process, a significant decrease in the intensity of diffraction peak
at 26.5° was observed in b compared to a, which confirmed the generation of layered
GNS [Figure 5.6(i)] [62, 63]. A further decrease in the intensity of this peak in sample c
might be due to the presence of functional groups in f-GNS. In fact, the inter-layers of
carbon stacked by van der Waals forces have interaction energy of about 2 eV/nm? [64].
In order to break this energy, typically ~300 nN/Im? magnitude of force is required [64].
This extremely weak force might be achieved during the mixing/grinding process. The
sample d exhibited a typical XRD pattern for acetylacetonate groups of Ru(acac)s
(JCPDS No. 14-0733), whereas the sample e showed no diffraction peaks for Ru (Figure

3), which implied that Ru particles were of nano-crystalline nature [65]. Moreover, the
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absence of acetylacetonate peaks at around 12.0° in the sample e confirmed that
Ru(acac); was completely converted into Ru on the surface of GNS.

In order to investigate the functionalization on GNS and the chemical state of Ru
in GNS-RuNPs, XPS spectra were recorded for GNS, f-GNS and GNS-RuNPs; the
results are shown in Figure 5.7. As expected, all the three samples showed a C 1s peak
and a O 1s peak at 284.6 and 532.8 eV respectively [Figure 5.7(i)]. In order to find the
shift in the peak, curve fitting was performed on C 1s and O 1s spectra of f-GNS and
GNS-RuNPs using a Gaussian-Lorentzian peak shape. Prior to peak fitting, a Shirley

baseline correction was done.
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Figure 5.7 — Magnified C 1s peaks of (i) GNS and f-GNS, and (ii) -GNS and GNS-
RUNPs.
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peak of f-GNS and GNS-RUNPs.

120



The binding energy (BE) of the C—C and C—H bonds were assigned at 284.5-285
eV and the peaks at 285.2, 285.6, 286.8 and 288.7 eV were ascribed to C—-OH, -C-O-C—,
C=0 and —COOH groups respectively [Figure 5.8(iii)] [65]. Similarly, deconvolution of
the O 1s spectra of f-GNS [Figure 5.8(Vv)] resulted in five peaks located at 529.9, 530.7,
531.6, 532.1 and 533.3 eV, which were assigned to the C=0, -COOH, C-OH, -C-0-C-
and HO respectively [66]. In comparison to the C 1s spectrum of GNS [Figure 5.7(i)],
the intensity of n—n* shake-up satellite peak at 291.5 eV significantly decreased, which
supports the successful functionalization of GNS [67]. In fact, the presence of carboxylic
groups makes GNS hydrophilic and assists homogeneous decoration and good adhesion
of RuNPs [68]. Mainly, -COOH group plays a bridging role between the RuNPs and
GNS by exchanging the proton of carboxyl group (-COOH) of the f~-GNS with RuUNPs,
hence, a strong attachment of RUNPs on the surface of GNS was achieved [68]. The XPS
spectrum of the GNS-RuNPs in Ru 3p region [Figure 5.8(ii)] showed BE for Ru 3ps; at
461.0 eV and Ru 3py, at 483.2 eV, which correspond to the photoemission from metallic
Ru [69].

In Figure 5.8(vi), GNS-RuUNPs showed Ru 3ds;, peak at 280.2 eV which was
attributed to the metallic Ru [69]. The overlapping of the C 1s and the Ru 3ds, peaks at
~285 eV made it difficult to assign the BE of Ru 3ds,. Referring the O 1s spectrum of
GNS-RuNPs [Figure 5.8(vi)], all the deconvoluted peaks (529.9, 530.7, 532.1 and 533.3
eV) were disappeared except the weak one related to the C—-OH bond (~531.6 eV) as
compared with the O 1s spectrum of f-GNS [Figure 5.8(v)]. Alike, in the C 1s spectrum
of GNS-RuNPs [Figure 5.8(vi)], the deconvoluted peaks at the binding energies of 285.6,

286.8 and 288.7 eV were completely disappeared. The disappearance of the deconvoluted
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peaks in both O 1s and C 1s spectra of GNS-RuNPs showed a virtually complete
reduction of the oxygen functional groups (C=0O, —-COOH and -C-O-C-) [66].
Interestingly, a positive shift in C 1s peak was observed for GNS-RuNPs when compared
with that of the f-GNS; this confirmed the strong interaction between GNS and RuNPs
[70]. Furthermore, the decrease in the intensity of C 1s peak in GNS-RuNPs, in
comparison to GNS, is an indication of generation of few layered GNS [71]. These

results are in well agreement with the results of TEM, Raman and XRD.

5.3.2 Optimization of reaction conditions for the oxidation of alcohols

In order to find the optimum reaction conditions for the oxidation of alcohols, we
used 1-phenylethanol as a substrate and results are given in Table 5.1. Various organic
solvents such as N,N-dimethylacetamide (DMACc), N,N-dimethylformamide (DMF),
toluene and dimethyl sulfoxide (DMSO) were tested in the oxidation reaction (Table 5.1,
entries 1-4). The high yield of 99% was achieved when the reaction was carried out in
toluene. As expected, no oxidized product was obtained in the absence of GNS-RuUNPs
(Table 5.1, entry 5). The optimum amount of GNS-RuNPs catalyst was found to be 5 mg
(0.036 mol %) (Table 5.1, entries 3, 6-8). To the best of our knowledge, this is the lowest
amount of Ru catalyst reported for the aerial oxidation of alcohols till to date. In
temperature optimization, a maximum yield of 99% was obtained when the reaction was
stirred at 110°C (Table 5.1, entries 3, 9-11). The reaction time of 16 h was found to be an

optimum (Table 5.1, entries 3, 12-21).
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Table 5.1- Optimization of the reaction conditions for oxidation of 1-phenylethanol®

OH e)
GNS-RuNPs N
Solvent
entry solvent” amount of catalyst temp. (°C) time yield®

(mol %) (h) (%)
1 DMACc 0.036 110 16 48
2 DMF 0.036 110 16 35
3 toluene 0.036 110 16 99
4 DMSO 0.036 110 16 61
5 toluene 0 110 16 0
6 toluene 0.018 110 16 14
7 toluene 0.054 110 16 99
8 toluene 0.072 110 16 99
9 toluene 0.036 25 16 2
10 toluene 0.036 50 16 14
11 toluene 0.036 80 16 91
12 toluene 0.036 110 0 0
13 toluene 0.036 110 2 3
14 toluene 0.036 110 4 4
15 toluene 0.036 110 6 5
16 toluene 0.036 110 8 5
17 toluene 0.036 110 10 15
18 toluene 0.036 110 12 17
19 toluene 0.036 110 14 18
20 toluene 0.036 110 18 99
21 toluene 0.036 110 20 99

Al the reactions were performed with 1.0 mmol (117.0 pL) of 1-phenylethanol.
A 4 mL of solvent was used in all the reactions.
‘GC yield.

Finally, to confirm the reaction to be aerobic, the reaction was performed under
N2 atmosphere using the optimized reaction conditions. A very low conversion (13%)
was observed under N, atmosphere; this confirmed that GNS-RuNPs oxidize the alcohols

using atmospheric O,.
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5.3.3 Extension of scope

The optimized reaction conditions were applied to the oxidation of various
aliphatic, aromatic, alicyclic, benzylic, allylic, amino and heterocyclic alcohols (Table
5.2). Results in Table 5.2 revealed that a variety of alcohols could be oxidized into their
corresponding carbonyl compounds in good to excellent yields with high selectivity.
Active aryl secondary alcohol, 1-phenylethanol, was oxidized to acetophenone
quantitatively with an excellent selectivity of 100% (Table 5.2, entry 1) whereas
Ru/CNTs catalytic system gave only 64% of acetophenone [31]. Generally, the substrates
with electron donating substituents such as methoxy, bromo or chloro, are less reactive
due to mesomeric effect, and therefore, often exhibit lower yields [72]. However, in the
present case, 1-phenylethanol containing electron donating substituent such as methoxy
or chloro at the para position was effectively oxidized to the corresponding ketone in
good vyield without affecting the selectivity (Table 5.2, entries 2 and 3). In contrast to
CrOs3/HslOg oxidation [73], the 2-naphthyl ethanol was oxidized to 2—acetylnapthalene in
good yield (98%) without oxidizing the naphthalene ring (Table 5.2, entry 4). It was
found that 1-phenyl-2-propanol was transformed to its corresponding ketone in moderate
yield of 59% with 100% selectivity (Table 5.2, entry 5). In the conversion of
diphenylcarbinol to benzophenone (Table 5.2, entry 6), the present catalytic system
produced a better yield of 83% in comparison to the 28.2% vyield of Pd/C system [74].
Diphenylcarbinol with chloro group at the para position also gave its corresponding
ketone in excellent yield (93%) (Table 5.2, entry 7). In the same way, 1-indanol was

converted into 1-indanone in 86% yield after 22 h (Table 5.2, entry 8).
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Table 5.2 — Oxidation of alcohols?
OH

