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Mesoporous Manganese Oxide Materials for Aerobic Oxidation

Reactions

Sourav Biswas, Ph.D.

University of Connecticut, 2016

The thesis presented here is focused on fabricating thermally stable and tunable mesoporous
manganese oxide materials for catalytic aerobic oxidation reactions. From the viewpoint of green
chemistry, the design of novel methodologies for oxidation, preferably under aerobic atmospheric
condition, without any additives is highly desirable. Being motivated by advances in catalytic
materials as fundamental pillars of “green chemistry’, my research is devoted to designing of useful
materials in oxidative catalysis that may serve the purpose of sustainable energy sources in
harmony with the environment and nature. The five chapters provided here will discuss the
importance of catalytic oxidation reactions, synthesis, and characterization of the mesoporous
manganese oxide materials and their applications in a series of simple to complex oxidation
reactions. We demonstrate the activity enhancement of mesoporous manganese oxide materials by
introducing alkali metal ions in a simple alcohol oxidation reaction. The major achievement of this
work is inventing a cesium ion promoted mesoporous manganese oxide, which was found to be
active in a multitude of aerobic oxidation reactions. In terms of catalytic oxidation reactions,
oxidation of alcohol to aldehydes, amines to imines, a versatile one —pot tandem oxidation
processes and oxidative coupling of alkynes have been discussed. Moreover, mechanistic aspects

of catalytic oxidation are studied in details, especially the role of the surface oxygen species,



oxygen vacancies and related oxygen transportation of the metal oxides. The catalytic oxidation
protocols discussed here have several advantages over the existing systems in addressing the goals
of green chemistry. First, the heterogeneous nature of the catalyst provides ease of separation of
product. Next, excellent reusability of the catalyst (as high as 8 cycles) and formation of water as
the only by-product (in most of the cases) reduces toxic waste production. Finally, absence of
additives and use of air as the terminal oxidant exemplify the greener, more efficient and less

expensive nature of these processes.
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CHAPTER 1. Introduction

1.1 Overview of Catalytic Oxidation

Catalytic oxidation of natural products is one of the most popular and cheapest
techniques for production of fine chemicals from natural substrates. Selective oxidations
of organic substrates such as alcohols, amines and hydrocarbons are of interest in the field
of synthetic organic chemistry and industrial applications?. Traditionally, various
chemical oxidants, such as peroxides (tert-butylhydroperoxide or hydrogen peroxide),
metal salts [potassium permanganate (KMnOs), chromium trioxide (CrOs), sodium
dichromate (Na,Cr,07)] and ozone are used for these oxidation reactions®*. However,
production of large amount of toxic wastes and necessary but difficult separation steps

make these processes environmentally and industrially unfavorable.

From the viewpoint of green chemistry, the design of novel methodologies for
oxidation, preferably under aerobic atmospheric conditions, without any additives, is
highly desirable. Extensive research has been performed over the past decades to improve
the selective oxidation reactions in catalytic, mild and aerobic conditions®®. Although a
green oxidant, air is very inert towards organic substrates, especially for the strong C-H
bond activation due to the typical ground state of oxygen. The other obstacle associated
with aerobic oxidation is the failure of scale up procedures. Therefore, catalytic oxidation
with ambient air as the ultimate oxidant represent one of the most demanding challenges

in chemical industry.



1.2 Heterogeneous catalysis

Heterogeneous catalysis has widespread applications in chemical and
pharmaceutical industries'®. The key objective of green chemistry is to make a sustainable
process by optimizing resources and minimizing waste. Heterogeneous catalysis is an
important tool in that case!!. By definition, heterogeneous catalysts are materials present
in different phases (usually solid) than the reactant. Therefore, heterogeneous catalysts are
more advantageous over homogeneous systems due to easy separation from the reaction
medium. Moreover, the stability of heterogeneous catalysts is quite notable even in

extremely harsh condition.

1.3 Mesoporous materials

Porous nanostructured materials have been recognized as popular heterogeneous
catalytic systems'2. They are ideal for providing a high surface area scaffold to which active
metals can be grafted. Moreover, their porous network is very effective for shape-selective
catalysis. Since the discovery of mesoporous silica and aluminosilicates (M41S family) by
Mobil Oil Corporation in 1992, mesoporous materials have attracted a great deal of interest
and have been the subject of thousands of research articles, patents and book chapters?®,
According to the IUPAC definition, mesoporous materials are types of porous materials
having pore size between 2 to 50 nm. The popularity of mesoporous materials can be
attributed to their enhanced physicochemical, catalytic, adsorption and optical properties
compared to their nonporous counterparts***6. High surface area, nanocrystalline wall
structure, tunable porous networks, and high pore volume are the important factors as the
origins of the enhanced properties of mesoporous materials. Numerous synthetic methods

have been developed in past decades for the synthesis of mesoporous materials. Popular



mesoporous materials are synthesized by a hard template or a soft template procedure. The
flexibility in synthesis conditions allows one to synthesize mesoporous silica materials
with tunable pore sizes (2-50 nm), mesostructure (i.e. 2D Hexagonal, FCC, BCC, 3D), and
with diverse morphologies (i.e. spheres, rods, ropes, and cubes)®’.

The possibility of control over the porous architecture and morphology depending
upon the requirement of a particular reaction is the main important tool for designing
mesoporous materials as active heterogeneous catalysts!®. Catalytic reactions on
mesoporous supports involve basic steps like adsorption and diffusion of reactants in solid
surfaces following reaction between reactants and desorption of products and regeneration
of catalyst. Therefore, materials having high surface area are the best candidates for
heterogeneous catalysts. Due to their intrinsic structural features, mesoporous
nanostructured materials have been recognized as popular catalytic systems®°. They are
ideal for providing a high surface area scaffold to which active metals can be tethered.
Further, tunable pore size offers good flexibility for the transportation of organic moieties.
Moreover, the hydrophobicity or polarity of the surface can be tuned to influence catalytic
reactions. These materials are thermally stable, non-corrosive, non-toxic, air and moisture
stable and often highly reusable.

Most of the synthesized mesoporous materials are based on silica, which, in spite
of having high surface area and tunable pore diameter, is not active in any catalytic
reactions. Moreover, the collapse of porous structure upon heat treatment is well-known
for mesoporous silica materials. On the other hand, mesoporous transition metal oxides
(MTMO) have shown promise for performing a wide range of catalytic transformations

due to co-existing multiple oxidation states?®?!, The presence of multiple oxidation states



of the MTMOs as a result of vacant d orbitals is very crucial in electron transfer processes
during redox catalytic reactions. Transition metal oxides can be further modified by adding
several dopants and promoter ions to design a specific catalyst for a specific reaction.
However, direct synthesis of MTMOs still remains a challenge®. In addition, these
mesoporous MTMOs often suffer from low order arrangements and no control over the
porous network compared to traditional mesoporous silica. These MTMOs also have very
low thermal stability, since the low flexibility of the metal-oxygen bond in crystalline

phases is unable to accommodate the structure directing agent (surfactant micelles).

1.4 UCT (University of Connecticut) mesoporous material

In 2013, our research group introduced a thermally stable, crystalline, thermally
controlled mesoporous group of materials?>. The materials were synthesized by a soft
templated evaporation induced self-assembly procedure (Figure 1.1). Unlike conventional
mesoporous material synthesis, an inverse surfactant micelle was used as a soft template.
Transition metal and ion precursors loaded inverse micelles packed in a random fashion to
build the mesoporous structure. The reaction solvent was an acidic (HNOz3) 1-butanol
solution. Evaporation of the solvent (by heat treatment) along with NOyx formation (by
thermal decomposition of nitrates) had driven the reaction. The nitrate ions had dual roles.
First, the hydrotropic? nature of the nitrate ions hydrated the core of the inverse surfactant
micelles by penetrating in, which pulled the positively charged manganese oxo-clusters to
the core of the inverse micelles by increasing their solubility. Second, the nitrate ions
decomposed to form NOy species, which controlled the pH and the sol gel chemistry of Mn
sols. Solvent extraction by ethanol was performed to remove surfactants to form the

mesoporous materials. Chemisorbed species (nitrates and carboxylates) were removed by



a heat treatment at 150°C for 12 h, followed by a second heat treatment at 250°C for 3 h.
The mesopores are formed by connected inter-particle voids. The mesoporous structure

can be easily controlled by further heat treatment.

Room A . Qﬁ‘
~NA~ e~  temperature 47 120°C : :’j’
CHs .:. Solvent

evaporation

P123 (surfactant)

Mn salt
1-Butanol (solvent) 20'C Oxo cluster
Conc. HNO, 1 formation

1) 150°C, 12 h

2)250°C,3 h

Figure 1.1 Formation mechanism of mesoporous manganese oxide by UCT synthesis
procedure. Metal loaded inverse micelles are packed and inorganic components
condensed and oxidized. Surfactants are removed by solvent extraction and adsorbed
species are eliminated by heat treatment.

The UCT synthetic approach allows one to synthesize different mesoporous oxide
materials of transition metals, metalloids, mixed oxides using a single synthetic strategy.
Precise control over the pore size, surface area, and crystallinity by simple heat treatment
cycles makes these types of materials superior over their nonporous counterparts in
different catalytic applications such as oxidation of alcohols, low temperature CO and CH4
oxidation, and water splitting reactions®*28. For example, Cs promoted mesoporous
manganese oxide (UCT-18-Cs) exhibited a bifunctional catalytic role (oxidation and then

in situ esterification)?. The inactivated aliphatic alcohol 1-decanol was oxidized to 1-
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decanoic acid and then 1-decanoic acid combined with 1-decanol to produce decyl
decanoate. Whereas, nonpromoted UCT-1 and other manganese oxide catalysts (K-OMS-
2, amorphous manganese oxide, Mn,03) could only perform oxidation of 1-decanol to 1-

decanal.

1.5 Manganese oxides in catalytic oxidation

Among the transition metal oxides, manganese oxides deserve special interest in
catalytic oxidation reactions. Easily exchangeable multiple oxidation states, high
abundancy, thermally stable structural forms (more than 30 crystal structures
corresponding to different polymorphs are known to exist), and dioxygen reduction ability
are some of the important properties of this material?®. The tunable redox properties of Mn
and mobility of labile lattice oxygen make the manganese oxide materials powerful
catalysts in oxidative reactions. Like other transition metals, manganese oxides also can
accommodate cations either on the surface as promoter ions ° or in their structures as
charge balancing ions ! (as in octahedral molecular sieve, KMngO15.nH20 or K-OMS-2,
where K* can reside in the tunnel for charge balancing).

The diversity of synthesis methods allows preparation of different forms of
manganese oxide of varying porosity and crystallinity, such as octahedral molecular sieves
(OMS), octahedral layer (OL), amorphous manganese oxide (AMO), birnessite, a-
manganese oxide and mesoporous manganese oxide?®. For example, the two highly active
manganese oxide phases in oxidative transformations, are a crystalline octahedral
molecular sieve, KMngO16.nH20 or OMS-2, and an amorphous phase. OMS-2 has a 2X2
tunnel structure, which is built by edge and corner sharing [MnQOs] octahedral units leading

to different pore sizes*>. OMS-2 has a mixed valent manganese framework with a higher



amount of Mn*". K* ions are situated in the tunnel and can be easily exchanged by other
inorganic cations. Catalytic activity can be successfully tuned by applying different
synthesis procedures to change the porosity and surface area of OMS-2. On the other hand,
amorphous manganese oxide (AMO) has a disordered structure with a mixed valence of
Mn®*" and Mn**, which consists of random aggregation of nanoparticles with high surface
area (184 m?g™1)®. AMO has shown high activity in various oxidation reactions including
water oxidation and photochemical 2-proponal oxidation. The catalytic activity of AMO
can also be related to the cation vacancies in the structure, which can act as the active sites
to adsorb amine molecules. These mixed valent porous materials have excellent redox
properties that lead to the design of highly efficient manganese based oxidation catalysts.
Manganese oxide based materials have been utilized in different types of catalytic
oxidation reactions, such as selective oxidation of alcohols to aldehydes®*, hydrocarbons
to alcohols and ketones®, styrenes to styrene oxides®®, alcohols to amides®’*!, amines to
imines*>#4 and total oxidation of volatile organic compounds®, methane? and carbon

monoxide*®.
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CHAPTER 2. lon Induced Promotion of Activity Enhancement of

Mesoporous Manganese Oxides for Aerobic Oxidation Reactions

2.1 Abstract

Inverse micelle templated mesoporous manganese oxide (University of
Connecticut mesoporous material, UCT-1) and five cation promoted mesoporous
manganese oxides (UCT-18-X, X = Mg?*, Ca?*, K*, Na* and Cs*) having trace amounts of
alkali metal ions as promoters with tunable porosity and crystallinity were synthesized. The
materials were tested for selective aerobic alcohol oxidation, and the catalytic activity
followed the order of UCT-1 <UCT-18-Mg <UCT-18-Ca <UCT-18-K <UCT-18-Na
<UCT-18-Cs. The catalytic activity was correlated with the increase in basicity of the
materials, which in turn was a consequence of the promoting effect of ions in manganese
oxide. The retention of an amorphous state, low reducibility, and the effects of lattice
oxygen are the other key factors responsible for the enhanced catalytic activity. The UCT-
18-Cs catalyst was found to oxidize various alcohols to the corresponding aldehydes and
ketones selectively (100% selectivity) with very high conversion (as high as 100%). The
UCT-18-Cs also exhibited solvent free green oxidation of 1.3.5-trimethylbenzene to yield
3,5-dimethylbenzoic acid and 3,5-dimethylbenzyl-3,5-dimethylbenzoate with > 90%

conversion and 90% selectivity of acid and 9% selectivity of ester.

2.2 Background and Significance

The selective oxidation of alcohols to carbonyl compounds is one of the common

and elegant classes of molecular transformations in synthetic organic chemistry. The
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desired carbonyl products are high value components used in fine chemicals,
pharmaceutical, and perfume industries. Numerous catalytic systems have been used to
perform this partial oxidation of alcohols 3. The two major problems associated with
heterogeneous catalysts are the lifetime of the catalyst (catalyst deactivation) and the
leaching of active species from the solid surface to the solution #. The design of an efficient
heterogeneous catalyst system should ideally involve mild and environmentally friendly
reaction conditions (air as oxidant, low temperature, low catalyst loading, avoidance of
toxic materials, and minimum waste disposal with proper reusability) in addition to high
efficiency. The selective C-H bond oxidation at the benzylic position to the corresponding
oxy functional products is one of the important and challenging aspects in synthetic organic
chemistry >%. For example, the methyl benzoic acids (oxidation products of methyl
aromatics) have versatile uses in chemical and pharmaceutical industries °. The traditional
oxidizing agents involved in these oxidation reactions are stoichiometric amounts of
oxidants like potassium permanganate (KMnOas), chromium trioxide (CrOs), sodium
dichromate (NaxCr207) and nitric acid (HNOs) *°. Large amounts of toxic waste and
difficulty in separations make these processes environmentally and industrially
unfavorable. Despite the industrial importance, environmentally friendly oxidation
processes are rarely described in the literature. Some of the efficient catalytic systems
involve oxidants such as metaloxo materials, tert-butyl hydroperoxide (TBHP) or
hydrogen peroxide (H202) and base additives ***4. However, these systems often suffer
from low conversion (of alkylbenzenes), as well as requiring the use of conditions like high

pressure and temperature. An efficient and economically feasible catalyst system should
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perform alkylbenzene oxidation with high selectivity towards the corresponding acid under
aerobic conditions.

Herein, 5 different ion promoted mesoporous manganese oxide materials were
synthesized by using 5 different cations (Mg?*, Ca®*, K*, Na" and Cs*) with tunable
mesostructure parameters (such as pore size, pore volume, surface area). The synthesis
relies on inverse micelle formation and unique NOx chemistry. The NOXx species are
formed in situ by thermal decomposition of NOs". The metal oxide nanoparticles are packed
closely in a random fashion to build the mesostructure. Selective aerobic oxidations of
alcohols and oxidations of inert alkylbenzenes were performed using the catalysts and the

catalytic activity was also compared with conventional active manganese oxide catalysts.

2.3 Experimental

2.3.1 Synthesis of UCT-1

In a typical synthesis 0.02 mol of manganese nitrate tetrahydrate (Mn(NO3)..4H,0O) and
0.134 mol of 1-Butanol were added to a 120 mL beaker. To this solution 0.0034 mol of
poly(ethyleneglycol)-block-poly(propyleneglycol)-block-poly(ethyleneglycol) (pluoronic
P123, PEO20PPO70PEQ20, molar mass 5750 g mol*) and 0.0032 mol of concentrated nitric
acid (HNO3) were added and the mixture was stirred at room temperature until the solution
became clear (light pink). The solution was then kept in an oven at 120°C for 3 h under air.
The resulting black material was washed with excess ethanol, centrifuged and dried in a
vacuum oven overnight. The dried black powders were subjected to a heating cycle. First
they were heated at 150°C for 12 h and cooled to room temperature under ambient

conditions, followed by a second heating step of 250°C for 3 h.
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2.3.2 Synthesis of UCT-18

In a typical synthesis 0.02 mol of manganese nitrate tetrahydrate (Mn(NO3)..4H,0O) and
0.134 mol of 1-Butanol were added into a 120 mL beaker. To this solution 0.0034 mol of
poly(ethyleneglycol)-block-poly(propyleneglycol)-block-poly(ethyleneglycol) (Pluoronic
P123, PEO20PPO7PEO20, molar mass 5750 g mol™) and 0.032 mol of concentrated nitric
acid (HNOz3) were added and the mixture was stirred at room temperature until the solution
became clear (light pink). To this clear solution 100 puL of 2.0M XNOs (X= Cs, K, Na) and
X(NOgz)2 (X= Ca, Mg) was added maintaining the Mn/X ratio 100/1, mol/mol. The
resulting clear solution was then kept in an oven at 120°C for 3 h under air. The black
material was washed with excess ethanol, centrifuged, and dried in a vacuum oven
overnight. The dried black powders were subjected to a heating cycle. First they were
heated at 150°C for 12 h and cooled to room temperature under ambient conditions,
followed by a second heating step of 250°C for 3 h.

* It is recommended to perform all reactions in ovens with proper ventilation due to the

release of toxic NOx from the gel during the reaction.

2.3.3 Catalyst Characterization

Powder X-Ray diffraction (PXRD) analyses were performed on a Rigaku Ultima
IV diffractometer (Cu Ka radiation, A=1.5406 A) with an operating voltage of 40 kV and
a current of 44 mA. The low-angle PXRD patterns were collected over a 26 range of 0.5-
10° with a continuous scan rate of 0.5° min, where the wide-angle PXRD patterns were
collected over a 20 range of 5-75° with a continuous scan rate of 1.0° min™. The nitrogen
adsorption desorption experiments were done with a Quantachrome Autosorb-1-1C
automated adsorption system. The samples were degassed at 150°C for 6 h under helium
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prior to measurement. The surface areas were calculated using the Brunauer—-Emmett—
Teller (BET) method, and pore sizes and pore volumes were calculated from the desorption
branch of the isotherm using the Barrett—Joyner—Halenda (BJH) method. A Zeiss DSM
982 Gemini field emission scanning electron microscope (FE-SEM) with a Schottky
emitter at an accelerating voltage of 2.0 kV and a beam current of 1.0 mA was used for
determination of surface morphology of the materials. The samples were ultrasonically
dispersed in ethanol and deposited on silicon wafers prior to the analyses. High-resolution
transmission electron microscopy (HR-TEM) images were recorded on a JEOL 2010
FasTEM microscope operating at 200 kV. The samples were prepared by using a focused-
ion-beam (FIB) technique to make thin films to be observed by HR-TEM. The CO>
chemisorption experiments were performed using a Quantachrome Autosorb-1-1C
automated adsorption system. All the samples were heated in helium under vacuum at
150°C for 6 h prior to the experiment. The adsorption studies of UCT-18 and UCT-1 were
done at room temperature. Then, both adsorption and desorption isotherms were measured
for UCT-18-Cs, UCT-1, K-OMS-2 and commercial Mn2Os at 0°C, 25°C and -78°C.
Temperature-resolved in situ powder X-ray diffraction (TR-PXRD) analysis was
performed in an XTRA X-ray diffractometer (Cu Ka radiation) equipped with an Anton
Parr XRK 900 heating chamber. The structural stabilities of UCT-1 and UCT-18 Cs
materials were investigated from 250°C to 550°C using a ramp rate of 5°C mint under air.
Diffraction patterns were obtained in the range of 5-75° 20 at scanning rate of 2.0° min™.
X-ray photoelectron spectroscopy (XPS) was done on a PHI model 590 spectrometer with
multiprobes (®Physical Electronics Industries Inc.), using Al-K radiation (A= 1486.6 eV)

as the radiation source. The powder samples were pressed on carbon tape mounted on
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adhesive copper tape stuck to a sample stage placed in the analysis chamber. The XPS
spectra were analyzed and fitted using CasaXPS software (version 2.3.12). The C 1s
photoelectron line at 284.6 eV was used as a reference for correction of the surface
charging. A mixture of Gaussian (70%) and Lorentzian (30%) functions was used for the
least-squares curve fitting procedure. The temperature programmed reduction (TPR),
temperature programmed oxidation (TPQO), and mass spectrometry were done with a
Thermolyne 79300 model tube furnace equipped with an MKS gas analyzer coupled with
a quadrupole mass selective detector. The samples were treated with Ar for 2 h at 250°C
before the experiment. In the experiments 10% vol. H2 in Ar (for H>-TPR) and 10% vol.
O2 in Ar (for O-TPO) mixtures were used at a constant flow rate in the temperature range
50 - 600°C at a ramp of 10°C min. The temperature programmed desorption (TPD)
experiments were performed with the same Thermolyne 79300 model tube furnace
equipped with an MKS gas analyzer coupled with a quadrupole mass selective detector

using pure Ar as carrier gas. The sample was used without any pretreatment.

2.3.4 Catalytic Activity Measurement

2.3.4.1 Alcohol Oxidation

In a typical alcohol oxidation procedure, alcohol (1.0 mmol), catalyst (50 mg) and
toluene (15 mL) were put in a 50 mL two-necked round bottom flask. The flask with the
reaction mixture with a reflux condenser attached was immersed in a silicon oil bath
preheated to the reaction temperature. The reaction mixture was refluxed under vigorous
stirring (700 rpm) for the required time under air flow. After reaction, the mixture was
cooled, the catalyst was removed by filtration, and GC-MS was used to analyze the filtrate.

The conversion and selectivity were measured by gas chromatography-mass spectrometry
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(GC-MS) methods using a 7820A GC system connected with a thermal conductivity
detector of 5975 series MSD from Agilent Technologies. A nonpolar cross-linked methyl
siloxane column with dimensions of 12 in x 0.200 mm x 0.33 um was used. The
conversions were determined based on concentration of alcohols. The selectivities were
calculated based on aldehydes or ketones as the only products. Most reactions were
repeated at least three times and the average values of conversions were used.
2.3.4.2 1,3,5-Trimethylbenzene Oxidation

In a typical oxidation reaction, 1,3,5-trimethylbenzene (required amount in mL)
and catalyst (100 mg) were put in a 50 mL two-necked round bottom flask. The flask with
the reaction mixture with a reflux condenser attached was immersed in a silicon oil bath
pretreated at 130°C. The reaction mixture was then heated at 130°C under vigorous stirring
(700 rpm) for a certain time under air flow. After reaction, the mixture was cooled, the
catalyst was removed by filtration, and GC-MS was used to analyze the filtrate. The
conversions were determined based on concentration of substrates. The selectivities were

calculated based on aldehydes, acids and esters as the products.

2.4 Structural Characterization

Figure 2.1A and Figure 2.1B represent the low and the wide angle PXRD patterns of the
UCT-18 materials respectively. The low angle diffraction lines, like those of other UCT
materials, indicate the existence of an ordered mesostructure. The low-angle PXRD line
positions are almost the same for UCT-18 and UCT-1 materials (in nm), indicating very
similar particle sizes (Table 2.1). The wide-angle PXRD patterns suggest an amorphous
nature of the materials. The N2 adsorption and desorption isotherms (Figure 2.1C), show

Type IV adsorption isotherms, followed by a Type | hysteresis loop, indicating regular
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mesoporous structures for all materials. The BET surface areas are summarized in Table
1. All the UCT-18 materials exhibit higher surface areas with UCT-18-Na having the
maximum (152 m?/g). The BJH desorption pore size distributions of UCT-18 materials are
the same (pore diameter 3.4 nm) (Figure 2.1D, Table 2.1). The FE-SEM images of UCT-
18 materials (Figure 2.2A-E) show very similar features with no distinguishable
differences. They all show aggregated micron size rounded particles. The HR-TEM images
(Figure 2.2F-H) show aggregated nanoparticles with an average particle size of 10-12 nm
and formation of a porous network in between the particles. The higher magnification HR-
TEM images (Figure 2.2B) indicate that the nanoparticles are crystalline. The lattice
fringes of 0.49 nm and 0.27 nm can be indexed to the crystal phase (200) and (222) of the
Mn;0Os (bixbyite). The lack of diffraction in the PXRD can be attributed to the nano-particle

nature of the materials.
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Figure 2.1 (A) Low angle (0.5° — 8°) PXRD patterns , (B) Wide angle (5° — 75°) PXRD
patterns, (C) N2 sorption isotherms, and (D) BJH desorption pore size distributions of

cation promoted mesoporous manganese oxides (UCT-18-X, X= Mg?*, Ca?*, K*, Na*, and

Cs")
Table 2.1 Structural parameters of UCT-1 and UCT-18?2

Metal Title Surface Pore Pore Volume Low-Angle

Area Diameter (cclg) PXRD peak

(m?/g) (nm) position (nm)
Mn UCT-1 200 2.8 0.153 6.7
Mn/Cs UCT-18-Cs 78 3.4 0.107 7.6
Mn/Na UCT-18-Na 152 3.4 0.192 8.5
Mn/K  UCT-18-K 149 3.4 0.161 8.5
Mn/Ca UCT-18-Ca 101 3.4 0.163 7.1
Mn/Mg UCT-18-Mg 97 3.4 0.151 8.9

a All materials were calcined at 150°C for 12 h, then at 250°C for 3 h.

19



=] (200)
2049.nm. -

Figure 2.2 FE-SEM images of (A) UCT-18-Cs, (B) UCT-18-Na, (C) UCT-18-K, (D)
UCT-18-Ca, (E) UCT-18-Mg (F) UCT-1 materials and HR-TEM images of UCT-18-Cs
material (G, H) at lower magnifications (I) at higher magnification. The measured lattice
distances 0.49 and 0.27 nm are indexed to bixbyite Mn.O3 (200) and (222) planes

The relative basicity of the materials was determined by CO> chemisorption studies,
because of the known role of basicity in oxidation reaction. The CO; adsorption isotherms
at 298K (Figure 3) indicate an increase in basicity with the addition of alkali metal ions
for the manganese oxide resulting in an increase of the adsorbed volume of CO. being
higher for promoted samples. The structural stabilities of UCT-1 and UCT-18-Cs materials

were investigated in a temperature range of 250°C to 550°C under air by TR-PXRD
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(Figure 4A and 4B). The samples are amorphous without any crystalline long-range order.
Both UCT-1 and UCT-18-Cs materials transform to the bixbyite (Mn2O3) phase with rising
temperatures. Interestingly, the addition of trace amounts of Cs cations (Mn/Cs, 3000/1)
has a marked effect on the crystallization temperature. The non-promoted mesoporous
manganese oxide (UCT-1) transforms from an amorphous state to a crystalline state around
350°C, whereas UCT-18-Cs can retain the amorphous state up to 400°C before

crystallizing directly to the bixbyite (Mn.QOs) phase.

0.8+
—i— UCT-1

| —e— ucTt-18-Mg
—A— UCT-18-Ca
06d ¥ UCT-18-K
: —@— UCT-18-Na
—4— UCT-18-Cs

0.44

Amount adsorbed (mmol/g)

0.2

0.0+ v T g T T
0.0 0.2 0.4 0.6

Relative Pressure (P/P )

Figure 2.3 CO; adsorption isotherms of UCT-1 and UCT-18-X, X= Mg?*, Ca?*, K*, Na*,
and Cs" at 298K.
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Figure 2.4 Temperature resolved in situ PXRD (TR-PXRD) of (A) UCT-18-Cs, and (B)
UCT-1. The materials were ramped at 5°C min"t up to 550°C. The diffraction patterns were

obtained in the range of 5-75° 20 at a scanning rate of 2° min™.

The oxidation reduction profiles of the materials were tested by temperature
programmed reduction (H2-TPR) and oxidation (O2-TPO) studies. The two major
reduction peaks in the H>-TPR profile (Figure 5A) indicate a two-step reduction (Mn2O3
to Mn3zO4 and Mn3O4 to MnO). When Cs™ is incorporated in the manganese oxide (UCT-

18-Cs), clear shifts of reduction temperatures to lower values (280°C, 420°C in UCT-1 and
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260°C, 400°C in UCT-18-Cs) were observed, which indicate the easy reducible nature of
UCT-18-Cs. Whereas, opposite to that of the reduction profile, the oxidation peak shifted
to a higher temperature for the UCT-18-Cs (483°C) with respect to nonpromoted UCT-1
(477°C) in the O,-TPO profile (Figure 5B). The temperature programmed desorption (Oa-
TPD) under Ar was performed to look into the surface oxygen activity of the materials in
the oxidation reaction. A major O loss from both of the materials was observed (532°C
for UCT-1 and 570°C for UCT-18-Cs) in the O2-TPD (Figure 5C), which can be ascribed

to the loss of lattice oxygen near the surface of the material *°.
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Figure 2.5 (a) H2-TPR and (b) O2-TPO and (c) O.-TPD profile of UCT-18-Cs and UCT-
1. The measurements were conducted from room temperature to 700°C (10°C/min) under
a stream of 10 % Ha/Ar for H2-TPR, 10 % O2/Ar for O2-TPO and pure Ar for O.-TPD with

a flow rate of 50 sccm.
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The XPS measurements were done to investigate the oxidation states of manganese and
binding energies of different elements in the materials. The XPS results show that the
binding energies (BEs) of Mn fall in the region of BEs of Mn** for all the materials with
negligible differences (Figure 2.6, Table 2.2) which is in good agreement with the Mn203
phase by both Ho-TPR and PXRD analyses. The O 1s region was deconvoluted to three
components corresponding to three different oxygen species with distinct binding
environments. The first component O is the structural or lattice oxygen. The deconvolution
results suggest that the area of the Os peak in all the promoted UCT-18 materials have a

relatively higher amounts (Table 2.2) than that in the nonpromoted UCT-1 material.
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Figure 2.6 XPS analysis: (a) deconvoluted O1s spectra of UCT-18-Cs and UCT-1 (inset)
and (b) Mn 2p spectra of UCT-1 and UCT-18-Cs materials. The C 1s photoelectron line at
284.6 eV was used as a reference for correction of surface charging.
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Table 2.2 XPS results of UCT-1 and UCT-18-Cs materials.

Materials Mn (eV) Os Oads Omw
2ps2 2pw2  BE %A BE %A  BE %A
(eV) (eV) (eV)
UCT-1 6419 6535 529.0 475 530.8 405 5324 120

UCT-18-Cs 641.5 653.2 529.2 553 531.0 321 5325 126
UCT-18-Na 6419 653.4 5293 644 5310 26.8 532.8 8.7
UCT-18-K 641.1 6524 5293 624  530.2 294 5321 8.7
UCT-18-Ca 641.2 653.4 529.3 48.0 531.1 31.0 5327 21.0

UCT-18-Mg 641.3 652.7 529.3 57.7 530.1 32.9 5325 9.3

Os: Structural or lattice oxygen, Oags: Adsorbed oxygen on the surface, Omw: Adsorbed water and

hydroxyl group.