Bt GNS-RuNPs (0.036 mol%) o)
Ri Ro Toulene, 110°C - R R,
time conv.” sel” yield”
entry substrate product (h) %) (%) (%)
OH 0
1 (j/K Ej)k 16 99 100 99
OH 0
86
2 16 86 100
HsCO HsCO (80)°
OH o)
3 Q)\ /(j)k 24 90 8 78
cl cl
OH o}
98
(95)°
5 m m 18 59 100 59
OH o)
6 20 83 100 83(79)°
OH o]
7 22 93 100 93(86)°
cl cl
OH 0
8 @ @i& 22 86 77 63
o)
OH
o H .
9 18 95 100
(89)°
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OH ~0
O,N O,N 24 99 96

(93)°

CH Q

e oH CHy )kH

H C
11 © H 21 81 100 81
12 _A~_OH O 9 67 100 67
13 PR i 22 93 100 93
OH

MH
1w Y YT 0 6 100 56

OH (@)
15 AN 20 93 100 93

16

HO
17 5
OH
18

NH, NH,
19 4’40'* A‘JO 22 89 76 65

20 o o 22 76 73 49
OH

24 63 94 60

&
O
5 22 70 73 43

19 100 61 61

@)

®Reaction conditions: Substrate (1 equiv.), GNS-RuNPs (0.036 mol%), toluene (4 mL),

110°C. ® Determined by GC analysis.  Isolated yield is given in paranthesis.
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The present catalytic system is also competent to oxidize the primary benzylic
alcohols to the corresponding aldehydes effectively. Referring entry 9 in Table 5.2,
benzyl alcohol yielded benzaldehyde in excellent yield (95%) and selectivity (100%)
without over-oxidation to benzoic acid whereas Ru-substituted silicotungstate catalytic
system gave a poor yield of 64% with an over-oxidation of benzyl alcohol to benzoic acid
[75]. For the transformation of 4-nitrobenzyl alcohol to 4-nitro benzaldehyde (Table 5.2,
entry 10), the present GNS-RUNPs catalyst was very effective (95% vyield after 24 h)
compared to V,05 which gave only 79% of the desired product after 25 h [76]. Moreover,
inspection of entry 11 in Table 5.2 revealed that cinnamyl alcohol yielded
cinnamaldehyde in good yield of 81% (100% selectivity) without intramolecular
hydrogen transfer or geometrical isomerization of the double bond.

Several existing Ru based oxidation systems are mainly suffered by the over-
oxidation of allylic and aliphatic alcohols to their corresponding carboxylic acids, which
leads to lower selectivity and therefore hinders its industrial applications. It is worth to
mention that the present catalytic system showed a high selectivity (100%) toward the
oxidation of allylic and aliphatic alcohols (Table 5.2, entries 12-15) without over-
oxidation. Allylic and aliphatic alcohols such as 2-propenol and 1-butanol were converted
into the corresponding aldehydes in good to excellent yields (Table 5.2, entries 12 and
13). Less reactive 1-octanol was transformed into 1-octanone in good yield of 93%
(Table 5.2, entry 14) without any over oxidation whereas Ru-substituted silicotungstate-
catalyzed oxidation of the same substrate gave only 14% of 1-octanone even after stirring
for 48 h [75]. In the conversion of 2-octanol to 2-octanone (Table 5.2, entry 15), the

present catalytic system gave a better yield of 56% (100% selectivity) whereas
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hydroxyapatite-supported palladium (PdHAP)-catalyzed oxidation yielded only 10.5% of
2-octanone [77].

Less reactive cyclopentanol was converted into cyclopentanone in moderate yield
of 60% whereas Au/Fe;O0,@SiO, system produced only 42% yield (Table 5.2, entry 16)
[78]. A moderate yield (43%) of ketone was obtained from the oxidation of 1-
cyclohexylethanol after stirring for 24 h (Table 5.2, entry 17). More interestingly, the
sterically hindered alcohols such as 2-amino-2-methylpropan-1-ol and DL-isoborneol
(Table 5.2, entries 18 and 19) were efficiently oxidized to their corresponding ketones. In
spite of possessing heterocyclic ring, 2—furyl ethanol (Table 5.2, entry 20) is capable of
being oxidized to 2-acetyl furan in moderate yield (49%) in the present catalytic system.

Under the optimized reaction condition, active ruthenium oxo-species forms on
the surface of GNS. Obviously, the active species is unstable and its formation is faster,
which favor higher activity of the present catalytic system. The formation of ruthenium
oxo-species was confirmed by XPS, Raman and FT-IR (Figure 5.12), which has been
discussed in section 6.3.8 (proposed mechanism). In addition to the role played by
ruthenium oxo-species, the excellent catalytic activity of GNS-RuNPs is due to three
most important reasons: (i) the smaller size of the RuNPs, (ii) higher surface area of the

GNS-RuNPs, and (iii) an effective dispersion of the GNS-RUNPs in the reaction medium.

5.3.4 Chemoselective nature of GNS-RuUNPs

To examine the chemoselectivity of the GNS-RuUNPs, a series of reactions were
carried out (Scheme 5.1). The present catalytic system can selectively oxidize the primary

alcohol (benzyl alcohol or 1-octanol) in the presence of secondary alcohol (1-
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phenylethanol or 2-octanol). Oxidation of benzyl alcohol was faster compared to 1-
octanol. Among 1-phenylethanol and 2-ocatnol, 1-phenyl ethanol undergoes oxidation
faster. On contrary, 1-phenylethanol was chemoselectively oxidized to obtain
acetophenone in the presence of 1-octanol. This may be due to the better reactivity of 1-

phenylethanol when compared to 1-octanol.

a (0]
(@) OH
GNS-RuNPs (0.036 mol %) o)
OH - .
+ Toluene, 18 h, 110°C
1:1

98% 15%

(b)
/\/\/\/\OH NMO

N GNS-RuNPs (0.036 mol %)‘ N 97%

Toluene, 20 h, 110°C

NN TN 7%

OH o

1:1

(c)

OH GNS-RuNPs (0.036 mol %) S ~o
/\/\/\/\OH + - /\/\/\/\O +
Toluene, 20 h, 110°C

1:1 10% 93%
d
(d) OH o
/\/\/\( GNS-RUNPs (0.036 mol %)
+ > /\/\/Y
OH Toluene, 20 h, 110°C & *
1:1 3% 96%
(e) OH 0o
GNS-RUNPs (0.036 mol %) .
NN T » TN
OH + Toluene, 20 h, 110°C ©
1:1 5% 50%

Scheme 5.1 — Chemoselectivity of nanocatalyst, GNS-RUNPs.
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5.3.5 Heterogeneity of GNS-RuUNPs

To inspect the factual heterogeneity of the GNS-RuUNPs, a hot filtration test was
performed for the oxidation of 1-phenylethanol under optimized reaction conditions. The
nanocatalyst was separated out from the reaction mixture by a simple centrifugation after
8 h and the yield of acetophenone determined by GC was 5%. Then the filtrate was
continued stirring for another 10 h and the reaction conversion was monitored at 2 h
intervals; the results are shown in Figure 5.9. It was noticed, that there was no further
conversion occurred after the GNS-RuNPs were separated out; this showed that the
oxidation of 1-phenylethanol occurred only in the presence of GNS-RuNPs. In addition,
the conversion remained 5% even after 18 h of the reaction time, which confirmed that
the Ru was not leached out from GNS-RuNPs during the oxidation reaction. The filtrate
was further analyzed by ICP-MS; trace amount of Ru content (9.8 ppb) confirmed the

heterogeneous nature of the present catalytic system.
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Figure 5.9 — Heterogeneity and reusability tests of GNS-RuNPs.
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5.3.6 Reusability of GNS-RuUNPs

Indeed, recovery and reusability are the important advantages of nanocatalysts,
which make them economically feasible. GNS-RuNPs were separated out from the
reaction mixture, washed with diethyl ether and dried in vacuo at 130°C. Then the
recovered catalyst was reused for the oxidation of 1-phenylethanol; the results are
presented in Figure 5.9. It is noteworthy that the present catalytic system provided 87%
of acetophenone even at the 4™ cycle, which confirmed its excellent reusability.
Furthermore, used nanocatalyst (u-GNS-RuNPs) was characterized by TEM, Raman,

XRD and SEM-EDS.
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Figure 5.10 — (i) TEM, (ii) SEM-EDS, (iii) Raman and (iv) XRD of u-GNS-RuNPs.
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The TEM images showed that the morphology of u-GNS-RuNPs remains
unchanged [Figure 5.10(i)]. SEM-EDS result revealed that the weight percentage of Ru in
u-GNS-RuNPs was 3.01 [Figure 5.10(ii)]. The calculated Raman intensity ratio
(In/16=0.5143) of u-GNPs-RuNPs was still high in comparison to f-GNS, which revealed
that the RuNPs are still strongly attached to GNS [Figure 5.10 (iii)]. XRD result
confirmed that the chemical state of Ru was zero and were in nano-crystalline nature
[Figure 5.10(iv)]. Hence we conclude that GNS-RuNPs are physically as well as

chemically stable and reusable.