2.5 Catalytic Reactions

2.5.1 Catalyst Screening

The oxidation of benzyl alcohol was selected as a model reaction to evaluate the catalytic
performances of ion promoted mesoporous manganese oxides. We used UCT-18-K as the
model catalyst. Apart from the nominal Mn/cation (100/1, mol/mol) ratio, the UCT-18-K
was also synthesized with different Mn/K molar ratios (50/1, 20/1 and 10/1). The Mn/K
molar ratio 10/1 did not give any clear reaction gel, as surfactant became insoluble and
precipitated. The benzyl alcohol oxidation was done by UCT-18-K with different Mn/K
molar ratios (Figure 2.7). The Mn/K molar ratio 100/1 was found to be the optimum. After

having the superior catalytic activity of K+ promoted manganese oxide (UCT-18-K) over
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nonpromoted and other K+ promoted manganese oxide (UCT-1, K-OMS-2), other
promoted oxide with different alkali metal cations (UCT-18-Mg, UCT-18-Ca, UCT-18-
Na, UCT-18-Cs) were prepared. Selective aerobic oxidation of structurally different
alcohols was performed to evaluate the catalytic performance of mesoporous UCT-1 and
UCT-18 materials. Figure 2.8 describes the increase of activity with the addition of metal
ions for 4 different alcohols. There is a trend of increasing activity observed in the
following order UCT-1 <UCT-18-Mg <UCT-18-Ca <UCT-18-K <UCT-18-Na <UCT-18-
Cs. This trend in activity is related to both the size and charge of the ions in manganese
oxide (the bigger the ratio, higher the catalytic activity). The observed trend suggests that
the promoted materials are always better than nonpromoted ones, and Cs is the best

promoter in the reaction.

80-.
60-.
40-.
20-.
i N .

100/1 50/1 20/1 10/1
Mn/K (mol/mol)

Conversion (%)

Figure 2.7 Oxidation of benzyl alcohol by UCT-18-K with different Mn/K (mol/mol)
nominal ratio. Reaction conditions: benzyl alcohol (1.0 mmol), catalyst (50 mg), toluene
(15 mL), 85°C, air flow, 2 h.
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Figure 2.8 The oxidation of alcohols by UCT-1 and UCT-18. Reaction Conditions:
alcohols (1.0 mmol), toluene (15 mL), catalyst (50 mg), air flow, 85°C/ 110°C, 2 h/4 h.

2.5.2 Oxidation of Alcohols

The UCT-18-Cs (as the most active promoted UCT-18) and non-promoted UCT-1 were
selected for the further testing of oxidations of structurally different alcohols. Table 2.3
summarizes the oxidation of 12 different alcohols catalyzed by the UCT-18-Cs and UCT-
1. The UCT-18-Cs catalyst showed significantly higher activity for the conversion of all
the alcohols to aldehydes or ketones as compared to UCT-1. UCT-18-Cs can oxidize
various types of structurally different alcohols with almost 100% conversions. UCT-18-Cs
can oxidize aromatic [Entry 1-11, Table 2.3], aliphatic [Entry 12, Table 2.3], primary
[Entry 1-8, Table 2.3] and secondary [Entry 9, Table 2.3] alcohols selectively into the
corresponding carbonyl compounds. For a long chain aliphatic alcohol [Entry 12, Table
2.3] the conversion was less, and longer reaction time was required. The alcohols

containing S and N as heteroatoms [Entry 7, 8, Table 2.3] were converted to the
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corresponding aldehydes selectively. In the case of oxidation of piperonyl alcohol [Entry

6, Table 2.3] to piperonyl aldehyde, the UCT-18-Cs had ten times better conversion than

UCT-1. The UCT-18-Cs can convert 1,3-Benzenedimethanol chemoselectively (92%

selectivity) to monoaldehyde with 93% conversion [Entry 11, Table 2.3].

Table 2.3 Aerobic selective oxidation of different alcohols by UCT-1 and UCT-18-Cs?

Entry Substrate Product Time (h) Catalyst Conversion® (%)
1 ©/\OH ©A\o od UCT 1 24
UCT-18-Cs ~99
5 /©/\OH J@Ao 2d UCT 1 12
HsCO HsCO UCT-18-Cs >99
3 /©/\OH /@AO od UCT 1 30
HsC HsC UCT-18-Cs >99
) O/\OH OAO 2 UCT 1 85
O2N 05N UCT-18-Cs >99
5 *oye 2 Len o
UCT-18-Cs
o) o) N
6 { ﬁOH ¢ o 4 UCT 1 >19%
O o UCT-18-Cs
7 [ ] ©H o 2 uctt _40_
N N UCT-18-Cs 95
s S UCT 1 70
8 N 2 et v
L/ oH \/ o UCT-18-Cs 92
OH o)
o 2 UCT 1 30
o0 Uug UCT-18Cs 99
@M ©M UCT-18-Cs 50
6 UCT 1 80
11 S e . 80
HOﬁOH HO«@”® UCT-18-Cs® 9
15 _uceT1 3
NN PN N NS -
12 OH o UCT-18-Cs 20

#Reaction Conditions: alcohols (1.0 mmol), toluene (15 mL), catalyst (50 mg), 110°C, under air

flow. ® Determined by GC-MS °Selectivity was 100%, no products other than aldehyde and ketone

were found. ¢ Reactions were performed at 85°C. © Selectivity was 92%, the other product was di-

aldehyde for UCT-18-Cs.
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2.5.3 The oxidation of 1,3,5-trimethylbenzene (C-H activation)

The UCT-18-Cs was investigated further for the activation of relatively inert C-H bond.
1,3,5-Trimethylbenzene (mesitylene) was used as substrate. The UCT-18-Cs successfully
oxidized 1,3,5-trimethylbenzene to 3,5-dimethylbenzoic acid with a very high conversion
(99%) and selectivity (90%) under aerobic and solvent free conditions (Table 2.4). Similar
to oxidation of alcohols, the UCT-18-Cs (99% conversion) demonstrate enhanced catalytic
performance over UCT-1 (52% conversion) [Entry 4, Table 2.4] under similar conditions.
The UCT-18-Cs also exhibits a high conversions (95%) and selectivity (~90%) with
different scale of reactants [Entry 2-3, Table 2.4]. The oxidation of 1,3,5-
trimethylbenzene also produced (3,5-dimethylphenyl)methyl ester (~10% selectivity) via

cross-dehydrogenative coupling.

Table 2.4 Aerobic oxidation and cross dehydrogenative coupling of 1,3,5-

timethylbenzene?

S ETTE

Entry Catalyst Amount (mL)  Time  Conversion® Selectivity® (%)
(h) (%)
Aldehyde Acid Ester
1 UCT-18-Cs 5 (35 mmol) 36 95 nd 88 12
2 UCT-18-Cs 10 (70 mmol) 40 99 1 90 9
3 UCT-18-Cs 25 (175 mmol) 72 91 nd 91 9
4 UCT-1 10 (70 mmol) 40 52 7 69 24

#Reaction Conditions: 1,3,5-trimethylbenzene (required amount in mL), catalyst (100 mg), 130°C,
air flow. ® Dtermined by GC-MS. ¢ Selectivity (%) of product = [(concentration of product) x (total

concentration of all products) '] x100. nd = not detected (<1%).
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2.6 Discussion

In the synthesis of UCT-18, Mn precursors, along with the other ionic sources, were
confined in inverse surfactant (P123) micelles, which were then packed to form
mesoporous materials. The uncontrolled aggregation of oxo-clusters was prevented by
surfactant molecules in the reverse micelles and the interface modifier (1-butanol). The
hydrotropic nitrate ion increased the solubility of the surfactants by decreasing the
aggregation number. The nitrate ions penetrated into the micelles to hydrate it and pulled
the positively charged oxo clusters into the micelles 6. The reaction was driven by
evaporation of the solvent at 120°C and thermal NOx formation (from the nitrate ion) to
control the sol-gel chemistry of Mn sols. The surfactants in the resulting materials were
washed off with ethanol (solvent extraction). The mesopores were formed by connected
inter-particle voids. The chemisorbed nitric oxides and carboxylates were removed from
the structure by heating the material at 150°C for 12 h and 250°C for 3 h under air ’.

Despite the promoter ions being mentioned several times in the literature, their
major role in catalytic reactions is still unclear 821, A trend of increasing catalytic activity
with the increasing size/charge ratio of promoter cations has not been previously observed.
One possible explanation concerning the role of promoter ions in the enhanced catalytic
activity is the alteration of the surface basicity. Alkali metal ions on the surface of the
oxides are known to increase the basicity of the material due to their electropositive
nature®2. The basic sites can be considered either as defects in the material or as enhanced
electron density of the framework oxygen due to the presence of electropositive cations 23,
The effect of surface Cs* ions can cause the binding energy of lattice oxygen to decrease

in energy as discussed by Santos et al. which also correlates with the increase of surface
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basicity 2. The presence of basic sites on the manganese oxide materials promote the
dehydration step by aiding the deprotonation of the alcohol, which is an important step for
partial oxidation 2°. The basicity of the materials also promotes the oxidation of
alkylbenzenes 2°. Therefore, increasing the basicity of mesoporous manganese oxide by
incorporation of alkali metal ions can enhance the catalytic activity for oxidation and
esterification. In this work trace amounts of alkali metal ions (Mn/ion, >1000/1) were
incorporated in the manganese oxide materials. However, the ions caused a remarkable
increase in the catalytic activity towards oxidative transformations.

There is a trend of increasing basicity for the promoted materials (as revealed from
CO; adsorption), which was correlated with the size/charge ratio of the cations. Like the
trend observed for the oxidation of different alcohols, a similar trend was observed for the
basicity of the materials, with Cs promoted material being the most basic. Therefore, the
basicity of the promoted materials plays an important role in the higher activity in oxidation
of alcohols and alkylbenzenes. Despite the fact that adding base in the reaction can increase
the activity in oxidation in many systems, an efficient oxidation process should not involve
any additives such as base or acid 2’. The bifuctional nature (redox and basic) of UCT-18-
Cs can enhance the oxidation activity without any additional base.

The activity enhancement can be linked to the ease of reducibility of the materials.
The low reduction temperatures of promoted UCT-18-Cs (280°C, 420°C in UCT-1 and
260°C, 400°C in UCT-18-Cs), as observed in H>-TPR studies indicate an increase of
mobility and accessibility of lattice oxygen. The presence of Cs*™ can cause a more facile
supply of lattice oxygen, which can create defects in the materials 2. The defects can

promote the adsorption of the substrate, since high adsorption capacity of the mesoporous
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materials is a well-established property 8. The effect of lattice oxygen is more prominent
as observed in the O>-TPD studies. The UCT-1 and UCT-18-Cs evolve lattice oxygen at
around 532°C and 570°C respectively. Though these materials are amorphous in nature
they still have some crystallinity with a framework structure as observed in HR-TEM
images. So the term lattice (or bulk) oxygen can be used for the amorphous UCT-1 and
UCT-18-Cs materials. The involvement of lattice oxygen in the catalytic activity suggests
that the reaction goes through the Mars-Van-Krevelen mechanism 2922, The Mn®" species
can disproportionate to Mn?* and Mn** species under oxidative conditions *3. The adsorbed
alcohol molecules get oxidized with multi-electron transfer between the Mn centers
(Scheme 2.1). The reduced Mn species, however, can get oxidized by labile lattice oxygen
with creation of oxygen vacancies. The resulting oxygen vacancies are finally replenished
by gas phase oxygen molecules. The presence of three different oxygen species in different
binding environments was established by XPS studies. The areas of Os peaks (structural or
lattice oxygen) in all the promoted UCT-18 materials are relatively higher than
nonpromoted UCT-1. Therefore, the easily reducible best promoted UCT-18-Cs evolve
more labile lattice oxygen readily by creating active sites, which is related to the enhanced

catalytic activity.

32



MnZ%

Ph-CH,0OH Oz

Mn3%

Ph-CHO 0%

oue M

0,2 +2H* — Hy0p —» Hy,0 +1/2 0
Scheme 2.1 Proposed alcohol oxidation mechanism over UCT-18-Cs.

Selective oxidation of several different alcohols were performed by nonpromoted
(UCT-1) and promoted (UCT-18) mesoporous manganese oxides. The activity followed
the series of cations according to the size/charge ratio, UCT-1 <UCT-18-Mg <UCT-18-Ca
<UCT-18-K <UCT-18-Na <UCT-18-Cs. Among the promoted oxides, the Cs promoted
one performed best. The Cs promoted material (UCT-18-Cs) was then used for oxidation
of 12 different alcohols to the corresponding aldehydes and ketones. The reaction exhibited
very high conversion (> 99% in most cases) in most cases under mild aerobic conditions.
Only in the case of big and inactive 1-decanol [Entry 12, Table 2] the conversion was less.
This may be due to the limitation of molecular transportation in the mesopores of the
catalyst. Transition metal oxide based catalysts are notorious for not being ideal of
heterogeneous catalysts for the selective oxidation of alcohols containing heteroatoms (i.e.
S and N), because the strong coordination of the heteroatom with the metal center results
in deactivation of the catalyst **. However, UCT-18-Cs successfully and selectively
catalyzed the oxidation of alcohols containing S and N as heteroatoms [Entry 7, 8, Table
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2.2] to the corresponding aldehydes. Moreover the recovered catalyst (UCT-18-Cs) gave
conversions similar to the fresh catalysts in the case of oxidation of 2-thiophenemethanol.
The catalytic performance of UCT-18-Cs can be restored by simply washing with toluene
and methanol and reactivation (250°C for 2 h in air). The reactivation is required to remove
adsorbed species from the surface of the catalyst. The first order dependence of rate on
alcohol concentration is also an indication of the rate determining step, which could involve
adsorption of alcohols or desorption of aldehydes from the active sites of the catalyst
surface. The lower activity under N2 (30% conversion) compared to air (> 99% conversion)
is attributed to adsorbed oxygen on the catalyst surface and labile lattice oxygen. These
observations also indicate the role of air in the oxidation reaction, as the loss of lattice
oxygen should be replenished by the oxygen coming from air 2. The significantly lower
conversion (10% conversion in acetonitrile) in polar solvents is due to competitive binding
of polar solvents and the substrate molecules to the active sites of the catalyst 2. The
reaction in acetonitrile (100% selectivity for benzaldehyde; no other products were
detected) also rules out the formation of toluene due to a non-oxidative disproportionation
reaction of benzyl alcohol 352 under the reaction conditions. The oxidation of reaction
solvent, toluene (without the substrate) was carried out under identical conditions by UCT-
18-Cs to verify if benzaldehyde was formed as a result of oxidation of toluene. The trace
amount of benzaldehyde (<1%) formed after 15 h of reaction indicates that UCT-18-Cs
selectively catalyzed the oxidation of alcohols under the mentioned reaction conditions.
The oxidation of aromatic C-H bonds required prolonged reaction time with higher
amounts of catalyst. Moreover, UCT-18-Cs can undergo solvent free green oxidation of

1,3,5-trimethylbenzene to 3,5-dimethylbenzoic acid with very high conversion (> 90%
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conversion) and selectivity (90/10, acid/ester). This kind of green oxidation under mild and
aerobic conditions has not been observed before. Even in the case of large scale
transformation, the catalyst exhibited similar conversions and selectivities, (Table 3). The
reaction also yielded (3,5-dimethylphenyl)methyl ester along with the acid. The formation
of ester is due to cross dehydrogenative coupling (CDC) between 1,3,5-trimethylbenzene
or any other intermediates like corresponding alcohols, aldehydes or acids. The typical
catalysts used for the cross dehydrogenative coupling are catalysts containing metal centers
like Ru, Rh, V, Cu with base additives and TBHP as oxidant %%, The UCT-18-Cs can
promote the formation of esters under ambient aerobic and green conditions without the

presence of base or expensive oxidants.

2.7 Conclusion

To summarize, the incorporation of trace amounts of alkali metal ions leads us to
promoted mesoporous manganese oxides. The cation promoted materials (UCT-18)
exhibited regular mesoporosity with pore sizes of 3.4 nm. These catalysts demonstrated
other characteristic features of UCT materials (one low angle diffraction line, Type IV
isotherm, aggregation of rounded micron size nanoparticles). The cation promoted
mesoporous manganese oxides exhibited high catalytic performance for oxidation of
alcohols to carbonyl compounds under mild aerobic reaction conditions in the following
order UCT-1 <UCT-18-Mg <UCT-18-Ca <UCT-18-K <UCT-18-Na <UCT-18-Cs. The
order followed the size/charge ratios of the incorporated cations, which correlates with the
increase of relative basicity of the materials. The Cs promoted mesoporous manganese

oxide was found to be the most active for the selective alcohol oxidation reactions (> 95%

35



conversion in most cases, 100% selectivity). The UCT-18-Cs material demonstrated
superior catalytic activity in formation of solvent free green oxidation of 1,3,5-
trimethylbenzene to 3,5-dimethylbenzoic acid and (3,5-dimethylphenyl)methyl ester with
very high conversions (> 90% conversion) and selectivity (90/10, acid/ester). Such kinds
of scalable, green and mild aerobic oxidation and cross dehydrogenative coupling of
relatively inert C-H bonds are observed for the first time. The enhancement in catalytic
activity can be correlated to the bifunctional (redox and basic) nature of the material, which
in turn correlates with the promoting effect of ions in the mesoporous manganese oxides.
The easily reducible nature with retention of the amorphous phase reflects the involvement
of greater amounts of accessible lattice or structural oxygen, which are the other
contributing factor for the enhancement of catalytic activity. The use of mild reaction
conditions, (use of air as oxidant, ambient pressure), excellent reusability and high activity
towards inactive compounds make the UCT-18 (especially UCT-18-Cs) materials
environmentally friendly, as well as a new class of oxidation catalysts. The tunable pore
size and crystallinity by simple heating cycles make the materials more ubiquitous and this

opens a new avenue for the design and application of heterogeneous catalysts.

36



2.8 References

1) Vinod, C. P.; Wilson, K.; Lee, A. F. J. Chem. Technol. Biotechnol. 2011, 86, 161-
171.

2 Schultz, M. J.; Sigman, M. S. Tetrahedron 2006, 62, 8227-8241.

3 Mallat, T.; Baiker, A. Chem. Rev. 2004, 104, 3037-3058.

4) Shylesh, S.; Schiinemann, V.; Thiel, W. R. Angew. Chem. Int. Ed. 2010, 49, 3428-
3459.

(5) Ishii, Y.; Sakaguchi, S.; lwahama, T. Adv. Synth. Catal. 2001, 343, 393-427.

(6) Shilov, A. E.; Shul'pin, G. B. Chem. Rev. 1997, 97, 2879-2932.

() Yoshino, Y.; Hayashi, Y.; lwahama, T.; Sakaguchi, S.; Ishii, Y. J. Org. Chem.
1997, 62, 6810-6813.

(8) Dick, A. R.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 2300-2301.
9 Shijina, A. V.; Renuka, N. K. React. Kinet. Catal. Lett. 2008, 94, 261-270.

(10)  Béckvall, J.-E. Modern oxidation methods; John Wiley & Sons, 2011.

(11) Nikalje, M. D.; Sudalai, A. Tetrahedron 1999, 55, 5903-5908.

(12) Das, T.; Chaudhari, K.; Nandanan, E.; Chandwadkar, A.; Sudalai, A.;
Ravindranathan, T.; Sivasanker, S. Tetrahedron Lett. 1997, 38, 3631-3634.

(13) Bonvin, Y.; Callens, E.; Larrosa, I.; Henderson, D. A.; Oldham, J.; Burton, A. J.;
Barrett, A. G. Org. Lett. 2005, 7, 4549-4552.

(14)  Shaikh, T. M. A.; Sudalai, A. Eur. J. Org. Chem. 2008, 2008, 4877-4880.

(15) Genuino, H. C.; Dharmarathna, S.; Njagi, E. C.; Mei, M. C.; Suib, S. L. J. Phys.
Chem. C 2012, 116, 12066-12078.

(16) Poyraz, A. S.; Dag, O. m. J. Phys. Chem. C 2009, 113, 18596-18607.

(17) Poyraz, A. S.; Kuo, C.-H.; Biswas, S.; King’ondu, C. K.; Suib, S. L. Nat. Commun.
2013, 4, 2952.

(18) Arai, M.; Nishiyama, S.; Tsuruya, S.; Masai, M. J. Chem. Soc., Faraday Trans.
1996, 92, 2631-2636.

(19) Genta, M.; Nishiyama, S.; Tsuruya, S.; Masai, M. J. Chem. Soc., Faraday Trans.
1996, 92, 1267-1275.

37



(20) Tang, Q.; Huang, X.; Wu, C.; Zhao, P.; Chen, Y.; Yang, Y. J. Mol. Catal. A: Chem.
2009, 306, 48-53.

(21) Li, Y.; Nakashima, D.; Ichihashi, Y.; Nishiyama, S.; Tsuruya, S. Ind. Eng. Chem.
Res. 2004, 43, 6021-6026.

(22) Helwani, Z.; Othman, M.; Aziz, N.; Kim, J.; Fernando, W. Appl. Catal., A: Gen.
2009, 363, 1-10.

(23) Martra, G.; Ocule, R.; Marchese, L.; Centi, G.; Coluccia, S. Catal. Today 2002, 73,
83-93.

(24)  Santos, V.; Pereira, M.; Orféo, J.; Figueiredo, J. Appl. Catal. B: Environ 2009, 88,
550-556.

(25) Zheng, N.; Stucky, G. D. Chem. Commun. 2007, 3862-3864.

(26) Jana, S. K.; Wu, P.; Tatsumi, T. J. Catal. 2006, 240, 268-274.

(27)  Abad, A.; Concepcidn, P.; Corma, A.; Garcia, H. Angew. Chem. Int. Ed. 2005, 44,
4066-4069.

(28) Climent, M.; Velty, A.; Corma, A. Green Chemistry 2002, 4, 565-569.

(29) Makwana, V. D.; Son, Y.-C.; Howell, A. R.; Suib, S. L. J. Catal. 2002, 210, 46-52.
(30) Doornkamp, C.; Ponec, V.. Mol. Catal. A: Chem. 2000, 162, 19-32.

(31) Poyraz, A. S.; Song, W.; Kriz, D.; Kuo, C.-H.; Seraji, M. S. I.; Suib, S. L. ACS
Appl. Mater. Interfaces 2014, 6 (14), 10986-10991.

(32) Dharmarathna, S.; King’ondu, C. K.; Pahalagedara, L.; Kuo, C.-H.; Zhang, Y.;
Suib, S. L. Appl. Catal., B: Environ. 2014, 147, 124-131.

(33) Takashima, T.; Hashimoto, K.; Nakamura, R. J. Am. Chem. Soc. 2012, 134, 1519-
1527.

(34) Karimi, B.; Biglari, A.; Clark, J. H.; Budarin, V. Angew. Chem. Int. Ed. 2007, 46,
7210-7213.

(35) Sankar, M.; Nowicka, E.; Tiruvalam, R.; He, Q.; Taylor, S. H.; Kiely, C. J.; Bethell,
D.; Knight, D. W.; Hutchings, G. J. Chem. Eur. J. 2011, 17, 6524-6532.

(36) Meenakshisundaram, S.; Nowicka, E.; Miedziak, P. J.; Brett, G. L.; Jenkins, R. L.;
Dimitratos, N.; Taylor, S. H.; Knight, D. W.; Bethell, D.; Hutchings, G. J. Faraday
Discuss. 2010, 145, 341-356.

38



(37)  Majji, G.; Guin, S.; Gogoi, A.; Rout, S. K.; Patel, B. K. Chem. Commun. 2013, 49,
3031-3033.

(38) Zhang, J.; Leitus, G.; Ben-David, Y.; Milstein, D. J. Am. Chem. Soc. 2005, 127,
10840-10841.

(39) Liu, C.; Tang, S.; Zheng, L.; Liu, D.; Zhang, H.; Lei, A. Angew. Chem. 2012, 124,
5760-5764.

(40) Rout, S. K.; Guin, S.; Ghara, K. K.; Banerjee, A.; Patel, B. K. Org. Lett. 2012, 14,
3982-3985.

39



CHAPTER 3. Efficient Aerobic Oxidation of Amines to Imines by

Cesium Promoted Mesoporous Manganese Oxide

3.1 Abstract

Selective oxidation of amines to imines is one of the most studied reactions in the
field of heterogeneous catalysis. Cs ion promoted mesoporous manganese oxide (meso
Cs/MnOy) was synthesized using inverse surfactant micelles as a soft template. The meso-
Cs/MnOx material presented an aggregated nanocrystalline nature with monomodal
mesoporous size distributions. The catalyst was found to be effective in oxidation of
amines to imines under aerobic conditions. The meso Cs/MnOx exhibited oxidation of
primary, secondary, cyclic, aromatic, and aliphatic amines to imines, where the
conversions reached as high as >99%. The catalyst was also effective in oxidative cross
condensation of two different amines to produce asymmetrically substituted imines.
Surface active Mn®* species along with labile lattice oxygen, were found to play an
important role in the catalytic activity. Mild reaction conditions (air atmosphere and
absence of any oxidative or basic promoters), ease of product separation by simple
filtration and significant reusability make this mesoporous manganese oxide material an

economical and ecofriendly catalyst for the syntheses of versatile imine derivatives.

3.2 Introduction

Imines are a class of nitrogen based compounds with high reactivity due to the
presence of unsaturated C=N double bonds. Derivatives of imines have versatile uses in

the production of heterocyclic chemicals and pharmaceutical compounds?. The traditional
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approach to imine synthesis involves condensation reaction between amines and carbonyl
compounds. The process often requires Lewis acid catalysts, dehydrating agents, activated
aldehydes and prolonged reaction time therefore restrain the use of this process practically
and environmentally?3. As an alternative approach, the direct oxidation of amines has
attracted considerable attention for synthesis of imines. Stoichiometric oxidants such as
chromate, permanganate, and 2-iodoxybenzoic acid* have been used for the oxidation of
amines to imines. However, the use of stoichiometric oxidants has several drawbacks,

which are the production of undesirable toxic waste and difficulties in product separation.

Some established heterogeneous catalytic systems for the oxidation of amines to
imines include precious metal based catalysts such as palladium, gold®?®, other systems like
ruthenium®!°, graphene oxide!!, metal organic frameworks!?, a-MnO23, copper** and
photocatalysts like TiO2*>16, BiVO4'" and Nb,Os'8. In spite of good yields and selectivity,
all of the catalysts either have cumbersome preparation methods or require the use of harsh
reaction conditions such as high pressure, light irradiation, and use of oxidative
promoters'®. Moreover, limited activity of aliphatic amines with undesired side reactions
is another flaw for the reported systems. Despite good activity in the syntheses of
symmetrical imines, syntheses of asymmetrically substituted imines by cross condensation
of two amines have barely been discussed. Therefore, design of an effective heterogeneous
catalyst system for the oxidation of amines is desirable, which ideally involves mild aerobic
atmospheric conditions, high TOF, avoidance of any additives, high reusability, and

activity towards syntheses of symmetrical and asymmetrical substituted imines.

Herein, we report the aerobic oxidation of amines to imines and oxidative cross

condensation of two different amines (benzylamine and other aromatic and aliphatic
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amines) with mesoporous Cs promoted manganese oxide material (meso Cs/MnOy). Use
of air as the sole oxidant, ambient reaction conditions, high yields of imines, and absence
of additives make this process superior over other heterogeneous catalytic systems. The
mechanistic pathways and kinetic analysis were also studied in detail. This is the first
example of additive free and non-photochemical heterogeneous catalytic system for
synthesizing symmetrical and asymmetrical imines from diverse amines under aerobic

atmospheric conditions.

3.3 Experimental Section

3.3.1 Synthesis of mesoporous Cs/MnOx

In a typical synthesis 0.02 mol of manganese nitrate tetrahydrate (Mn (NO3)2-4H20) and
0.134 mol of 1-butanol were added into a 120 mL beaker. To this solution 0.00034 mol of
poly(ethyleneglycol)-block-poly(propyleneglycol)-block-poly(ethylene glycol) (Pluoronic
P123, PEO20PPO70PEO20, molar mass 5750 g mol™!) and 0.032 mol of concentrated nitric
acid (HNOs3) were added and stirred at room temperature until the solution became clear
(light pink). To this clear solution 200 pL of 1.0 M cesium nitrate (CsNO3) aqueous
solution was added maintaining the Mn/Cs molar ratio of 100/1. The resulting clear
solution was then kept in an oven at 120°C for 3 h under air. The black product was
collected and washed with excess ethanol, centrifuged, and dried in a vacuum oven at room
temperature overnight. At the end, the dried black powders were subjected to a heating
cycle. First they were heated at 150°C for 12 h and cooled to room temperature under
ambient conditions followed by a second heating step of 250°C for 3 h. Mesoporous MnOx

was synthesized by the same procedure without adding any CsNOs solution.
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3.3.2 Catalyst Characterization

Powder X-Ray diffraction (PXRD) measurements were performed on a Rigaku Ultima
IV diffractometer (Cu Ka radiation, A=1.5406 A) with an operating voltage of 40 kV and
a current of 44 mA. The low-angle PXRD pattern was collected over a 2 theta range of
0.5-8° with a continuous scan rate of 0.5° min™, where the wide-angle PXRD pattern was
collected over a 2 theta range of 5-75° with a continuous scan rate of 2.0° min™. Nitrogen
sorption experiments were performed by a Quantachrome Autosorb-1-1C automated
adsorption system. The material was degassed at 150°C for 5 h (ramp rate 10°C / min)
under helium prior to measurement. The surface area was calculated using the Brunauer—
Emmett-Teller (BET) method, and the Barrett—Joyner—Halenda (BJH) method was utilized
to calculate the pore sizes and pore volume from the desorption branch of the isotherm.
The surface morphology was determined with a Zeiss DSM 982 Gemini field emission
scanning electron microscope (FE-SEM) with a Schottky emitter at an accelerating voltage
of 2.0 kV having a beam current of 1.0 mA. High-resolution transmission electron
microscopy (HR-TEM) experiments were carried out ona JEOL 2010 FasTEM microscope
at an operating voltage of 200 kV. The samples were prepared by casting the suspension
of material on a carbon coated copper grid. X-ray photoelectron spectroscopy (XPS) was
done on a PHI model 590 spectrometer with multiprobes (®Physical Electronics Industries
Inc.), using Al-K radiation (A= 1486.6 eV) as the radiation source and was fitted using
CasaXPS software (version 2.3.12). The powder samples were pressed on carbon tape
mounted on adhesive copper tape stuck to a sample stage placed in the analysis chamber.
For correction of surface charging, the C 1s photoelectron line at 284.6 eV was taken as a

reference. A mixture of Gaussian (70%) and Lorentzian (30%) functions was used for the
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least-squares curve fitting procedure. The temperature programmed desorption (TPD)
experiments were performed with a Thermolyne 79300 model tube furnace equipped with
an MKS gas analyzer coupled with a quadrupole mass selective detector. The samples were
treated with Ar for 2 h at 250°C before the experiment. Ar was used as a carrier gas in the
experiments at a constant flow rate in the temperature range 50°C to 600°C at a ramp of
10°C min. The amount of Cs in the material was determined with a Perkin Elmer/DRC-¢e
inductively coupled plasma mass spectrometer (ICP-MS) CETAC laser ablation unit,
whereas Perkin Elmer Optima 7300DV inductively coupled plasma optical emission

spectrometer (ICP-OES) was used to determine the Mn concentration.

3.3.3 Catalytic Activity Measurements

3.3.3.1 Oxidation of amines to imines:

In a typical amine oxidation reaction, a mixture of amine (0.5 mmol), catalyst (25 mg)
and toluene (5 mL) was added in a 25 mL round bottom flask equipped with a condenser.
The reaction mixture was heated to reflux under vigorous stirring (700 rpm) for the
required time under an air balloon. After reaction, the mixture was cooled, and the catalyst
was removed by filtration. The product analysis was done using GC-MS (gas
chromatography-mass spectrometry). The conversion was determined based on the
concentration of amines. Most reactions were repeated twice and the average values were

used.

Pure imines were obtained by washing and evaporation of the solvent. The reaction was
cooled to room temperature after completion (having negligible amount of aldehydes and

cyanides along with imines). The catalyst was removed by centrifugation and washed
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several times with toluene. The filtrate was collected and kept for evaporation of solvent
and finally dried under vacuum. The imine products were identified by the *H NMR and

13C NMR spectra.

3.3.3.2 Cross-coupling of amines: In a typical cross-coupling reaction, a mixture (1/3
molar ratio) of benzylamine and other aliphatic and aromatic amines (Table 3), catalyst (25
mg) and toluene (5 mL) were put ina 25 mL round bottom flask equipped with a condenser.
The reaction mixture was heated to reflux with vigorous stirring (700 rpm) for the required
time under an air balloon. After reaction, the mixture was cooled, the catalyst was removed
by filtration, and GC-MS was used to analyze the filtrate. The conversion was determined
based on concentration of benzylamine (limiting reactant). The selectivity was calculated

based on the self and cross products of benzylamine.