5.3.7 Effect of particle size on catalytic activity

Owing to the high active surface area of MNPs, they are usually employed as a
heterogeneous nanocatalyst in various reactions and facilitate better yields. Particularly,
the MNPs having size of under 5 nm exhibited a dramatic catalytic activity [79].
Therefore, the effect of Ru particle size on catalytic efficiency in terms of yields has been
investigated. For this purpose, another nanocatalyst with RuNPs size of around 10-20 nm
was prepared using the procedure pursued for the preparation of GNS-RuNPs, however
the mixing time was 5 minutes and the calcination was carried out at 350°C for 3 h. Well
known that, MNPs can easily agglomerate to form bigger particles particularly at higher
temperature due to their high specific surface energy [80]. Here, we postulate that the
RuNPs might be agglomerated to form bigger RuNPs (10-20 nm) at the calcination
temperature of 350°C. The increase in the temperature from 300 to 350°C increased the
size of RUNPs from 1-3 nm to 10-20 nm; this suggests that the size of the RUNPs depends

on the calcination temperature used. The TEM images [Figures 5.11(i) and (ii)] of this
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catalyst revealed that the RuNPs were well attached on the surface of GNS with the
particle size ranging from 10 to 20 nm. The mean diameter of RUNPs was found to be ca.
15 nm. The weight percentage of Ru was 4.34 in this catalyst [Figures 5.11(iii) and (iv)].
The calculated Raman intensity ratio (Ip/lg) was higher (0.2057) than that of the f-GNS;
this indicates that the RUNPs were physically attached to GNS surface [Figure 5.11(v)].
The XRD results confirmed that the RUNPs were in the zero oxidation state and having
nano-crystalline nature [Figure 5.11(vi)]. The GNS-RuNPs catalyst (10-20 nm) has a
BET surface area of 35.1 m°g™ with a pore volume of 0.160 cm®g™ and a BJH desorption
average pore diameter of 17 nm. The surface area per unit mass (S) of RuNPs was found
to be 32.1 m?g?. After the characterization, this nanocatalyst was employed in the
oxidation of alcohols and efficiency was compared with GNS-RuNPs having 0.5-3 nm
RuNPs (Table 5.3). As expected, the catalyst with 0.5-3 nm RuNPs exhibited a good
catalytic activity in comparison to the one which contains RuNPs of 10-20 nm size.
Hence it is inferred that the excellent catalytic activity of GNS-RuNPs toward oxidation
of alcohols is mainly due to the untra-fine structure of RUNPs (Table 5.3). Moreover, the
activity of the catalyst in aerial oxidation reaction is obviously dependant on the size of
RuUNPs. In fact, when the size of RuNPs decreases, the surface area per unit mass (S)
certainly increases. Consequently, more number of active sites are available. Thus, the
GNS-RuNPs having Ru particle size of 0.5-3 nm showed excellent catalytic activity [81].
This argument is well supported by the BET surface area and the surface area per unit

mass (S) of RUNPs.
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Figure 5.11 — (i and ii) TEM images, (iii and iv) SEM-EDS, (v) Raman and (vi) XRD of

GNS-RuNPs having 10-20 nm RuNPs.
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Table 5.3 — Oxidation of alcohols using GNS-RuNPs having 10-20 nm RuNPs®

time conv.” sel” vyield®

entry substrate Product () (%) %) (%)

2 NN 0H /\/\/\/\O 39 100 39

D D
o o 22 10 100 10
OH 0]

®Reaction conditions: Substrate (1 equiv.), GNS-RuUNPs having 10-20 nm RuNPs (0.036
mol%), toluene (4 mL), 110°C.
®Determined by GC analysis.

5.3.8 Proposed mechanism

In order to study the mechanism of GNS-RuNPs catalyzed aerial oxidation of
alcohols, FT-IR, Raman and XPS spectra were recorded for GNS-RuNPs (pure
nanocatalyst) and 0-GNS-RuNPs (the nanocatalyst after stirring with 1-phenylethanol in
4 mL of toluene at 110°C for 8 h); results are shown in Figure 5.12. As expected, FT-IR
spectra of GNS-RuNPs and 0-GNS-RuNPS showed a peak at 1600 cm™ which was
attributed to C=C stretching of GNS. Interestingly, both FT-IR and Raman spectra of o-
GNS-RuNPs showed a new peak at around 450 cm™, which confirmed the formation of
Ru-oxo species (Ru''=0) during the catalytic reaction [82]. In comparison to pure GNS-
RuUNPs, XPS spectra of 0-GNS-RuNPs showed a positive shift in the O 1s peak with a
dramatic increase in the peak intensity at 531.5 eV; this obviously confirmed the

formation of Ru''=0 during the oxidation reaction [82].
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Figure 5.12 — (i) FT-IR, (ii) Raman and (iii) XPS spectra of pure GNS-RuNPs (a) and o-

GNS-RuNPs (b).

On the basis of the results obtained, we conclude that the mechanism for the
oxidation of alcohols might be involving the Ru-oxo species as an intermediate (Figure
5.13). In the first step, RuNPs form Ru'""=0 species with the help of atmospheric oxygen.
In the next step, the formed Ru-oxo species assisted the formation of acetophenone from

1-phenylethanol. Finally, nanocatalyst was regenerated for the further oxidation process.
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OH

Figure 5.13 — Proposed mechanism for GNS-RuNPs catalyzed oxidation of alcohols.

5.3.9 Versatility of GNS-RuUNPs

The u-GNS-RuNPs were used to prepare ruthenium oxide nanorods hybrid GNS
(u-GNS-RUuO;NRs) which was characterized by TEM, SEM-EDS, XRD, Raman and

XPS. u-GNS-RuO,NRs were tested as catalyst in the transfer hydrogenation of ketones.

5.3.9.1 Preparation and characterization of u-GNS-RuO,NRs

In a typical procedure, u-GNS-RuO,NRs were prepared by the calcination of u-
GNS-RuNPs under N, atmosphere at 600°C for 6 h in a muffle furnace. The calcinated
material was characterized and found to be u-GNS-RuO;NRs which were used as a
catalyst for the transfer hydrogenation of ketones. The TEM images showed a very small
and uniformly dispersed RuO,NRs on GNS [Figures 5.14(i) and (ii)]. The length and
diameter of RUO,NRs were found in the range of 25-35 and 12-15 nm respectively. The

weight percentage of Ru in u-GNS-RuO,NRs was found to be 3.05 [Figure 5.14(iii)]. The
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elemental mapping of the u-GNS-RuO;NRs confirmed that the RuO;NRs were
distributed uniformly on the surface of GNS [Figure 5.14(iv-vi)]. The intensity ratio
(In/16=0.3162) of u-GNPs-RuO;NRs was higher than that (Ip/Ig=0.1505) of f-GNS,
which revealed that the RUO,NRs were attached to the surface of GNS. The BE of Ru
3ps2 at 462.5 eV and Ru 3py, at 485.0 eV were attributed to the photoemission from
RuO; (Ru*") [Figure 5.14(vii) and (viii)] [84]. No X-ray diffraction peaks corresponding

to RuO, was observed, which proved the nano-crystalline nature of RuO,;NRs [85].
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Figure 5.14 — (i and ii) TEM images, (iii) SEM-EDS, (iv) Raman, (v) XPS and (iv) XRD
of u-GNS-RuO;NRs, and (iv-vi) elemental mapping of C (iv), Ru (v) and O (vi).
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5.3.9.2 Transfer hydrogenation of ketones catalyzed by u-GNS-
RuUuO;NRs

The u-GNS-RuO;NRs were investigated as catalyst for the transfer hydrogenation
of ketones using 2-propanol as a hydrogen donor. Fortunately, acetophenone showed a
very high conversion of 99% with 100% selectivity. Inspired by this result, the scope of
the catalytic system was further extended to investigate a wide range of aromatic,
alicyclic and heterocyclic ketones (Table 5.4). The substituents have a moderate
influence on the final yields but the higher selectivity was maintained. 4-Bromo
acetophenone was converted into its corresponding alcohol in 81% yield after stirring for
10 h (Table 5.4, entry 2). Hydrogenation of 4-methoxy benzophenone (Table 5.4, entry 3)
proceeded with moderate yield of 62% (100 % selectivity), which may be due to the
presence of bulky substituent [86]. In the reduction of cycloheptanone to cycloheptanol,
the present catalytic system showed a good yield of 88% with high selectivity of 100%
(Table 5.4, entry 4) whereas HSi(OMe)-catalyzed reduction of cycloheptanone proceeded
with the formation of the desired product in 76% vyield [87]. Moreover, the present
catalytic system can be adopted for the reduction of heterocyclic ketones as well. It is
noteworthy that 2-acetylthiophene was transformed to 1-thiophene ethanol (90%) with
high selectivity while silica-bound RhCI(PPh3);-catalyzed reduction gave only 4% of the
product [88]. Similarly, 1-furyl ethanone yielded 1-furyl ethanol in 76% vyield whereas
Pt/Al,Os-catalyzed reaction yielded only 50% of the product [89]. The results concluded
that the u-GNS-RuO;NRs effectively reduces various ketones; this confirms that the

proposed catalyst (GNS-RuUNPS) is highly stable and versatile.
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Table 5.4 — Transfer hydrogenation of ketones catalyzed by u-GNPs-RuO,NRs?

j\ . )Oi u-GNPs-RuO,NRs (0.033 mol%) E . 9
R "R, (CH3)3COK, 82 °C Ri” Rp )J\
time conv.” sel.” yield®
entry substrate product (h) (%) (%) (%)
o] OH
1 ©)J\ ©)\ 12 99 100 99
o) OH
2 Q)k /©)\ 10 81 100 81
Br Br
0 OH

3 16 62 100 62
HaCO HsCO
O
4 O: OOH 24 g8 100 88

o o 20 92 84 76

®Reaction conditions: Substrate (1 mmole), u-GNPs-RuO,NRs (0.033 mol%),
(CH3)sCOK (1 mmole), 2—proponol (4 mL), 82°C.
®Determined by GC analysis.

5.4 Conclusions

In summary, we have successfully achieved bi- and few layered GNS from GNPs
by a SPE method. The RuNPs were decorated on GNS by a straight forward dry synthesis

method and TEM images confirmed good adhesion of RuUNPs with a very narrow particle

140



size distribution on GNS. The weight percentage of Ru in GNS-RuNPs was 3.31, as
determined by EDS analysis. Raman intensity ratios confirmed the attachment of RUNPs
on the surface of GNS. XRD and XPS revealed the metallic as well as nano-crystalline
nature of RuNPs. The prepared GNS-RuNPs were able to oxidize effectively a wide
range of alcohols into their corresponding carbonyl compounds in the presence of air.
The nanocatalyst can also be used for selective oxidation of various aliphatic and
aromatic alcohols. The amount of GNS-RuUNPs catalyst used for oxidation of alcohols
was found as low as 5 mg (0.036 mol%), the lowest to the best of our knowledge. The
ICP-MS result of the filtrate after the separation of the catalyst revealed the
heterogeneous nature of the present catalysis. The excellent reusability of the GNS-
RuNPs can be realized from the good vyield of acetophenone (87 %) from 1-
phenylethanol even at the 4™ run. The used GNS-RuNPs were transformed into u-GNS-
RuO;NRs which showed good catalytic activity toward the transfer hydrogenation of
various ketones. Overall, the simple synthesis, versatility and good activity make GNS-

RuUNPs as an alternate choice to the existing Ru based catalysts.
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CHAPTER 6
Catalytic N-oxidation of tertiary amines on RuO,NPs anchored

graphene nanoplatelets

6.1 Introduction

Aliphatic and aromatic tert-amine oxides (amine N-oxides) are essential and key
components in the formulation of several cosmetic products as well as in biomedical
applications [1, 2]. Particularly, N-oxides of aromatic amines are extensively used as
protecting groups, auxiliary agents, and oxidants in various organic reactions [3. 4]. They
often used as potential cytoximes for the treatment of solid tumors and also as ligands for
the preparation of useful transition metal complexes [5, 6]. As a catalyst, especially in
epoxidation reactions, amine N-oxides displayed a wide range of advantages in chemical
industries [7]. Notably, enantiopure chiral N-oxides, found to play a substantial role as a
Lewis base catalyst in asymmetric transformation [8]. However, traditionally, these
amine N-oxides are prepared via a noncatalytic oxidation processes using 0-az0
hydroperoxides [9], activated H,O, [10], Caro’s acid (H2SOs) [11], dioxiranes [12],
peracids [13], and magnesium monophthalate [14]. These reagents are not only expensive
and toxic, but also produce large amount of effluents during the reaction, which often
lead to the environmental problem of waste disposal. To prevent this issue, catalytic
oxidation processes using environmental friendly oxidants such as air, O, and H,O, have
been developed. Silica supported vanadium [15], biomimetic methyltrioxorhenium(\V1I)

or manganese porphyrin [16], titanium molecular sieves [TIMCM-41 and TiZSM-5(30)]
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[17], tungsten-based polyperoxometalates [18], tungstate-exchanged Mg/Al-layered
double hydroxide acid (LDH-WOQO,) [19], vanadium-silicate molecular sieve [20], and
titanium silicalite (TS-1) materials [21] have been proposed as heterogeneous catalysts
for the oxidation of tertiary amines to their corresponding N-oxides using H,O, as an
oxidant. Owing to the recyclability and easy separation from the reaction mixture, metal
nanoparticles (MNPs), particularly supported MNPs, played a tremendous role in
heterogeneous catalysis. There are very few MNPs supported on carbon materials,
particularly carbon black, employed as a catalyst for this oxidation reaction.
Unfortunately, most of them have shown less activity in N-oxidation of tertiary amines
[22]. Pina et al., investigated the activity of gold-based mono- and bi-metallic catalysts in
the oxidation of tertiary amines to afford the corresponding N-oxides [23]. They found
that Au/C catalyst showed an excellent catalytic activity for the oxidation of tertiary
amines to the corresponding N-oxides; however, other catalysts namely Rh/C, Pt/C,
AURh/C and AuPt/C are less effective and often require alkali as a promoter to improve
the activity of the catalysts [23]. In addition to the high cost of the Au, Pt and Rh
catalysts, they often require higher stoichiometric amount of catalyst for the N-oxidation
reaction. Therefore, developing an efficient and recyclable catalytic system with the use
of lower amount of catalyst remains a challenging task.

Among the noble metal catalysts, ruthenium has shown high catalytic activity
mainly in oxidation reactions [24-27]. Very recently, due to the astounding properties of
graphene such as high surface area and chemical inertness, it has been receiving a great
deal of attention as a support for active metal catalysts including RuNPs in heterogeneous

catalysis [28]. According to Krasheninnikov et al., the inert graphene can be transformed

156



into a very active catalyst through the interactions between the active metal clusters and
carbon vacancies [29]. In our previous work on the aerial oxidation of alcohols, we found
that RUNPs decorated GNS catalyst is efficient, reusable, chemically as well as physically
very stable and the catalytic system required a low amount of Ru (0.036 mol%) [30].
Inspired by these results, we believed that the RuO,NPs/GNP composite could also show
a very good catalytic activity with use of lower amount of supported Ru catalyst in N-
oxidation reactions. Herein, we report the simple preparation of graphene nanoplatelets
(GNP) supported RuO,;NPs catalyst and its catalytic property towards N-oxidation of

tertiary amines.

6.2 Experimental section

6.2.1 Materials and characterization

GNP (purity: >99 wt%, surface area: >750 m?/g, average thickness: 3 nm, layers:
<5, diameter: 1-2 um) were purchased from Cheap Tubes Inc., VT, US. Ru(acac)s (97%)
and all other chemicals were purchased form Aldrich and used as received.