3.3.3.3 Analysis of reaction products

The GC-MS analyses were performed by a 7820A GC system connected with a mass
detector of 5975 series MSD from Agilent Technologies, and a nonpolar cross-linked
methyl siloxane column with dimensions of 12 in x 0.200 mm x 0.33 um was used. The
'H and *C NMR spectra were recorded on a Bruker AVANCE I11- 400 MHz spectrometer.
'H NMR spectra were collected at 400 MHz with chemical shift referenced to the residual
peak in CDCls (8: H 7.26 ppm). *C NMR spectra were collected at 100 MHz and
referenced to residual peak in CDClz (&: C 77.0 ppm). Multiplicities are written as s

(singlet), d (doublet), t (triplet), and m (multiplet).
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3.4 Structural characterization of Meso Cs/MnQOy

The physicochemical and morphological features of the material were characterized
extensively by powder X-ray diffraction (PXRD), N2 sorption, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), temperature programmed desorption (TPD) and inductive coupled
plasma (ICP) techniques. The PXRD pattern (Figure 3.1A) at low angle region (0.5° to 8°)
displayed a single peak, which represented the irregular porous nature of the materials. No
distinct diffraction pattern was observed in the wide angle (5° - 75°) range (Figure 3.1B),
which indicated the poorly crystalline nature of the material. The mesoporosity of the
material was confirmed by N2 sorption experiments (Figure 3.1C), where a Type IV
adsorption isotherm followed by a Type I hysteresis loop was observed. Pore size of meso
Cs/MnOx was calculated as 3.4 nm by the BJH method (Figure 3.1D) from the desorption
branch of the isotherm, whereas the surface area was 79 m? g*X. SEM images (Figure 3.2)
showed that aggregated nanoparticles formed quasi-spherical micron sized morphology.
TEM image (Figure 3.3A) also revealed the random packing of nano-oxide particles.
Unlike PXRD, the high resolution TEM (Figure 3.3B) indicated the crystalline nature of
the material. The lattice fringes were calculated as 0.27 nm, which can be correlated to the
(222) plane of Mn;Os (bixbyite) phase, which was in agreement with the literature
findings®. The poorly crystalline nature of the material can be the reason for absence of

any diffraction peaks under PXRD.
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Figure 3.1 Structural characterization of meso Cs/MnOx. PXRD patterns (A) Low angle
(0.5°-8°), (B) Wide angle (5°-75°), (C) N2 sorption isotherm and (D) BJH desorption pore

size distribution.

(A) -

Figure 3.2 SEM images of meso Cs/MnOy at (A) low and (B) higher magnifications.
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(B)

Figure 3.3 TEM images of meso Cs/MnOx at (A) low and (B) higher magnification. The
measured lattice distances of 0.27 nm can be indexed to bixbyite Mn20Os (222) planes.

The Mn 2p XPS spectra in Figure 3.4B consist of two peaks, which were assigned
as Mn 2pz2 and Mn 2p12 core levels. The binding energies of 641.5 eV and 653.5 eV can
be attributed to the Mn®* oxidation state?®2!, The O 1s spectra (Figure 3.4A) showed a
broad peak of binding energy in the range of ~ 527 to 536 eV, indicating the presence of
multiple oxygen species. Deconvolution of O 1s spectra (Figure 3.4A) specified the
existence of three different binding oxygen species, namely, structural or lattice oxygen
(Os), surface adsorbed oxygen (Oags) and adsorbed water or hydroxyl group (Omw)?. The
relative amount of structural oxygen (Os) was higher than the other type of oxygen species.
O-TPD data under a stream of Ar gas are shown in Figure 3.5. In general, desorption of
surface adsorbed oxygen species and labile lattice oxygen species with different Mn-O
bond strengths cause the appearance of peaks in the O>-TPD profile. A major loss of O
from the meso Cs/MnOx material was observed at 570°C, which can be ascribed to the
evolution of lattice oxygen from the manganese oxide®2. ICP-MS was employed to verify

the amount of Cs in the material. A very low concentration of Cs (Mn/Cs molar ratio was
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604/1), quite different than the nominal ratio (100/1), was detected. Excess ions were

probably removed by washing.
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Figure 3.4. XPS of meso Cs/MnOx. (A) Deconvoluted O1S spectra. Three different oxygen
species were identified: Structural or lattice oxygen (Os), surface adsorbed oxygen (Oads)
and adsorbed water or hydroxyl group (Omw) and (B) Mn 2p spectra. The binding energy
values fall in the binding energy of the Mn3* oxidation state.
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Figure 3.5 O>-TPD of meso Cs/MnOyx. The peak around 570°C can be ascribed as the

lattice or structural oxygen desorption from the material.
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3.5 Catalytic reaction

3.5.1 Optimization of reaction conditions

Initially, we have selected the oxidative coupling of 4-methoxybenzylamine as a
model reaction for developing the optimal reaction conditions. First, the reactions were
performed in solvents of different polarity at their respective boiling points (Entry 1-4,
Table 3.1). Toluene (the one with highest boiling point, 110°C) gave the highest
conversion (>99%) (Entry 4, Table 3.1) and selectivity of 80% towards the imine, among
the tested solvents and was selected for further studies. The imine formation reaction
generally is initiated by the oxidative dehydrogenation of amines to form the RCH=NH
intermediate followed by reacting with water to form aldehyde. The intermediate aldehyde
was then condensed with the amines to form the target imine molecules. Aldehyde and
cyanide as side products were observed in our system. Since the formation of side products
is favored at high temperatures, the reaction was performed at relatively lower temperature
(80°C). In spite of high selectivity of imine (>99%) achieved at 80°C, conversion decreased
significantly to 45% (Entry 5, Table 3.1). Furthermore, the variation of selectivity for
imine with catalyst loading was established for meso Cs/MnOy (Entry 5-7, Table 3.1).
While no significant changes in conversion and selectivity were observed with the catalyst
loading of 100 mg (Entry 6, Table 3.1), decreasing the catalyst amount to 25 mg was
found to be sufficient to drive the reaction towards a quantitative conversion (>99%) and
high selectivity (96%) (Entry 7, Table 3.1). The reaction was completed in 5 h in aerobic
atmospheric conditions without use of any additives. When pure oxygen was used instead

of air as oxidant (Entry 8, Table 3.1), the reaction was completed even at shorter times. A
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significant decrease of conversion (53%) was observed under a nitrogen atmosphere in 8 h

(Entry 9, Table 3.1).

Table 3.1 Optimization of oxidative coupling of 4-methoxy benzyl amine?

Entry  Solvent Temp. Time Oxidant Conversion® Selectivity® TOFY

(°C) (h) (%) (%)
1 Methanol 60 8 Air 50 94 0.097
2 Dioxane 100 8 Air 55 100 0.107
3 Hexane 66 8 Air 44 100 0.086
4 Toluene 110 8 Air 100 80 0.195
5 Toluene 80 8 Air 45 100 0.088
6°¢ Toluene 110 8 Air 100 85 0.099
77 Toluene 110 5 Air 100 96 0.625
8"  Toluene 110 3 02 90 100 1.041
9" Toluene 110 8 N2 53 100 0.207

# Reaction conditions: 4-methoxy benzyl amine (0.5 mmol), meso Cs/MnOy (50 mg), solvent (5
mL), air balloon, 3-5 h. b Conversions were determined by GC-MS based on concentration of
amines. °The other products were aldehyde and cyanide. “TOF = TON . time (h) ™, TON = moles
of amine converted per mole of catalyst. nd = not determined by GC-MS. ®100 mg catalyst. '25 mg

catalyst.
3.5.2 Comparison with different catalysts

We then compared the activity with the well-established manganse oxide based
catalysts. Very low conversion (10%) was achieved in the absence of any catalyst in 8 h
(Entry 7, Table 3.2). No improvement of conversion was observed using commercial
nonporous Mn;Os3 indicating total inactivity under the present condition (Entry 6, Table
3.2). Using potassium containing manganese oxide octahedral molecular sieves (K-OMS-

22%) selectivity for imines decreased drastically to 42% with formation a of high
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concentration of cyanide and aldehyde products. Other manganese oxide based catalysts
like amorphous manganese oxide and birnessite were also tested under the present reaction
conditions (Entry 4-5, Table 3.2). Meso MnOx without Cs promoter resulted in similar
(>99%) conversion (Entry 2, Table 3.2) but much lower selectivity (78%) compared to

meso Cs/MnOx (96% selectivity).

Table 3.2. The catalytic results using different catalysts®

Entry Catalyst Time Conversion® Selectivity =~ TON¢
(h) (%) (%)

1 Meso Cs/MnOx 5 100 96 3.33

2 Meso MnOx 5 100 78 3.33
3 K-OMS-2¢ 5 100 42 0.87
4 Amorphous 5 100 57 0.87

manganese oxide

5 Birnessite 8 94 96 0.82

6 C-Mny03 8 10 100 n/a

7 no 8 10 100 n/a

2 Reaction conditions: 4-methoxy benzyl amine (0.5 mmol), catalyst (25 mg), solvent (5
mL), air balloon, 5-8 h. ® Conversions were determined by GC-MS based on concentration
of amines. ¢ The side products were aldehyde and cyanide. “TON = moles of amines

converted per mole of catalyst. ¢ Catalyst: 50 mg.

In order to determine the role of Cs in the present amine oxidation catalytic system,
a series of experiments were performed by changing the Cs loading in the material. The
aerobic oxidation of a relatively inert secondary amine (1,2,3,4-tetrahydroisoquinoline)
was selected as the model reaction. The nonpromoted meso MnOx material exhibited only
12 % conversion (Entry 1, Table S3) after 1 h, whereas 87 -95% conversions (Entry 2-4,

Table 3.3) were achieved by Cs incorporation. The meso Cs/MnOyx material with the
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highest Cs loading (0.16%) gave maximum conversion (94%) under identical reaction

conditions (Entry 4, Table 3.3).

Table 3.3 Oxidation of 1,2,3,4-tetrahydroisoquinoline by meso Cs/MnOx with different

Cs loading?
Entry Catalyst Mn/Cs®  Mn/Cs®  Conversion®  Selectivity
(nominal) (ICP) (%) (%)
1 Meso MnOx? 0 0 12 96
2 Meso Cs/MnOx 200/1 1767/1 87 96
3 Meso Cs/MnOx 150/1 1536/1 92 96
4 Meso Cs/MnOx 100/1 604/1 94 96

#Reaction conditions: 1,2,3,4-tetrahydroisoquinoline (0.5 mmol), catalyst (50 mg), solvent (5 mL),

air balloon, 1 h. P Referred to molar ratio. ¢Determined by GC-MS. 4 759% conversion after 24 h.

3.5.3 Reusability and heterogeneity

The reusability test was conducted for the oxidation of 4-methoxybenzylamine. At
the end of the reaction, the catalyst was removed by filtration, washed with excess ethanol
and reactivated at 250°C for 45 min prior to reuse. The catalyst retained activity and
selectivity even after the fourth cycle (Figure 3.6). PXRD analyses of asynthesized and the
recovered catalysts indicated that the amorphous nature of the catalyst was preserved
(Figure 3.6). The hot filtration test was also carried out to verify any possible leaching of
active species from the catalyst surface. No further consumption of amine took place after
filtering off the catalyst at 47% conversion. Moreover, a very minute change of Cs amount
(0.04%) was observed in the meso Cs/MnOxy after the reaction by ICP-MS. All of these
results signified the truly heterogeneous nature of meso Cs/MnOyx, which was not only

active but also had sustainability and recyclability.
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Figure 3.6 (A) Reusability test of the catalyst. Reaction condition: 4-methoxybenzylamine
(0.5 mmol), catalyst (15 mg), solvent (5 mL), 110°C, air balloon, 4 h. Turnover number
(TON) = [reacted mol amine]/[total mol catalyst]. (B) PXRD of meso Cs/MnOx before and
after fourth reuse. The diffraction patterns without noticeable change were observed after

fourth reuse.

3.5.4 Oxidation of amines to imines
3.5.4.1 Substrate scope and functional group tolerability

The results of catalytic oxidations of various amines, including aromatic, aliphatic,
primary and secondary amine derivatives are listed in Table 3.4. The isolated yield of some
of the imines are given in Table 2 (see values in parenthesis). Meso Cs/MnOy was able to
oxidize aromatic (Entry 1 - 9, Table 3.4), aliphatic (Entry 10, Table 3.4), primary (Entry
1-7, Table 3.4), secondary (Entry 8-9, Table 3.4) and cyclic (Entry 9, Table 3.4) amines
to the corresponding imines with excellent conversion and selectivity. No dehalogenated
product was detected in case of amines with halogen substitution (Entry 4 - 5, Table 3.4).
An amine containing S as a heteroatom was converted to the imine effectively (Entry 6,
Table 3.4). The catalyst was also useful for oxidation of the relatively bulky biphenyl (1-
napthylmethylamine) system (Entry 7, Table 3.4). In the case of oxidation of a secondary

amine (Entry 8, Table 3.4), conversion was less and much longer reaction time
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Table 3.4 Aerobic oxidation of amines to imines by meso Cs/MnO,2

Entry Substrate Time (h) Conversion®  Selectivity®  TOF®
(%) (%) (h™)

1 ©ANH2 3 >99(82) 93 1.04

2 /@NHZ 4 >99 75 0.78

3 NH, 5 >99(80) 9 0.62
~o

4 /©/\NH2 2 >99 98 1.56
Cl

5 /@ANHZ 2 >99(96) 96 1.56
F3C
6 I\ NH, 4 >09 92 0.78
[;V
7 NH2 4 >09 80 0.78
gd ©ﬁN/\© 20 45 99 0.03
H
gd 3 >09 95 0.56
NH
1

10 A, 24 >99 50 0.13

11° ©/NH2 4 15 nd nd

# Reaction conditions: amines (0.5 mmol), meso Cs/MnOy (25 mg), toluene (5 mL), 110°C, air

balloon. ® Conversion and selectivity was determined by GC-MS based on the concentration of
amines. Numbers in parenthesis refer to yields of isolated products. “TOF = TON / time (h), TON
= moles of amines converted / moles of catalyst. “Meso Cs/MnOx (50 mg). ¢ Azobenzene was the

only product. nd = not detected.

(20 h) and as well as higher amounts of catalyst (50 mg) were required. Oxidation of
1,2,3,4-tetrahydroisoquinoline (Entry 9, Table 3.4) produced a cyclic imine with high

conversion (95%) and selectivity (95%). The remarkable catalytic activity of meso
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Cs/MnOx was demonstrated by the successful oxidation of a long chain inactive aliphatic
amine (1-dodecylamine) to the corresponding imines (Entry 10, Table 3.4), though longer
reaction time (24 h) was required. On the other hand, oxidation of aniline (lacking of a-H

atoms) produced azo benzene as the only oxidation product (Entry 11, Table 3.4).

3.5.4.2 Spectral characterization of imine products

N
OAN/\Q
N-benzylidene benzylamine

Appearance: Yellow oil

IH NMR (400 MHz, Chloroform-d): & 8.41 (s, 1H), 7.80 (d, J = 4.2 Hz, 2H), 7.43 (dd, J =
5.1, 1.9 Hz, 3H), 7.37 (s, 4H), 7.27 (s, 1H), 4.85 (s, 2H).

13C NMR (101 MHz, Chloroform-d): § 161.78, 130.56, 128.41, 128.30, 128.09, 127.79,
126.79, 64.86.

N
IO D
FsC CF

N-(4-(trifluoromethyl)benzylidene)(4-(trifluoromethyl)phenyl)methanamine

3

Appearance: Yellow oil

IH NMR (400 MHz, Chloroform-d): & 8.47 (s, 1H), 7.91 (d, J = 7.9 Hz, 2H), 7.69 (d, J =
8.0 Hz, 2H), 7.62 (d, J = 7.9 Hz, 2H), 7.48 (d, J = 7.8 Hz, 2H), 4.90 (s, 2H).