The morphology of the prepared nanocatalysts (GNP-RuO,NPs) was investigated
by TEM (JEM-2100 JEOL Japan) with accelerating voltage of 200 kV. The weight
percentage and homogeneous decoration of RuO,NPs on GNP were confirmed by SEM-
EDS (Hitachi 3000H). The same field of view was then scanned using an EDS
spectrometer to acquire a set of X-ray maps at 1 ms point acquisition for approximately
one million counts. The interaction of RuO,NPs with GNP was examined by Raman

spectrometer (Hololab 5000, Kaiser Optical Systems Inc., USA) using argon laser at 532
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nm with a Kaiser holographic edge filter. Wide angle XRD experiments were performed
at room temperature using a Rotaflex RTP300 (Rigaku.Co., Japan) instrument at 50 kV
and 200 mA. Nickel-filtered Cu Ko radiation (5" > 20 < 80°) was used for the XRD
measurements. To confirm the chemical state of Ru, XPS spectrum was recorded in
Kratos Axis-Ultra DLD instrument. The samples were irradiated under Mg Ko ray source
before XPS analysis. NMR spectra were recorded on a 400 MHz Bruker spectrometer in
CDClj; using tetramethylsilane as a standard. FT-IR spectra were recorded using a Horiba

FT-720 IR spectrophotometer.

6.2.2 Dry synthesis of nanocatalyst (GNP-RuO,NPs)

In order to introduce oxygen functional groups on GNP, initially, chemical
treatment was carried out for the pure GNP according to the literature procedure [31]. In
a typical procedure, the GNP (1.0 g) was chemically treated with a 3:1 ratio mixture of
concentrated H,SO, and HNOs. Subsequently, the resulting mixture was sonicated at
40°C for 3 h in an ultrasonic bath. After cooling to room temperature, the mixture was
diluted with 750 mL of double distilled water and then vacuum-filtered. The resultant
solid (f-GNP) was repeatedly washed with double distilled water until the pH reached
neutral and then vacuum dried at 60°C. After that, 50 mg of Ru(acac); was added into
500 mg of f-GNP and mixed well by a mortar and pestle under ambient condition. The
homogeneous mixture of f-GNP and Ru(acac); was obtained within 10-15 minutes.
Finally, the impregnated Ru(acac); was thermally decomposed into RuO,NPs by
calcinating at 350°C for 6 h under nitrogen atmosphere. Figure 6.1 shows a schematic

illustration of the procedure for preparation of the GNP-RUO,NPs.
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Figure 6.1 — Schematic diagram of the preparation of GNP-RUO;NPs.

6.2.3 Oxidation of tertiary amines

10 mg of GNP-RuO,NPs (0.13 mol%) was stirred with 3 mL of CH3CN taken in a
round-bottomed flask equipped with a condenser and a stirring bar. To the above mixture,
substrate (2 mmol) was added followed by a slow dropwise addition of 30% H,0, (5
mmol). Then the solution mixture was heated at 80°C under atmospheric pressure of air.
The completion of the N-oxidation reaction was monitored by TLC. Once the reaction
completed, the nanocatalyst was separated out from the reaction mixture by simple
centrifugation, washed well with diethyl ether followed by drying in oven at 80°C for 3 h
and was reused for the subsequent N-oxidation of tertiary amines to test the reusability of
the nanocatalyst. In other hand, the centrifugate was dried over anhydrous MgSO, to
afford the product which was purified by passing through a column of silica gel using
dichloromethane-MeOH (90:10) as an eluent. The products (amine N-oxides) were
identified by *H NMR and FT-IR spectral data.

Triethylamine N-oxide (Table 6.1, entry 1): Yellow liquid; *H-NMR (400 MHz, DMSO-

de): 8 1.10-1.14 (t, 9H), 2.99-3.05 (m, 6H); FT-IR (cm™): 3145, 1685, 1392, 1150, 825.
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N,N-Dimethyl aniline N-oxide (Table 6.1, entry 2): Yellow solid,; 'H-NMR (400 MHz,
DMSO-ds): & 2.65 (s, 6H), 6.62-6.64 (m, 1H), 6.71-7.73 (m, 3H), 7.15-7.19 (m, 2H); FT-
IR (cm™): 2933, 1591, 1500, 1341, 1223, 1190, 1164, 1063, 1030, 1000, 943, 750, 689.
N,N-Dimethyl-p-toluidine N-oxide (Table 6.1, entry 3): Yellow solid; *H-NMR (400
MHz, DMSO-dg): & 2.25 (s, 3H), 2.89 (s, 6H), 6.68-6.70 (d, J = 8 Hz, 2H), 7.04-7.06 (d,
J = 8 Hz, 2H); FT-IR (cm™): 3389, 2932, 2879, 2868, 1676, 1623, 1523, 1330, 1154,
1050, 952, 799, 713, 687.

N,N-Dimethyl-o-toluidine N-oxide (Table 6.1, entry 4): Yellow solid; *H-NMR (400
MHz, DMSO-de): & 2.25 (s, 3H), 2.61 (s, 6H), 6.91-7.14 (m, 4H); FT-IR (cm™): 2967,
1569, 1493, 1450, 1310, 1185, 1155, 1117, 1050, 950, 760, 723.
N,N-Dimethyl-m-toluidine N-oxide (Table 6.1, entry 5): Yellow solid; *H-NMR (400
MHz, DMSO-ds): 5 2.24 (s, 3H), 2.86 (s, 6H), 6.46-6.48 (m, 1H), 6.48-6.51 (m, 1H), 6.53
(s, 1H), 7.03-7.07 (m, 1H); FT-IR (cm™): 2935, 2825, 1679, 1626, 1518, 1339, 1157,
1059, 960, 810, 773, 689.

4-Bromopyridine N-oxide (Table 6.1, entry 8): Pale brown solid; *H-NMR (400 Hz,
DMSO-ds): & 7.85-7.86 (d, J = 4.0 Hz, 2H), 8.73-8.74 (d, J = 4.0 Hz, 2H); FT-IR (cm™):
3023, 2531, 1619, 1475, 1360, 1342, 1102, 1084, 794, 725.

2-Bromopyridine N-oxide (Table 6.1, entry 9): Pale brownish yellow liquid; *H-NMR
(400 Hz, DMSO-dg): & 7.44-7.47 (m, 1H), 7.64-7.66 (d, J = 8.0 Hz, 1H), § 7.75-7.79 (m,
1H), 8.39-8.41 (m, 1H); FT-IR (cm™): 3050, 1560-1580, 1451, 1410, 1100-1080, 991,
758, 699.

Quinoline N-oxide (Table 6.1, entry 11): Colorless solid; *H-NMR (400 MHz, DMSO-

de): 5 7.51-8.05 (m, 5H), 8.35-8.37 (d, J = 8 Hz, 1H), 8.91-8.92 (m, 1H); FT-IR (cm™):
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3562, 3029, 1492, 1428, 1388, 1298, 1265, 1219, 1204, 1176, 1136, 1086, 1052, 1010,
877,829, 763,732.

Quinoxaline N-dioxide (Table 6.1, entry 12): Yellow solid; *H-NMR (400 MHz, DMSO-
de): & 7.74-7.87 (m, 2H), 8.12 (m, 2H), 8.86 (s, 2H); FT-IR (cm™): 3411, 3046, 1675,
1485, 1372, 1202, 1126, 1020, 950, 863, 750.

2,2'-Bipyridyl N-dioxide (Table 6.1, entry 13): Gray solid: 'H-NMR (400 Hz, DMSO-ds):
d 7.45-7.47 (m, 2H), 7.95-7.97 (m, 2H), 8.38-8.40 (d, J = 8.0 Hz, 2H), 8.69-8.70 (d, J =
4.0 Hz, 2H); FT-IR (Cm'l): 2900, 2825, 2201, 1622, 1520-1530, 1503, 1350-1370, 1225,
1100, 1060, 980, 789, 657.

4-(Dimethylamino)pyridine N-dioxide (Table 6.1, entry 17): Colorless solid: *H-NMR
(400 Hz, DMSO-dg): 5 2.94 (2, 6H), 6.57-6.59 (d, J = 8.0 Hz, 2H), 8.09-8.11 (d, J = 8.0
Hz, 2H); FT-IR (Cm'l): 2901, 2832, 1520-1532, 1432, 1350-1374, 1225, 1108, 1064, 985,
806, 745, 655.

1-Phenylpiperazine N-dioxide (Table 6.1, entry 18): Yellow liquid: *H-NMR (400 Hz,
DMSO-dg): & 1.8 (s, 1H), 3.01-3.03 (m, 2H), 3.12-3.15 (m, 2H), 6.83-6.94 (m, 3H), 7.24-
7.28 (m, 2H); FT-IR (cm™): 2900, 2825, 1594, 1500-1530, 1434, 1350-1374, 1225, 1114,

1064, 980, 799.

6.3 Results and discussion

6.3.1 Characterization of GNP-RuO,NPs

To investigate the morphology of GNP-RuUO,NPs, TEM images were taken for

pure GNP and GNP-RuO,NPs [Figure 6.2(i-v)]. The TEM image of pure GNP confirmed
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the presence of irregular ultra thin sheets of size ranging from 0.5 to 2 um. GNP also has
multi layers with an average thickness of about 7-9 nm. As can be seen from the TEM
images of GNP-RUO;NPs, an ultra-fine RuO,NPs were homogeneously dispersed on the
surface of GNP. High magnified TEM images of GNP-RuO,;NPs showed good adhesion
of RuO2NPs on anchoring sites of GNP with very narrow particle size distribution. The
histogram of RuO,NPs reveals that the RuO;NPs have a very narrow size distribution
ranging from 0.5 to 3.0 nm with a peak centered at ca. 1.3 nm [Figure 6.2(vi)]. It is worth

to mention that there was no free RuO,;NPs were observed in the background of the TEM

images, which confirmed the complete utilization of the RuO,NPs by the GNP.

Mean diameter
d=1.3 nm

(vi)

05 10 15 20 25 30
Particle size (nm)

Figure 6.2 — TEM images of (i) pure GNP and (ii, iii, iv and v) GNP-RuO;NPs, and (vi)

the particle size distribution of RuO,NPs.
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In addition, the surface area per unit mass (S) of RuO,;NPs was calculated by
using the equation [30], S = 6000/(p X d) where d is the mean diameter of RuO,NPs (1.3

nm), and p is the density of RuO, (6.97 gcm™) and it was found to be 1119.40 m?g™.
Figure 6.3 shows the SEM-EDS and corresponding elemental mapping images of GNP-
RuO;NPs. The weight percentage of Ru in GNP-RUO,NPs was 2.68 as determined by
EDS analysis [Figure 6.3(ii)]. As expected, EDS mapping analysis confirms the
homogeneous distribution of RuO,NPs in GNP-RuO,NPs. The credibility of the
proposed method can be understood from the purity of GNP-RuO,NPs that contains only

carbon, ruthenium and oxygen elements as confirmed by EDS analysis.
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Figure 6.3 — (i) SEM images and (ii) corresponding EDS spectrum of GNP-RuO,NPs,
and EDS mapping of (iii) C, (iv) Ru and (v) O.

XPS spectra were recorded for f-GNP and GNP-RuO,NPs in order to confirm the
functionalization of GNP and the chemical state of Ru in GNP-RuUO;NPs; the results are
shown in Figure 6.4(i and ii) and Figure 6.5(i and ii). As expected, both f-GNP and GNP-
RuO;NPs showed a C 1s peak and O 1s peak at 284.5 and 532.5 eV respectively [Figure
6.4(i and ii) and Figure 6.5(i)]. The binding energy of C-C, C-O-C, C=0 and -COOH
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groups is assigned at 285.2, 285.6, 286.8 and 288.7 eV respectively [32]. Deconvolution
of the O 1s spectrum of f-GNP [Figure 6.5(ii)] resulted in five peaks located at 530.1,
531.2, 531.7, 532.6 and 533.5 eV, which were assigned to the C=0, -COOH, C-OH, —
C—O-C- and H,O respectively [33]. According to Gil et al., [34] oxygen functional
groups on graphene act as effective nucleation centers for MNPs, which assist
homogeneous decoration as well as better adhesion of MNPs on graphene. Likewise in
the present case, the homogeneous as well as better adhesion of RuO,NPs on GNP
[Figure 6.2(i-v)] is due to the presence of oxygen functional groups on GNP. Particularly,
—COOH group assists good adhesion of RuO,NPs on GNP by replacing the proton of —
COOH [35]. The XPS spectrum of GNP-RuO,NPs [Figure 6.5(i and ii)] showed binding
energy (BE) of Ru 3ps, at 462.5 eV, Ru 3py» at 485.0 eV and Ru 3ds, at 280.8 eV,
which correspond to the photoemission from RuO, [36]. The overlapping of the C 1s and
the Ru 3ds, peaks at ~285 eV makes it difficult to assign BE of Ru 3ds,. The chemical
state of Ru was also confirmed by XRD [Figure 6.6(i)]. The diffraction peaks at 26.5,
44.2 and 54.8°, corresponding to the (002), (100), and (004) crystal planes of graphite
respectively, attributed to the hexagonal graphite structures of GNP [37]. The very weak
XRD peaks at 27.5, 34.9, 39.9 and 57.5° correspond to the typical crystal faces (110),
(101), (200) and (220) of RuO, (JCPDS 21-1172) respectively, confirmed the nano-
crystalline nature of RuO, [37].

The Raman spectroscopy is a precise and quick analysis method to investigate the
nature of interaction between various MNPs and graphene. Therefore, Raman spectrum
was recorded for GNP-RuO,NPs under 514.5 nm excitation over the Raman shift interval

of 250-4000 cm™ [Figure 6.6(ii)]. As expected, both f-GNP and GNP-RuO,NPs exhibited
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two main Raman features, corresponding to the well-defined D-band line at ~1345 cm™

and G-band line at ~1570 cm . The G-band line is originated from in-plane vibration of

sp® carbon atoms, which represents the relative degree of graphitization [38]. The D-band

line is related to the amount of disorder which arises only in the presence of defects,

indicating the presence of sp® carbon atoms or defect sites in GNP [38]. Since the ratio of

D and G band (Ip/lg) intensities is often used as a diagnostic tool to evaluate the defects

concentration in graphene, it was calculated for f-GNP and GNP-RuO,;NPs. It is

noteworthy that the Ip/lg (0.1801) ratio of GNP-RuO,NPs was higher than that of f-GNP

(0.1515), which confirmed that the RuO,NPs are attached on the surface of GNP with

good adhesion. In the XPS spectrum [Figure 6.5(i)], a significant positive shift in C 1s

peak was observed for GNP-RuO,NPs when compared to that of the f-GNP; this too

confirms there has been a very strong interaction between GNP and RuO,;NPs [39].

(i)

Intensity. a.u.

R ——
292 290 288 286 284
Binding energy, eV

(ii)
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O1s

282

538.2 536.4 534.6 532.8 531.0 529.2 527.4
Binding energy, eV

Figure 6.4 — XPS spectrum of f-GNP; magnified (i) C 1s and (ii) O 1s peaks.

165



The XPS spectrum of the GNP-RuO,NPs in Ru 3p region [Figure 6.5(ii)] showed
BE of Ru 3ps, at 462.5 eV and Ru 3py, at 485.0 eV which correspond to the
photoemission from RuO, [36]. In Figure 6.5(i), GNP-RuUO,NPs show Ru 3ds/, peak at
280.8 eV which attributed to the ruthenium dioxide [36]. The overlapping of the C 1s and
the Ru 3ds, peaks at ~285 eV makes it difficult to assign BE of Ru 3ds,. The chemical
state of Ru was also confirmed by XRD [Figure 6.6(i)]. The diffraction peaks at 26.5°,
44.2°, and 54.8°, corresponding to the (002), (100), and (004) crystal planes of graphite
respectively, which attributed to the hexagonal graphite structures of GNP [37]. The very
weak XRD peaks were observed at 27.5°, 34.9°, 39.9° and 57.5° correspond to the typical
crystal faces (110), (101), (200) and (220) of RuO, (JCPDS 21-1172), respectively; it is

confirmed that the RuO; are of nano-crystalline nature [37].
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Figure 6.5 — XPS spectrum of GNP-RuO,NPs; magnified (i) C 1s and (ii) Ru 3p peaks.

The Raman spectroscopy is a precise and quick analysis method to investigate the

nature of interactions between various MNPs and graphene. Therefore, Raman spectrum
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was recorded for GNP-RuO,NPs under 514.5 nm excitation over the Raman shift interval
of 250-4000 cm™ [Figure 6.6(ii)]. As expected, both GNP and GNP-RuO,NPs exhibit
two main Raman features, corresponding to the well-defined D-band line at ~1345 cm™
and G-band line at ~1570 cm . The G-band line is originated from in-plane vibration of
—sp? carbon atoms which, represents the relative degree of graphitization [38]. The D-
band line is related to the amount of disorder which arises only in the presence of defects,

indicating the presence of sp® carbon atoms or defect sites in GNP [38].
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Figure 6.6 — (i) XRD pattern of GNP-RUO,NPs and (ii) Raman spectra of f-GNP and
GNP-RUO;NPs.

Since the ratio of D and G band (Ip/lg) intensities are often used as a diagnostic
tool to evaluate the defects concentration in graphene, it was calculated for f-GNP and of
GNP-RuO;NPs [Figure 6.6(iv)]. It is noteworthy that the Ip/lg (0.1801) ratio for GNP-
RuO,NPs was higher than that of f-GNP (0.1515) which confirmed that the RuO,NPs are
attached on the surface of GNP with good adhesion. In case of XPS spectrum [Figure

6.6(1)], a significant positive shift in C 1s peak was observed for GNP-RuO,NPs when
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compared with that of the f-GNP, this too confirms there has been a very strong

interaction between GNP and RuO,NPs [39].