13C NMR (101 MHz, Chloroform-d) & 160.91, 142.85, 138.83, 128.34, 127.94, 125.39 (dd,
J=16.5, 3.6 Hz), 64.22.
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X
L
HsCO OCHjs

N-(4-methoxybenzylidene)(4-methoxyphenyl)methanamine
Appearance: Yellow oil

'H NMR (400 MHz, Chloroform-d) § 8.68 (s, 1H), 8.11 (d, J = 8.6 Hz, 2H), 7.64 (d, J =
8.4 Hz, 2H), 7.37 = 7.22 (m, 4H), 5.11 (s, 2H), 4.20 (d, J = 14.6 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) § 162.06, 161.28, 159.04, 132.09, 130.19, 129.55,
114.33 (d, J = 6.7 Hz), 64.79, 55.72.
3.5.5 Oxidative cross-coupling of amines

For condition screening, reactions between benzylamine and 4-
methoxybenzylamine were performed in different molar ratios (Entry 1-3, Table 3.5). The
reaction having 1/3 molar ratio of benzylamine/4-methoxybenzylamine exhibited the
highest selectivity towards the unsymmetrical imine (77% selectivity) with minimum
formation of symmetrical imine (23% selectivity). Then, a variety of structurally different
amines and benzylamine were tested with the best optimized reaction conditions (1/3 molar
ratio). Using amines with electron releasing and electron withdrawing groups produced
unsymmetrical imines with high (73 — 89%) selectivity (Entry 3 - 5, Table 3.5). An
unsymmetrical imine having S heteroatom was synthesized (58% selectivity) by the
reaction between benzylamine and 2-thiopheneamine using the established method (Entry
6, Table 3.5). The method was further utilized to perform a reaction between an aromatic
amine (benzylamine) and aliphatic amines (butylamine and dodecylamine) (Entry 7 - 8,

Table 3.5). The selectivity (>99%) towards the unsymmetrical imines was excellent
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compared to the coupling of two aromatic amines. A very low selectivity (30% selectivity)

of unsymmetrical imine was observed by a reaction between benzylamine and aniline.

Table 3.5 Aerobic oxidative cross coupling of benzylamine with different amines?

meso Cs/MnO X, -R2 X
NH2 + R NH, * NTT N
Toluene, air, 110 °C

la 2a
Entry Substrate Molar Conversion® Selectivity!
ratio® (%) (%)

la 2a

1 NH, 2/1 >99 62 25
o

2 NH, 1/2 >99 30 70
o

3 NH, 1/3 >99 23 77
o

4 /©/\NH2 1/3 >99 10 89
5} /©/\NH2 1/3 >99 27 73
FsC

6 I\ N, 1/3 >99 42 58
[;V
7 /\/\N H, 1/3 >99 nd >99

oo

/\[\/]IO\NHZ 1/3 >99 nd >99

9 ©/NH2 1/3 15 70 30

& Reaction conditions: benzylamine and other aromatic and aliphatic amines (0.5 mmol), meso
Cs/MnOy (25 mg), toluene (5 mL), 110°C, 3 h, air balloon. ® Molar ratio of benzylamine and
different amines. ¢ Conversion was determined by GC-MS based on the concentration of
benzylamine. ¢ Selectivity was calculated based on self-coupled (1a) and cross-coupled (2a)

products of benzylamine. nd = not detected.
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3.5.6 Kinetic and mechanistic study

Time dependent experiments on oxidation of 4-methoxybenzylamine were
conducted to study reaction kinetics (Figure 3.7). Formation of benzaldehyde in minutes
was observed during the reaction pathway along with the desired imine as the major
product. The apparent activation energy was calculated as 11.5 KJ mol™ from the Arrhenius
plot (Figure 3.8A). Kinetically relevant elementary steps in the reaction pathways were
measured by changing the benzylic H to D in benzylamine. From the first order reaction
plot between In[benzylamine] and In[benzylamine-a,a-d2], the obtained kinetic isotope
effect (KIE) value was 2.04 (Figure 3.8B). This result signified abstraction of a C-H proton

of amine as the rate determining step in the reaction.

100+ —=— Imine selectivity
S 42 ;\3 —e— Aldehyde selectivity
< g —a&— Conversion of amine
> 2 804
= >
3 284 § 604
3 o)
f —=— Imine selectivity (’2
o —e— Aldehyde selectivity o
S 14 —aA— Conversion of amine 5 40+
@ o
S 2 20
5 s
O 0 (@}
T T T T T 0 T - T . * < .'
0 2 4 6 8 0 1 2 3
Time (h) Time (h)

Figure 3.7 Time dependent studies of 4-methoxybenzylamine by meso Cs/MnOy: (A) at
80°C and (B) at 110°C. Reaction condition: 4-methoxybenzylamine (0.5 mmol), catalyst
(25 mg), solvent (5 mL), Oz balloon, 3/8 h. The formation of benzaldehyde was clearly
observed in both cases.
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Figure 3.8 (A) Arrhenius plot for the oxidation of amine by meso Cs/MnOy and (B) Kinetic
plot of oxidation of benzylamine and benzylamine-a,a-d2. The ratio of Knu/Kp = 2.02;
which signified the oxidative dehydrogenation of benzylamine was the rate determining
step. Reaction condition: amine (0.5 mmol), catalyst (25 mg), solvent (5 mL), 110°C, air
balloon, 3 h. Aqg: original concentration of substrate. A:: concentration of substrate at time

t. k: rate constant.

Benzylamine with electron withdrawing groups (CFs and CI) displayed >99%
conversion with TOF 1.56 h™', whereas the presence of electron donating groups (OCHs
and CHa) resulted in >99% conversion but lower TOF (0.78 h for 4-methylbenzylamine
and 0.68 h for 4-methoxybenzylamine). The Hammett equation can be used to interpret
the electronic or steric influence of the substituents on the reaction rate?*. The relative rates
of oxidation of para substituted benzylamines (p-Cl, p-H, p-Me, p-OMe) were investigated.
A linear relationship was found between In (kx/kn) and the Brown-Okamato constant (cp")
(Figure 3.9). The slope of the plot resulted in a reaction constant (p) value of 1.264, which
illustrated the development of a negative charge at the reaction center in the transition state

of the rate-limiting step?°.
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Figure 3.9 Hammett plot of competitive oxidation of para substituted benzylamine at 15
min of reaction time. Reaction condition: amine (0.5 mmol), catalyst (25 mg), solvent (5
mL), 110°C, air balloon, 15 min. A linear relationship between In(kx/k+) and Brown-
Okamoto constant (cp") for para substituted benzylamines with slope (p) of 1.264 were

obtained, which indicated the formation of negatively charged intermediate.
3.6 Discussion

This study featured catalytic aerobic oxidation of amines to imines in the presence
of meso Cs/MnOx. Diverse amine derivatives were converted to the corresponding imines
efficiently. Catalytic reaction of halobenzene derivatives without dehalogenation is a
challenge®. We tested oxidation of 4-chlorobenzylamine to verify any dehalogenation.
>99% selectivity towards imines with no dehalogenated products were observed,
indicating the effectiveness of meso Cs/MnOx in oxidation of halogen containing
substrates. Substrates bearing hetero atoms like S or N are known to poison transition metal
oxide based catalysts due to strong coordination of the heteroatom to the transition metal
centers. However, in the present study, 2-thiophene benzylamine was converted efficiently
to the corresponding imines with no significant change of TOF and selectivity compared
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to the benzylamines (Entry 6, Table 2). As observed, secondary amines can also be
transformed to the corresponding imines with very high conversions (45 — 95%) and
excellent selectivity (95 — 99%), but a much longer reaction time (20 h) and a higher
amount of catalysts (50 mg) were required. This may be due to the steric effect due to the
relative difficulty in abstracting the H atoms next to the N-H group. The reaction with
dibenzylamine produced benzaldehyde as the side product, which can be attributed to the
oxidative cleavage of the C=N bond of imine or the hydrolysis. Aliphatic amines are
relatively difficult to oxidize as mentioned in the previous studies. However, in the case of
oxidation of long chain inactive 1-dodecylamine by meso Cs/MnOy, an imine was formed
having twenty four carbon atoms. Such kinds of reactions with the inactive aliphatic amines
have not been observed in previous studies. The bifunctional nature (oxidative and basic)
of the meso Cs/MnOxy is believed to be the reason for the superior activity of the long chain
1-dodecylamine, as the dehydrogenation of the amine can be promoted by the basic nature
of the catalyst. The easy diffusion and transportation of 1-dodecylamine in the mesoporous

network may be the other reason behind the activity.

Depending on the molar ratio and nucleophilic properties of the partner amines,
nonsymmetrical imines can also be synthesized efficiently. The reaction between an
aromatic amine (benzylamine) and aliphatic amines (1-butylamine and 1-dodecylamine)
produced nonsymmetrical imines with >99% selectivity. This can be attributed to the
higher nucleophilic nature of aliphatic amines in comparison to aromatic amines. Once
benzaldehyde was formed, the more nucleophilic aliphatic amines competed with
benzylamine to minimize the self-coupling and yielded the unsymmetrical amines with

very high selectivity (>99%). The difference in nucleophilic properties also explained the
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relatively less selective unsymmetrical imine production from benzylamine and aniline.
The lower nucleophilic property of anilines in comparison to benzylamine drove the

reaction towards self-oxidative coupling of benzylamines (70% selectivity).

In general, a Mars-Van-Krevelen mechanism?, is anticipated to occur for oxidation
types of reactions over manganese oxides. According to the mechanism, structural defects
and labile lattice oxygen are the key properties of manganese oxide catalysts. In this study,
the poorly crystalline nature of the meso Cs/MnOx promoted a facile supply of lattice
oxygen, as observed by XPS and O>-TPD studies. The basicities of the metal oxides are
known to be increased due to the presence of electropositive alkali metal ions. As observed
in our previous study, incorporation of trace amounts of electropositive Cs ions induced
basicity in the meso MnOx, which can be considered as surface defects of the material?’-?,
The presence of basic sites in the meso Cs/MnOyx material can enhance the oxidative
dehydrogenation of amine by aiding the deprotonation of a C-H bond?®. Secondary amines
are considered as tough substrates for oxidation due to the inert nature of o C-H bonds'’.
However, in our study, an 87% increase of conversion of oxidation of an inert secondary
amine (1,2,3,4-tetrahydroisoquinoline) was observed by incorporation of Cs in meso
MnOx. All of these experiments signified the poorly crystalline and bifunctional nature of

meso Cs/MnOy towards the augmented catalytic activity in oxidation of amines.

Based on experiments and the literature, we propose a mechanism for oxidation of
amines by meso Cs/MnOyx (Scheme 3.2). Adsorbed amine molecules transferred an
electron to the Mn center, followed by an elimination of an a C-H proton and an N-H
proton to form the RCH=NH intermediate. The surface active Mn centers simultaneously

involved a one electron reduction , which can lead to facile release of lattice oxygen,
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thereby promoting the oxidation ability®*. The labile lattice oxygen reoxidized the Mn
center with production of H.O2, which could easily be decomposed over manganese oxide
and form water. The abstraction of an o C-H proton produced the negatively charged
intermediate (Scheme 3.1), which was the rate determining step as indicated by the
linearity of the Hammett plot [positive value (1.264) of reaction constant (p)] and isotope
labelling study. The trapping of negatively charged intermediate (by abstraction of a C-H
proton) by addition of radical inhibitor was unsuccessful. This may be due to the formation
of the intermediate inside the mesoporous network of the catalyst, where transportation of
radical inhibitor was not proper. The supply of oxygen from the air is crucial for the
catalytic activity, as loss of lattice oxygen should be replenished by the oxygen from the
air. This also was supported by the observation that the elimination of air by nitrogen
diminished the reaction rate. The reactive RCH=NH intermediate was rapidly hydrolyzed
by the water and formed the aldehyde, which was condensed with another amine molecule

to generate the corresponding imine.

+ + - A+
R-CH,NH; N R-CH,NH, # R-CH-NH,
Mn4+/3+ Mn3+2+ Mn4*L3¢

Mn3+/2+

H +
R-CH=NH <=—— R-CH=NH,

Scheme 3.1 Proposed reaction pathways of Mn mediated RCH=NH formation from amine.
The forming of negatively charged intermediate due to abstraction of proton by oxidative
dehydrogenation is the rate determining step (RDS).
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MnZx
R-CH,NH, > 0,
R-CHO Mn3 H,O + 1/2 O,
NH; H20,
R-CH=N-CH,R (HZO oH*
2_
R-CH=NH O,

Mn*

Scheme 3.2 Suggested overall mechanism of oxidation of amines over meso Cs/MnOx

following Mars-Van-Krevelen mechanism.

The role of adsorbed water in the catalyst surface (as observed by XPS) is also
believed to be significant in the reaction system. A faster reaction rate was observed by the
deliberate introduction of water in the reaction, which further confirms our process to
follow the above-mentioned reaction pathways. The activation energy (11.5 KJmol?) was
significantly lower than the previous study using a-MnO: catalyst and TBHP oxidant
conducted at room temperature. The activation energy data suggested lower energy
pathways for the meso Cs/MnOy system under the present reaction conditions. The high
surface area and the monomodal uniform mesoporous size distribution are the other
important factors related to the catalytic activity. This can be attributed as enhanced
catalytic activity of meso Cs/MnOx (surface area 78 m? g) compare to commercial
nonporous Mn2O3 (surface area 11 m?g™?) The high surface area of meso Cs/MnOx exposed
the lattice oxygen more to the surface, whereas the mesoporous network promoted the

adsorption and molecular transportation of the substrates.
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3.7 Conclusion

In summary, we demonstrated mesoporous Cs promoted manganese oxide as an
efficient, selective, reusable, and, therefore, environmentally benign catalyst for the
catalytic oxidation of amines to imines. The catalyst was able to oxidize diverse amine
derivatives to produce imines with very high percent conversions (as high as >99%) and
high selectivity (50 — 100%). The material was found to oxidize inactive long chain
aliphatic amines (i.e. 1-dodecylamine) with quantitative conversion (>99%) and high
selectivity (50% selectivity). The material was also able to promote the synthesis of
nonsymmetrical imines including coupling of benzylamine with other aromatic and
aliphatic amines with excellent selectivity (as high as >99%). Our mechanistic
investigation revealed an involvement of surface active Mn®* species, labile lattice oxygen,
and the basic nature of the catalyst towards the augmented catalytic activity. High surface
area, low crystalline nanoparticle nature and presence of mesoporous structure are the other

crucial factors.
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CHAPTER 4. Facile Access to Versatile Functional Groups from Alcohol
by Single Multifunctional Reusable Catalyst

4.1 Abstract

Tandem oxidation processes enabling one-pot multistep reactions received great
attention as an efficient synthetic methodology for construction of complex molecules from
simple substrates by a single operation. We report here tandem oxidative transformations
of seven different functional groups (imine, imidazole, cyanide, amide, lactone, ester and
olefin) from a single substrate (alcohol) by a single cesium promoted mesoporous
manganese oxide catalyst (meso Cs/MnOy). High conversions were obtained with a broad
range of substrates including aliphatic long chain alcohols. The catalyst can be reused
without any loss of catalytic activity. We also demonstrated a unique multiple esterification
reaction from a single aliphatic alcohol under aerobic atmospheric conditions catalyzed by

meso Cs/MnOx.

4.2 Background and significance

The development of cleaner, safer and environment friendly technologies by using
renewable feedstocks, reducing chemical wastes and working with ecofriendly reagents
has been stimulated by extensive research in past decades. To this end, tandem catalysis
that enables “one-pot” multistep reactions, followed by a single work up, has drawn much
attention. “One-pot” processes have several advantages: 1) operational simplicity due to a

reduced number of steps; 2) significant time-cost benefits; 3) preventing isolation of
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volatile and toxic intermediates and 4) less waste generation. Although several types of
transition metal based catalysts have been introduced for tandem catalysis, most systems
are homogeneous which have shortcomings of product separations and catalyst reusability.
One the other hand, truly heterogeneous systems capable of performing tandem reactions
with proper reusability have scarcely been reported. Moreover, a single, cost-effective,
multifunctional heterogeneous catalyst for versatile tandem one-pot reactions from a single
substrate is not yet known.

Manganese oxides as catalysts in ‘tandem oxidation processes’ (TOP) was first
developed by establishing a synthetic route for the preparation of antibiotics, where a MnO-
mediated oxidation combined with a Wittig olefination was performed.* In TOP, oxidation
of alcohols is followed by trapping the intermediate aldehydes or ketones by nucleophilic
reagents to form the desired product. Manganese oxide has been utilized in TOP such as
formation of imines, amides, quinoxalines, and terminal alkynes directly from alcohols.?®
However, manganese oxide mediated, challenging, and tandem oxidative reactions
involving three or more steps have not significantly been explored.

Nitrogen containing derivatives, such as imines, imidazoles, cyanides and amides,
are key building blocks in the syntheses of natural products and biological compounds.”®
Regarding several strategies, one-pot TOP between alcohols and related nucleophiles are
most acceptable, due to use of cheap and stable starting material (alcohol).}*° However,
the effective catalytic systems for one-pot TOP involve either precious metals, long
reaction times, or have narrow applicability for a limited numbers of alcohols.?*"* The
other important aspect of TOP is to utilize commercially available alcohols in carbon-

carbon bond formation, a fundamental reaction in organic synthesis. To this end, one pot
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metal catalyzed oxidation/olefination of alcohols with ketones and Wittig reagents are two
common technologies.’>*° Other functionalities such as esters are widely used in fine
chemicals, natural products, and fuel additives.?’ Among several methodologies, oxidative
esterification of alcohols is a promising protocol in terms of green, economical, and
sustainable chemistry. Nevertheless, most of the heterogeneous systems in this regard are
based on noble metals (Au, Pd), and the assistance of basic promoters are inevitable to
achieve high efficiency.?%2

Herein, we document cesium ion promoted mesoporous manganese oxide (meso
Cs/MnOy) material as a multifunctional catalyst for transformation of alcohol to different
functional moieties in one-pot tandem oxidative conditions. Seven different functional
groups (imine, imidazole, cyanide, amide, lactone, ester and olefin) can be obtained starting
from alcohol by the same catalyst (Scheme 4.1). The catalytic procedure described herein
has the following advantages over the current catalytic systems for the tandem oxidation
process: 1) a variety of commercially available alcohols can be used as starting material to
produce different functional groups; 2) reactions can be done mostly in aerobic
atmospheric conditions; 3) water is the only by-product in most of the reactions; 4)
inexpensive manganese oxide can be used as a catalyst instead of precious metal based
systems; and 5) products can be separated easily by simple filtration and the catalyst is

reusable.
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Scheme 4.1 Versatile tandem oxidation process from alcohol by meso Cs/MnOx
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4.3 Experimental Section

4.3.1 Synthesis of mesoporous Cs/MnOx

The catalyst was synthesized following the procedure described in Chapter 3. In a
typical synthesis 0.02 mol of manganese nitrate tetrahydrate (Mn(NOz3)2-4H20) and 0.134
mol of 1-butanol were added into a 120 mL beaker. To this solution 0.0034 mol of
poly(ethyleneglycol)-block-poly(propyleneglycol)-block-poly(ethyleneglycol) (Pluoronic
P123, PEO20PPO70PEO20, molar mass 5750 g mol™) and 0.032 mol of concentrated nitric
acid (HNOz3) were added, and stirred at room temperature until the solution became clear
(light pink). To this clear solution 200 pL of 1.0 M cesium nitrate (CsNO3) aqueous
solution was added maintaining the Cs loading to 1.0 % with respect to Mn by mol (though
ICP-MS revealed very low loading (0.16%) of Cs with respect to Mn). The resulting clear

solution was then kept in an oven at 120°C for 3 h under air. The product was collected
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and washed with excess ethanol, centrifuged, and dried in a vacuum oven overnight. At the
end, the dried black powders were subjected to a heating cycle. First they were heated at
150°C for 12 h and cooled down to room temperature under ambient conditions followed

by a second heating step of 250°C for 3 h.

4.3.2 Catalytic activity measurement

4.3.2.1 Preparation of imines

In a 25 mL one necked round bottom flask equipped with a condenser, a mixture
of alcohol (1.0 mmol), amine (2.0 mmol), catalyst (50 mg) and toluene (5 mL) was added.
The reaction mixture was heated to reflux under vigorous stirring (700 rpm) for the
required time under an air balloon. After reaction, the mixture was cooled and the catalyst
was removed by filtration. The product analysis was done using GC-MS (gas
chromatography-mass spectrometry). The conversion was determined based on the
concentration of alcohols. Most reactions were repeated twice and the average values were
used. For kinetic experiments, a two-necked flask was used where the other neck was used
as a sampling port.
4.3.2.2 Preparation of benzimidazoles

Ina 25 mL two necked round bottom flask equipped with a condenser, a mixture
of alcohol (0.5 mmol), catalyst (50 mg) and toluene (5 mL) was added. The reaction
mixture was heated to reflux under vigorous stirring (700 rpm) for the required time under
an air balloon. The consumption of alcohol was monitored by GC-MS. After complete
conversion of alcohol to aldehyde, ortho-phenyldiamine (1.0 mmol) was introduced into

the reaction mixture in order to scavenge the aldehyde. After reaction, the mixture was
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cooled and the catalyst was removed by filtration. The product analysis was done using
GC-MS.

4.3.2.3 Preparation of a,f unsaturated ketones

Coupling of alcohol and Wittig reagent: A mixture of alcohol (0.5 mmol), Wittig reagent
(2.0 mmol), catalyst (100 mg), and toluene (5 mL) was placed in a 25 mL round bottom
flask equipped with a condenser. The reaction mixture was heated to reflux under vigorous
stirring (700 rpm) for the required time under an air balloon. After reaction, the mixture
was cooled, and the catalyst was removed by filtration. The product analysis was done
using GC-MS. The conversion was determined based on the concentration of alcohol.
Coupling of acetophenone and benzyl alcohol: A mixture of benzyl alcohol (0.5 mmol),
acetophenone (1.0 mmol), catalyst (100 mg), K2COs (1.5 mmol) and toluene (5 mL) was
placed in a 25 mL round bottom flask equipped with a condenser. The reaction mixture
was heated to reflux under vigorous stirring (700 rpm) for the required time under an air
balloon. After reaction, the mixture was cooled, and the catalyst was removed by filtration.
The product analysis was done using GC-MS. The conversion was determined based on
the concentration of benzyl alcohol.

Coupling of 1-phenylethanol and benzyl alcohol: A mixture of benzyl alcohol (0.5
mmol), 1-phenylethanol (1.0 mmol), catalyst (100 mg), K2CO3z (1.5 mmol) and toluene (5
mL) was placed in a 25 mL round bottom flask equipped with a condenser. The reaction
mixture was heated to reflux under vigorous stirring (700 rpm) for the required time under
an air balloon. After reaction, the mixture was cooled, and the catalyst was removed by
filtration. The product analysis was done using GC-MS. The conversion was determined

based on the concentration of benzyl alcohol.

74



4.3.2.4 Preparation of amides

The oxidation experiments of alcohols to amide were carried out in a 100 mL
cylindrical stainless steel pressurized reactor made by PARR Instrument Company, USA.
The reactor was charged with a mixture of alcohol (0.5 mmol), catalyst (100 mg),
acetonitrile (10 ml) and aqueous ammonia (28 wt%, 400uL), followed by purging with
oxygen and pressurized to 5 bar. The reactor was then heated to 130°C for 15 h with
constant stirring. After reaction, the reactor was cooled to room temperature and the
catalyst was removed by filtration. The product analysis was done using GC-MS.
4.3.2.5 Preparation of esters

Ina 25 mL two necked round bottom flask equipped with a condenser, a mixture
of alcohol (4 mL) and catalyst (100 mg) was added. The reaction mixture was heated to
reflux under vigorous stirring (700 rpm) for the required time under an air flow. After
reaction, the mixture was cooled and the catalyst was removed by filtration. The product
analysis was done using GC-MS. The conversion was determined based on the
concentration of alcohol.
4.3.2.6 Preparation of lactones

In a 25 mL one necked round bottom flask equipped with a condenser, a mixture
of diol (0.5 mmol), catalyst (50 mg) and toluene (5 mL) was added. The reaction mixture
was heated to reflux under vigorous stirring (700 rpm) for 15 h under an air balloon. After
reaction, the mixture was cooled and the catalyst was removed by filtration. The product
analysis was done using GC-MS. The conversion was determined based on the

concentration of alcohol.
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4.3.3 Analysis of reaction products

The Gas chromatography — mass spectra (GC-MS) analyses were performed by a
7820A GC system connected with a thermal conductivity detector of 5975 series MSD
from Agilent Technologies and a nonpolar cross-linked methyl siloxane column with
dimensions of 12 in x 0.200 mm x 0.33 pm. The H and 3C nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker AVANCE I11- 400 MHz spectrometer. *H NMR
spectra were collected at 400 MHz with chemical shift referenced to the residual peak in
CDCl; (8: H 7.26 ppm). 3C NMR spectra were collected at 100 MHz and referenced to
residual peak in CDClz (6: C 77.23 ppm). Multiplicities are written as s (singlet), d

(doublet), t (triplet), and m (multiplet).

4.4 Time-of-flight secondary ion mass spectrometry (TOF-SIMS) measurement

We used time-of-flight secondary ion mass spectrometry (TOF-SIMS) to determine
the lateral and depth homogeneity of Cs ions on the manganese oxide surface. As revealed
from Figures 4.1 and 4.2, the highest relative level of Cs is on the surface, however, Cs

also penetrated into the bulk.

Area 1 Area 2

Mn* (55m/z) Cs* (133m/z) Mn* (55m/z) Cs* (133m/z)

Figure 4.1 TOF-SIMS images of meso Cs/MnOy in two different regions (scale bar is 10
pm).
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Figure 4.2 TOF-SIMS depth profiles of meso Cs/MnOx in two different regions.

TOF-SIMS experiments were performed with a PHI nanoTOF 11 instrument from
Physical Electronics. The liquid metal ion gun (LMIG) utilized focused ion beams of Biz*™*
(60 keV) for both the analysis and sputtering. A water vapor leak was used to keep the
surface oxidized during sputtering for more uniform ion yields. The depth profiles were

extracted from the particle region only.

4.5 Catalytic reactions

4.5.1 One-pot imine formation
4.5.1.1 Substrate scope

Initially, we focused on one-pot tandem imine formation from alcohols and amines.
The imine products could be separated easily by basic alumina column chromatography
using hexane and dichloromethane as solvent. The isolated yields of some of the imine
derivatives are given in Table 4.1. We first selected n-butylamine as a model nucleophile
and reacted this with alcohols having diverse structures. A reaction between benzyl alcohol

and n-butylamine produced the corresponding imine with a very high conversion (>99%)
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and selectivity (>99%) [Table 4.1, Entry 1]. Whereas, benzyl alcohol with different
functional groups (electron withdrawing and electron donating) formed the corresponding
imines with excellent conversion (>99%) and moderate selectivity [Table 4.1, Entry 2-3].
The other products were the corresponding aldehydes. Meso Cs/MnOy displayed high
conversion (>99%) and selectivity (94%) towards imine when 2-thiophenemethanol was
used as the substrate [Table 4.1, Entry 4]. High activity (77% conversion, 60% selectivity)
in tandem oxidation of an allylic alcohol (cinnamyl alcohol) [Table 4.1, Entry 5] revealed
the superior chemo-selectivity nature of the meso Cs/MnOy, since no reaction at the double
bond was identified by GC-MS. A bulky alcohol (2-napthylmethanol) was converted to the
corresponding imine efficiently [Table 4.1, Entry 6]. The catalyst was also able to oxidize
a sterically hindered alcohol to corresponding imine in high conversion (90%) [Table 4.1,
Entry 7]. However, a longer reaction time (8 h) as well as higher amount of catalyst (100
mg) were required. Furthermore, a reaction between an inactive long chain alcohol (n-
dodecyl alcohol) and a long chain amine (n-dodecylamine) produced an imine bearing 24
carbon atoms with moderate conversion (20%) but excellent selectivity (>99%) [Table 4.1,
Entry 8]. The catalyst also exhibited high conversions and selectivity when structurally
different amines were selected as substrates [Table 4.1, Entry 9-12]. N-benzylideneaniline
was produced with excellent selectivity (>99%) by a reaction between benzyl alcohol and
aniline [Table 4.1, Entry 9]. Direct imine formation between benzyl amine and benzyl
alcohol was observed with a very high conversion (>99%) and selectivity (>99%) [Table
4.1, Entry 10]. A very low conversion (40 %) was achieved by selecting a weak

nucleophilic amine (4-nitro benzylamine) [Table 4.1, Entry 11], whereas amines with a
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higher nucleophilic nature produced imines with excellent conversion (>99%) and

selectivity (>99%) [Table 4.1, Entry 1, 12].

Table 4.1 Tandem imine formation from alcohol by meso Cs/MnOx?

meso Cs/MnOy
RGO+ Kol Toluene, air, 110°C = RiHCNR,
Entry R1 R2 time  Conv. Selec. TON¢
[h] [%]° [%]°°
1 Ph n-butyl 2 >99 >99 (89) 3.3
2 4-OMe-Ph n-butyl 2 97 56 3.2
3 4-NO2-Ph n-butyl 2 90 75 3.0
4 2-thiophene n-butyl 6 >99 94 3.3
cinnamyl n-butyl 6 77 60 2.6
6 2-napthalene n-butyl 2 97 56 3.2
7° 2,4,6-trimethyl- n-butyl 8 90 75 3.0
Ph
8° n-dodecyl n-dodecyl 20 25 >99 0.8
9 Ph Ph 2 >99 >99 (87) 3.3
10 Ph PhCH: 2 >99 >99 (82) 3.3
11 Ph 4-NO,-Ph-CH, 15 40 80 1.3
12 Ph n-dodecyl 4 >99 >99 3.3

# Reaction Conditions: Alcohols (1.0 mmol), amines (2.0 mmol), catalyst (50 mg), toluene (5
mL),110°C, air balloon. ® Determined by GC-MS. Numbers in parenthesis refer to yields of isolated
products. ¢ The other products were the corresponding aldehydes. TON = no of moles of alcohol

converted per mole of catalyst. 100 mg catalyst were used.
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4.5.1.2 Spectral charecterozation of imine products

N-benzylidenebutan-1-amine

'H NMR (400 MHz, Chloroform-d): § 8.13 (t, J = 1.3 Hz, 1H), 7.66 — 7.54 (m, 2H), 7.31
- 7.23 (m, 3H), 3.48 (td, J = 7.0, 1.4 Hz, 2H), 1.66 — 1.49 (m, 1H), 1.30 — 1.20 (m, 2H),
0.82 (t, J =7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 160.79, 136.45, 130.49, 128.62, 128.09, 61.53,
33.09, 20.54, 13.98.

@mﬁl

N-benzylidenebenzenamine

IH NMR (400 MHz, Chloroform-d): & 8.54 (s, 1H), 8.08 — 7.97 (m, 2H), 7.57 (hept, J =
3.6 Hz, 3H), 7.50 (t, J = 7.8 Hz, 2H), 7.37 — 7.32 (m, 3H).

13C NMR (101 MHz, Chloroform-d) & 160.02, 151.76, 135.92, 131.04, 128.85, 128.51,
128.44,125.64, 120.59.

X
©/\N/\©

N-benzylidene benzylamine

'H NMR (400 MHz, Chloroform-d): § 8.32 (t, J = 1.4 Hz, 1H), 7.74 — 7.68 (m, 2H), 7.34
(d, J =2.2 Hz, 2H), 7.33 (d, J = 1.8 Hz, 1H), 7.27 (s, 2H), 7.26 (s, 2H), 7.21 — 7.16 (m,

1H), 4.75 (d, J = 1.5 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): § 162.10, 139.44, 136.31, 130.88, 128.72, 128.62,
128.40, 128.10, 127.11, 65.18.
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4.5.1.3 Resuablility and heterogenity

Control experiments were then performed to verify the heterogeneous nature of the
catalyst. We tested catalytic transformation of benzyl alcohol and n-dodecylamine under
tandem oxidation conditions by meso Cs/MnOy. After the reaction, the catalyst was
removed by filtration and the filtrate was tested by inductively coupled plasma (ICP)
analysis. No Mn and Cs ions were detected by ICP and a minute change in Cs amount
(0.04%) was observed in the used material. X-ray diffraction (XRD) analyses before and
after use revealed no change of amorphous structure of the material (Figure 4.3).
Furthermore, the catalyst could be reused with the same catalytic performance for at least
three times (Table 4.2). On the basis of these observations, we can conclude that our
catalyst has truly heterogeneous nature, and is not only active but also has sustainability

and reusability.

N x
©/\O + /\[\410\NH2 O/\NHEO/

Table 4.2. Reusability test of the catalyst[®

Entry Cycle Conversion TON

[%]
1 1 33 2.2
2 2 35 2.3
3 3 33 2.2

[a] Reaction condition: benzyl alcohol (1.0 mmol), n-dodecylamine (2.0 mmol), meso Cs/MnOx
(25 mg), toluene (5 mL), 110°C, 1 h, air balloon. Turnover number (TON) = [reacted mol

amine]/[total mol catalyst].
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Figure 4.3 Powder X-ray diffraction of meso Cs/MnOy before and after third reuse.