6.3.2 Optimization of reaction conditions

To find out the most effective reaction condition for the N—oxidation of tertiary
amines, in a preliminary study, we used triethylamine as a substrate and varied the

solvent, amount of catalyst, time, amount of oxidant and temperature [Figure 6.7(i-iv)].
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Figure 6.7 — Effect of (i) solvent, (ii) temperature, (iii) amount of oxidant and (iv) time

on the oxidation of triethylamine.
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In solvent optimization, various solvents such as toluene, CHCIl3; and CH3;OH
were used but they were less effective compared to CH3CN [Figure 6.7(i)]. As expected,
only a very less amount of triethylamine N-oxide was obtained in the absence of the
catalyst. 10 mg of the catalyst (0.13 mol% of Ru) was enough for the N-oxidation of
triethylamine; this is the lowest amount of Ru catalyst reported for the N-oxidation of
tertiary amines till to date. In temperature optimization, a maximum yield of 98% was
obtained when the reaction was stirred at 80°C [Figure 6.7(ii)]. Amount of oxidant played
a significant role in the N-oxidation process. It was found that 5 mmol of H,O, was an
optimum amount of oxidant [Figure 6.7(iii)]. An excellent yield of 98% was obtained
when the reaction mixture was stirred for 4 h [Figure 6.7(iv)]. The optimized reaction

condition was opted to extend the scope of the N—oxidation of tertiary amines.

6.3.3 Extension of scope

Table 6.1 shows a variety of tertiary amines which were oxidized to their
corresponding N-oxides in good to excellent yields. The yield of products was
moderately affected by the substituent in the substrate. Aliphatic tertiary amine,
triethylamine, was oxidized to triethylamine N-oxide in excellent yield of 99% (Table 6.1,
entry 1) whereas Pt/C gave a lower yield of 66% [23]. Similarly, N,N-dimethyl aniline
(DMA) gave the corresponding N-oxide in a better yield of 98% (Table 6.1, entry 2) in
comparison to the Ti-MCM-41 system [40]. It was found that the DMA containing
electron donating group such as methyl (—CHs), reacted faster whereas DMA with
electron withdrawing group (-CN or —COOH) required extended reaction time to afford

even the less amount of corresponding N-oxide, which may be due to the mesomeric
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effect (Table 6.1, entries 3-7). The present catalytic system showed a better yield for

these substrates in comparison to the Pd catalytic system [41].

Table 6.1 — N-oxidation of tertiary amines catalyzed by GNP-RuUO,NPs®

entry substrate product time (h) yield® (%)
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Very recently, pyridine N-oxides have been recognized as a new class of anti-HIV
compounds [42]. Therefore, the present catalytic system was adopted to prepare some
pyridine N-oxide derivatives. Interestingly, pyridine containing electron withdrawing
group such as -Br at para position gave the corresponding N-oxide in excellent yield of
93% (Table 6.1, entry 8) whereas Hi4PsMo system afforded only a trace amount of the
same product [42]. Alike, 2-bromopyridine was also oxidized to the corresponding N-
oxide in a good yield of 87% (Table 6.1, entry 9). In the oxidation of 6-
(dimethylamino)fulvene, the present catalytic system gave an excellent yield of 92% after
stirring for 6 h (Table 6.1, entry 10). For the transformation of quinoline to quinoline N-
oxide (Table 6.1, entry 11), the present GNP-RUO,NPs catalyst is very effective (yielded
82 % after 4.5 h) compared to the V,SisOs.4x System which gave 71% of the desired
product after 8 h [15]. It was found that the present catalytic system gave a moderate
yield of 62% in the oxidation of quinoxaline to quinoxaline N-dioxide (Table 6.1, entry
12). A good yield of 91% was obtained from the oxidation of 2,2'-bipyridine after stirring
for 4 h (Table 6.1, entry 13). The present catalytic system is less effective for the
oxidation of sterically hindered heterocyclic amine. 2,2'-Biquinoline was oxidized to the
corresponding N-dioxide in lower yield of 68% after stirring for 7 h (Table 6.1, entry 14).
On contrary, in the oxidation of phenazine to the corresponding N-dioxide, the present
catalytic system afforded a good yield of 86% (Table 6.1, entry 15). Alicyclic tertiary
amine, quinuclidine, was oxidized to the corresponding amine oxide in an excellent yield
of 94% (Table 6.1, entry 16). A good yield of 80% was obtained from the oxidation of 4-
(dimethylamino)pyridine to the corresponding amine oxide after stirring for 6 h (Table

6.1, entry 17). Interestingly, the present catalytic system is highly selective towards the
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tertiary amine than the secondary one. In the oxidation of 1-phenylpiperazine (Table 6.1,
entry 18), the catalytic system selectively oxidized the tertiary amine (56%). The
excellent catalytic activity of the GNP-RuO,NPs with lower amount of Ru catalyst (0.13
mol%) is due to three most obvious reasons: (i) the smaller size of the RuO,NPs, (ii)
higher surface area of the GNP-RUO,NPs and (iii) an effective dispersion of the GNP-

RuO,NPs in the reaction medium.

6.3.4 Heterogeneity and reusability of GNP-RuO,NPs

To study the heterogeneity of the GNP-RuO,NPs, the nanocatalyst was separated
out from the reaction mixture by a simple centrifugation and then the filtrate was
analyzed by ICP-MS; no Ru content confirmed the heterogeneous nature of the GNP-
RuO,NPs. Since the reusability of nanocatalyst is an important advantage, the separated
GNP-RuO;NPs were washed with diethyl ether and dried in vacuo at 80°C. Then the
recovered GNP-RuO,NPs were reused for the oxidation of triethylamine [Figure 6.8(i)].
Interestingly, the present catalytic system afforded 94% of triethylamine N-oxide even at
the 5™ cycle, which confirmed its excellent reusability. Additionally, used nanocatalyst
(u-GNP-RuUuO;NPs) was characterized by TEM, SEM-EDS and XPS analysis. The TEM
image [Figure 6.8(ii)] showed that the morphology of u-GNP-RuO,NPs remains
unchanged. SEM-EDS result [Figure 6.8(iii)] revealed that the weight percentage of Ru
in u-GNP-RUO;NPs was 2.24. The chemical state of Ru in u-GNP-RuO;NPs was +4, as
confirmed by XPS analysis [Figure 6.8(iv)]. Therefore, GNP-RUO,NPs are physically as

well as chemically stable and reusable.

173



(i)mn-

80
*
3 604 B 2 2
> S & $
e_% 40
2

20

04

1 2 3
Cycle i

(iii) (iv)

CK

200.0+

100.0—

Counts|x1.E+3)
Intensity, a.u.

50.0-{|;

0.0 I

=] T T T T ! H i !
000 200 400 600 800 1000 1200 1400 00 a0 480 470 460 450
keV Binding energy, eV

Figure 6.8 — (i) Reusability of GNP-RUO,NPs, (ii) TEM image, (iii) EDS and (iv) XPS
of u-GNP-RuO;NPs.

6.3.5 Proposed mechanism

In order to understand the mechanism of GNP-RuO,NPs-catalyzed N-oxidation of
tertiary amines, XPS spectrum was recorded for pure GNP-RuO,;NPs and 0-GNP-
RuO;NPs (the catalyst after stirring with H,O, in CH3CN at 80°C for 4 h); results are
shown in Figure 6.9. In comparison to pure GNP-RuO;NPs, O1s spectrum of 0-GNP-
RuO,NPs showed a dramatic increase in the peak intensity at 531.0 eV; this clearly
confirmed the formation of Ru"'=0 species during the N-oxidation reaction [43]. The

results concluded that the mechanism for the N-oxidation of tertiary amines might be
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involving the Ru-oxo species as an intermediate (Figure 6.9). In step (i), H>O; helps for
the formation Ru-oxo species by transferring its oxygen. Subsequently, in step (ii), the
formed Ru-oxo species assists the formation of triethylamine N-oxide from triethylamine.

Finally, GNP-RuO,;NPs were regenerated for the further N-oxidation process.

ey

\ (0] GNP-RuO,NPs
+
\/N\/ 01 H202
Q = RuO,NPs
step ii % 0] step i
'_“’_/)\:‘* & = 0XO0 species

o Bin‘?ilr)'lg enerz:;s,ev H 0
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Figure 6.9 — Proposed catalytic mechanism for the N-oxidation of triethyl amine using

GNP-RuO;NPs.

6.4 Conclusions

RuO,NPs with a mean diameter of 1.3 nm were decorated on f-GNP by a straight
forward “dry synthesis” method. TEM images showed an excellent attachment and
homogeneous dispersion of RuO,NPs on GNP. The weight percentage of Ru in GNP-
RuO;NPs was 2.68 wt%, as determined by EDS analysis. Raman intensity ratios

confirmed the good attachment of RuO,NPs on the surface of GNP. XRD and XPS
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revealed that the Ru was in +4 oxidation state with a nano-crystalline nature of RuO,NPs.
The N-oxidation of tertiary amines could be carried out effectively with as low as 0.13
mol% of supported Ru catalyst for a wide range of substrates. To the best of our
knowledge, this is the lowest amount of Ru used for the N-oxidation reaction. The
proposed catalyst was chemically as well as physically very stable, heterogeneous in
nature and could be reused up to 5 cycles. In summary, we have developed a
heterogeneous Ru based nanocatalytic system for the N-oxidation of tertiary amines,

which requires only a lower amount of catalyst (0.13 mol% of Ru) for efficient reaction.
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CHAPTER 7

Conclusions

We have shown that the carbon materials decorated metal nanostructures can be
successfully prepared by a straightforward ‘dry synthesis’ method. All the prepared
materials have shown an excellent catalytic activity in various organic transformation
reactions.

CuONPs were decorated on MWCNTS by a ‘dry synthesis’ method. The resultant
material (CUO/MWCNT) behaves as efficient catalysts for N-arylation of imidazole with
various aryl halides. The stoichiometric amount of CUO/MWCNT catalyst was found as
low as 5 mg (0.98 mol % of Cu) and to the best of our knowledge, this is the lowest
amount of Cu used for this reaction. The good yields of products are mainly due to the
smaller particle size of the CUONPs. The proposed catalyst is chemically as well as
physically very stable, heterogenous in nature and reusable. The main feature of
CuO/MWCNT nanocatalysts is the recovery of pure MWCNTs from the used
nanocatalyst by the simple acid treatment. The recovered MWCNTS can be used for any
further applications. In summary, we have developed a ligand free and heterogeneous Cu
based nanocatalytic system for N-arylation of imidazole, which requires a lower amount
of catalyst (0.98 mol% of Cu) to be effective.

Ultrafine RuO,NPs with mean diameter of about 0.9 nm were decorated on
SWCNTSs. It was found that the RuO,/SWCNTSs is highly efficient towards the Heck-type
olefination of aryl halides. The substrate scope of the reactions could be efficiently

carried out with as low as 0.9 mol % of the supported RuO; catalyst over a wide range of
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substrates in short reaction times. Unreactive bromo- and chloroarenes are also
effectively olefinated under the present catalytic reaction condition. The RuO,/SWCNT
is highly regioselective and chemoselective for the Heck-type olefination reaction.
Heterogeneity, reusability and stability of RuO,/SWCNT were found to be excellent.

GNPs supported RuNRs were successfully prepared for the very first time by
simple “mix and heat” method, and it was found to be an effective and reusable
heterogeneous catalyst for the transfer hydrogenation of aromatic aldehydes and ketones
in good yield with excellent selectivity. The catalyst is highly chemoselective, stable and
reusable. Besides, GNPs were successfully recovered from the used GNPs-RuNRs.

Bi- and few layered GNS were achieved from GNPs by a solution phase
exfoliation (SPE) method. The RuNPs were decorated on GNS by a straight forward dry
synthesis method and TEM images confirmed good adhesion of RuNPs with a very
narrow particle size distribution on GNS. The weight percentage of Ru in GNS-RuUNPs
was 3.31 wt%, as determined by EDS analysis. Raman intensity ratios confirmed the
attachment of RUNPs on the surface of GNS. XRD and XPS revealed the metallic as well
as nano-crystalline nature of RuNPs. The prepared GNS-RuNPs were able to oxidize
effectively a wide range of alcohols into their corresponding carbonyl compounds in the
presence of air. The nanocatalyst can also be used for selective oxidation of various
aliphatic and aromatic alcohols. The amount of GNS-RuNPs catalyst used for oxidation
of alcohols was found as low as 5 mg (0.036 mol%), the lowest to the best of our
knowledge. The ICP-MS result of the filtrate after the separation of the catalyst revealed
the heterogeneous nature of the present catalysis. The excellent reusability of the GNS-

RuNPs can be realized from the good yield of acetophenone (87 %) from 1-
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phenylethanol even at the 4™ run. The used GNS-RuNPs were transformed into u-GNS-
RuO;NRs which showed good catalytic activity toward the transfer hydrogenation of
various ketones. Overall, the simple synthesis, versatility and good activity make GNS-
RuUNPs as an alternate choice to the existing Ru based catalysts.

RuO;NPs with a mean diameter of 1.3 nm was decorated on f-GNP by a straight
forward “dry synthesis” method. TEM images showed an excellent attachment and
homogeneous dispersion of RuO;NPs on GNP. The weight percentage of Ru in GNP-
RuO;NPs was 2.68%, as determined by EDS analysis. Raman intensity ratios confirmed
the good attachment of RuO,NPs on the surface of GNP. XRD and XPS revealed that the
Ru was in +4 oxidation state with a nano-crystalline nature of RuO,;NPs. The scope of the
reactions could be carried out effectively with as low as 0.13 mol% of supported Ru
catalyst for a wide range of substrates. To the best of our knowledge, this is the lowest
amount of Ru used for this N-oxidation reaction. The proposed catalyst was chemically as
well as physically very stable, heterogenous in nature and the catalyst could be reused up
to 5 cycles. In summary, we have developed a heterogeneous Ru based nanocatalytic
system for N-oxidation of tertiary amines, which requires a lower amount of catalyst

(0.13 mol% of Ru) to be efficient.
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M. Gopiraman, K. Fujimori, B.S. Kim, I.S. Kim

3" International Conference on Multifunctional, Hybrid and Nanomaterials at
Naples, Italy, during 3-7" March 2013.

CuO Nanoparticles Decorated on CNT as an Effective Nanohybrid Catalyst for
N-Arylation of Heterocycles

M. Gopiraman, S. Ganesh Babu, B.S. Kim, R. Karvembu, I.S. Kim
ICNANO-2011 (An international conference on Nanomaterials &
Nanotechnology) held at University of Delhi, New Delhi during 18-21 December
2011.
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[5]

[6]

[7]

[8]

Enhanced Mechanical Properties of Cellulose Acetate/Graphite Hybrid
Nanofibers

M. Gopiraman, B.S. Kim, I.S. Kim

Advances in Textile, Machinery Nonwoven and Technical Textile held at
Kumaraguru College of Technology, Coimbatore during 15-17" December 2011.

Enhanced Mechanical Properties and EMI Shielding Effectiveness of
PVA/Graphite and PVA/MWCNT Hybrid Nanofibers

M. Gopiraman, K. Fujimori, B.S. Kim, L.S. Kim

IUPAC 9" International Conference on Advanced Polymers via Macromolecular
Engineering (APME 2011) held at Cappadocia, Turkey during 5-8" September,
2011.

Adsorption and Inhibition Effect of Environment Friendly Green Inhibitor on
Mild Steel in Acidic Medium

M. Gopiraman, K. Fujimori, B.S. Kim, R. Karvembu, I.S. Kim

The 4™ International Symposium on High-Tech Fiber Engineering for Young
Researchers held at Shinshu University, Nagano, Japan from August 29" to
September 4™, 2011.

Studies on Corrosion Inhibition Nature of 2-Acetylpyridine N (4) Morpholine
Thiosemicarbazone on Mild Steel in HCI

M. Gopiraman, B.S. Kim, I.S. Kim

The 11™ Asian Textile Conference held at EXCO, Daegu, Korea during 1-4
November 2011.
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Patents

[1]

[2]

[3]

[4]

[5]

Graphene: A superior and recoverable solid support for transition metal
nanoparticles to catalyze organic transformations
M. Gopiraman, W. Kai, R. Karvembu, 1.S. Kim (to be submitted).

Human hair — A novel and green support for metal nanoparticles catalyst
M. Gopiraman, W. Kai, R. Karvembu, 1.S. Kim (to be submitted).

Cellulose nanofibers — A green support for metal nanoparticles
M. Gopiraman, W. Kai, K. Watanabe, 1.S. Kim (to be submitted).

Breathable waterproof membrane for automotive lamp
I.S. Kim, K. Wei, Z. Khatri, M Gopiraman
JP Patent, application number 2012-170687.

Breathable waterproof membrane for electronic components

I.S. Kim, K. Wei, Z. Khatri, M. Gopiraman
JP Patent, application number 2012-170688.
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