4.5.1.4 Mechanistic investigation

To gain insight into the origin of the catalytic activity of meso Cs/MnOy, we have
selected tandem imine conversion of benzyl alcohol and n-dodecylamine as the model
reaction. We first observed the oxidation of benzyl alcohol in absence of amine (Figure
4.4). Next, a significant increase of conversion was achieved in the presence of amine, due
to fast consumption of benzaldehyde (Figure 4.4). On the other hand, no significant
difference in conversion was found in the direct condensation of benzaldehyde and n-
dodecylamine in the presence of catalyst. We then selected a poorly nucleophilic amine (4-
nitroaniline) and performed the condensation reaction in the presence of catalyst. Meso
Cs/MnOx was found to expedite the condensation of benzaldehyde and 4-nitroaniline by

21% after 3 h of reaction (Table 4.3).
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Figure 4.4 Conversion of benzyl alcohol over time course with and without n-
dodecylamine. Reaction condition: benzyl alcohol (1.0 mmol), n-dodecylamine (2.0

mmol), meso Cs/MnOx (50 mg), toluene (5 mL), 110°C, air balloon.

Table 4.3. Percent Conversion of condensation of benzaldehyde and 4-nitroaniline.[®

Entry Time  No catalyst Meso

[min] Cs/MnOx
1 0 0 0
2 30 5 8
3 60 23 30
4 120 ol 56
5 180 58 70

[a] Reaction condition: benzaldehyde (1.0 mmol), 4-nitroaniline (2.0 mmol), meso Cs/MnOy (50

mg), toluene (5 mL), 110°C.
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4.5.2 Benzimidazole formation

Benzimidazole derivatives are nitrogen containing cyclic compounds, which are
classically synthesized by coupling of ortho-phenyldiamine and carboxylic acid
derivatives under acidic and harsh reaction condition.?® We synthesized benzimidazole
derivatives by combining oxidation of alcohols to aldehydes followed by condensation
with ortho-phenyldiamine with under tandem one-pot conditions. In an initial attempt, no
product was found when we use benzyl alcohol and ortho-phenyldiamine at the same time
in reaction mixture. A competitive adsorption of alcohol and diamine in the porous
catalysts may be the reason behind the reluctance of both reactants to react at the same
time. Therefore, we first conducted the oxidation of benzyl alcohol by the catalyst in the
presence of air at 110°C. The diamine was incorporated after full conversion of benzyl
alcohol to benzaldehyde to afford the desired benzimidazole compound. Using this
sequential addition of diamine after full conversion of alcohol, the corresponding imidazole
was formed with 50% selectivity after 15 h of reaction. The other product was the
intermediate aldehyde. Both benzyl alcohol and 2-napthyl alcohol [Table 4.4, Entry 1-2]
produced the corresponding imidazole under aerobic one-pot conditions. Based on
previous reports, the imidazole formation reaction was believed to be promoted by one pot
multiple transformations over meso Cs/MnQy, involving a manganese oxide assisted
catalytic oxidation of alcohol to aldehyde, and an oxidative dehydrogenation of
benzimidazoline derivatives generated from the condensation of ortho-phenylenediamine
and aldehyde (Scheme 4.2)**24, However, in our study the benzimidazoline intermediate
has not been identified by GC-MS, which is due to the facile oxidation of C-N bonds of

benzimidazoline by meso Cs/MnOx. This is in agreement with our previous study, where

84



the catalyst exhibited superior activity in oxidation of C-N bonds of amines to imines

promoted by the Cs ion induced basicity of manganese oxide 2.

N
R-CH,OH C[ -
N

H
[O]

CL.,
H
N R N
NH X
R-CHO ‘- Oi »C[ )R
NH, N

Scheme 4.2. Possible reaction pathways of imidazole formation over meso Cs/MnOx.

4.5.3 Oxidative amidation

Synthesis of amide from primary alcohols and ammonia in the presence of O is a
challenge, since the catalyst can be deactivated in presence of ammonia and water. In our
case, primary amides can be synthesized from primary alcohol and ammonia using meso
Cs/IMnOy. The reactions between benzyl alcohol and 4-methoxy benzyl alcohol with
aqueous ammonia (28 wt%, 400uL) under O (5 atm) produced the corresponding amide
and nitrile with excellent conversion (>99%) high selectivity (25/75% and 70/30%
selectivity of amide/nitrile respectively) [Table 4.4, Entry 3 and 4]. Meso Cs/MnOx has
shown several advantages in primary amide syntheses, such as, use of inexpensive
manganese oxide, easy handling of agueous ammonia, water as the only side product, and
readily available alcohols as the starting reagents. The possible reaction pathway can be
described as a one-pot four step process: (1) oxidation of alcohol to aldehyde, (2)
condensation of aldehyde and ammonia to produce the aldimine intermediate, (3) oxidative

dehydrogenation of aldimine to cyanide and (4) hydration of cyanide to amide.
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Table 4.4 Various tandem reactions from alcohols by meso Cs/MnOy 2

Entry Alcohol Amine Product Time  GC yield®
(h) (%)
1¢ PhCH,OH @[NHZ C[N\hh 15 509
NH, H
) d
2¢ NpCH;OH @[NH C[N\*Np 15 50
NH, H
3¢ PhCH.OH NH4OH PhCONH: 15 257
4¢  40Me-PhCH,OH NH;OH 40Me-PhCONH; 15 70f
5 PhCH,OH Phyp? 0 4 80¢
/\[( NG
6 n-dodecyl-OH 7 i 24 90¢
P P/\Q/ )I\/\n-dodecyl
79 PhCH.OH PhCOCHs e 36 80¢
PhMPh
89 PhCH,0H PhCHOHCH3 o 24 201
PhMPh
gn n-octyl-OH N/A 9 72 63’

10 oH N/A 0 15 90!
OH @l:/éo

2 Reaction Conditions: Alcohols (0.5 mmol), tandem reagents (1.0 mmol), catalyst (50 mg), toluene (5
mL),110°C, air balloon. ® Determined by GC-MS based on alcohols as the limiting reagents. ¢ Diamine was
added after full conversion of aldehydes. @ The other products were the corresponding aldehydes. ¢ Catalyst
(100 mg), 400 puL NH,OH, 5 bar of O,, 130°C, Acetonitrile as solvent (10 mL). f The other products were
the corresponding cyanides. 91 eq of K.CO3 was used. "4 mL of 1-octanol, no solvent, under air flow. ' Other

products were octyl octanoate (21%), and octyl hexanoate (16%) 1 The other product was phthaldialdehyde.

86



4.5.4 C-C bond formation

We have successfully employed three different strategies to develop one-pot
oxidation/olefination reaction by meso Cs/MnOy, applicable to aromatic as well as inactive
aliphatic alcohols. The first strategy (one pot oxidation/Wittig reaction) is associated with
oxidation of alcohols to aldehydes followed by in situ reaction of aldehydes with a
stabilized Wittig reagent. Using an aromatic (benzyl alcohol) and an aliphatic (1-
dodecanol) alcohol as substrates afforded quantitative conversion and high selectivity to
the corresponding o, unsaturated ketones by meso Cs/MnOx [Table 4.4, Entry 5 and 6].
In the second strategy, benzaldehyde was trapped by a base mediated condensation reaction
with a ketone (acetophenone) to produce the o,p unsaturated ketone with excellent
selectivity (80%) [Table 4.4, Entry 7]. The cross coupling procedure was further improved
by applying a third strategy, which was the direct oxidation of primary and secondary
alcohols followed by a condensation of the in situ generated aldehyde and ketone with

moderate (20%) selectivity to o, unsaturated ketones [Table 4.4, Entry 8].

4.5.5 Oxidative esterification

The meso Cs/MnOxy catalyst was also applied to one-pot synthesis of esters by
oxidation of alcohols. Unlike other tandem oxidation reactions, addition of a second
substrate was not required as the alcohol can itself act as the tandem substrate. We
performed oxidation of an aliphatic alcohol (1-octanol) with meso Cs/MnOy under aerobic
conditions. Surprisingly, the reaction yielded three different esters (octyl otanoate (21%),
octyl heptanoate (63%) and octyl hexanoate (16%)) [Table 4.4, Entry 9]. To date, this
kind of multiple esterification from one single alcohol has not been reported. This synthetic

strategy has several advantages such as multiple long chain esters can be manufactured
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from single alcohols as the only reactant, no precious metals and additives are required,
and the reaction can be performed under aerobic conditions.

Table 4.5. Solvent free aerobic oxidation of 1-octanol by different catalysts?

o o) o
Afron — M s A e+ A ot

| I [
Entry Catalyst Conversion (%) Selectivity (%)
| 1 1l
1 no 0 nd nd nd
2 Comm Mnz03 0 nd nd nd
3 K-OMS-2° 2 nd 50 25
4 Meso MnOx 72 26 67 7
5 AMO 42 28 58 14
6 Meso Cs/MnOx >99 16 63 21

2 Reaction condition: 1-octanol (4 mL), catalyst (100 mg), air flow, 130°C, 72 h. ® The other product
was 1-otanal. Nd = not detected.

In order to determine the effectiveness of meso Cs/MnOy over the conventional
highly active manganese oxide based catalysts, we have selected the oxidation of 1-octanol
under aerobic and solvent free conditions as the model reaction. The reaction did not
proceed in the absence of catalyst [Table 4.5, Entry 1]. Similar to catalyst free conditions,
commercial nonporous Mn;0O3 was totally inactive [Table 4.5, Entry 2] under the present
reaction conditions. The state-of-the-art manganese oxide catalyst for oxidation reactions,
K-OMS-228, displayed very low activity under identical conditions [Table 4.5, Entry 3].
Using bare mesoporous manganese oxide (made by UCT method)?’ and amorphous

manganese oxide (AMO)? as reference catalysts, much lower conversions were achieved

88



[Table 4.5, Entry 4, 5]. Meso Cs/MnOx outperformed all other manganese oxide based

catalysts in the oxidative esterification of 1-octanol [Table 4.5, Entry 6].

—— After Reaction
Before Reactiom

— After Adsorption

CO9 Evolution (a.u)

T T T
200 400 600

Temperature [(=C)

Figure 4.5. CO,-TPD study A sharp peak of CO, (at 500°C) was observed from the
material after the reaction, which can be ascribes as the adsorbed CO, coming from the
reaction due to decarboxylation. Whereas, the material only showed a small peak due to

adsorption of the substrate and no CO2 was evolved from the bare material itself.

Formation of esters with their acidic part bearing less carbons than the parent
alcohol indicates a decarboxylation mechanism?®. To form fewer esters, we selected
solvent free oxidation of 2-phenylethanol (one aliphatic CH2 group) for the mechanistic
investigation. The oxidation of 2-phenylethanol led to phenethyl benzoate (the acidic part
of the ester has one less carbon than the parent alcohol) as the only ester. We used
temperature programmed desorption (TPD) of the used catalyst to detect the CO, probably
due to decarboxylation of the 2-phenylethanoic acid (by oxidation of 2-phenylethanol). To
compare, the bare catalyst and the catalyst after adsorption of 2-phenylethanol at room
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temperature were also tested for CO2-TPD (Figure 4.5). The used catalyst displayed two
desorption peaks of CO, at 340°C and 500°C respectively, whereas no CO2 desorption was
observed for the bare catalyst. On the other hand, the treated catalyst after adsorption
displayed only one peak at 335°C. Based on these observations, we propose an oxidation-
decarboxylation-oxygen rebound mechanism®. The ester production was initiated by the
oxidation of alcohol to acid, followed by a decarboxylation with a subsequent oxygen
rebound mechanism by a radical intermediate, which generated an aldehyde having one
carbon less than the parent alcohol (Scheme 4.3 and 4.4). Formation of a trace amount of
benzaldehyde and inhibition of reaction by addition of a radical inhibitor (phenothiazine)
support our mechanism. The aldehyde was further reacted with the alcohol to yield the
desired ester, promoted by the basic nature of meso Cs/MnOx 3L, The bifunctional nature
(oxidative and basic) of the meso Cs/MnOx is believed to be the reason for the enhanced
activity over other manganese oxide based catalysts in oxidative esterification, as

esterification is strongly promoted by the basic nature of the catalyst.

[ j/ O ~ /\/O
OH
l[O] O/V
A 0O N
© __ "GO ©
> OH O,

Scheme 4.3. Possible reaction pathways of oxidation of phenethyl alcohol by oxidation-
decarboxylation-oxygen rebound mechanism over meso Cs/MnOx. A trace amount of
benzaldehyde was detected by GC-MS.
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Scheme 4.4. Possible manganese oxide assisted oxygen rebound mechanism. No reaction
was observed when a radical inhibitor was added, which confirmed the radical intermediate
formation by single electron transfer (SET) mechanism.

The oxidative esterification method was further extended for lactonization of diols.
1,2-benzenedimethanol was converted to the corresponding lactone with excellent
conversion (90%) and selectivity (98%) using air as the terminal oxidant [Table 4.4, Entry

10].

4.6 Discussion

Based on the catalytic results discussed above, the meso Cs/MnOy material can be
considered as an efficient catalyst for versatile tandem oxidation reactions. In general,
imines are synthesized by two distinct reaction steps from alcohols. The first step involved
oxidation of benzyl alcohol to the corresponding benzaldehyde. In the second step, the

imine was formed by a nucleophilic condensation of amine with the in situ generated
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benzaldehyde. The mechanism of oxidation of alcohol by meso Cs/MnOx was thoroughly
investigated in our previous study, where the redox cycle of active manganese centers
along with its labile lattice oxygen molecules have been found to be the dominant factors.
On the other hand, the condensation between aldehyde and amine is generally very facile
due to good electrophilic properties of aldehyde and the nucleophilic nature of the amine.
In our study, condensation reactions between benzaldehyde and n-dodecylamine did not
require any catalytic assistance. However, synthesis of imines can be difficult when amines
with poor nucleophilic nature are used as substrates. In those cases, catalysts with strong
coordinating ability (Lewis acidic sites) with the carbonyl oxygen can increase the
electrophilic nature of the aldehyde to accelerate the reaction rate. The Mn** centers of
meso Cs/MnOx can act as coordinating sites in order to facilitate imine formation. This
scenario is reinforced by the fact that the condensation between benzaldehyde and a weak

nucleophilic amine (4-nitroaniline) was accelerated in the presence of meso Cs/MnOx.

[O] R'-NH,
R-CH,OH » R-CHO » RHC=—/NR'
Mn3*

Scheme 4.5. Possible reaction pathways of imine formation from alcohol over meso
Cs/MnOx.

The reaction mechanism was then proposed based on the experimental findings and
previous reports (Scheme 4.5). First, alcohols were oxidized to corresponding aldehydes
in the presence of air, which was subsequently condensed with the amines to form imines
catalyzed by coordinating sites of Mn** centers. Notably, the slower reaction rate of alcohol
oxidation (30% conversion in 15 min) than condensation (> 99% conversion in 5 min)

indicates that the initial oxidation of alcohol is the rate determining step. Thus, a
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cooperation between redox and coordinating sites of the catalyst, plays a key role in
determining the activity for not only the oxidation of alcohols to aldehydes but also in the
subsequent condensation step for the formation of imines.

The diversity of the one pot imine formation was also shown by broad substrate
scope. Our methodology worked well for diverse aromatic and aliphatic alcohol/ amine
derivatives. The effectiveness of the catalyst was observed in reaction of heteroatom (S)
containing substrates, where a high conversion (>99%) and selectivity (94%) were
observed, though heteroatoms are known to poison transition metal centers of the catalyst.
The longer reaction time and higher catalyst amount for a sterically hindered alcohol is
likely due to difficult abstraction of the benzylic proton caused by the steric hindrance of
three adjacent methyl groups. The nucleophilic property of the amine had a significant
influence in the reaction. This is supported by the results of very low conversion (40%) of
a weakly nucleophilic 4-nitroaniline even after 15 h of reaction, whereas aliphatic amines

with high nucleophilic nature gave very high conversion (>99%) and selectivity in 4 h.

4.7 Conclusion

In conclusion, we demonstrated meso Cs/MnOyx as a multifunctional catalyst for
versatile tandem oxidation processes. This material was found to be efficient in catalyzing
different mechanistically distinct reactions in one-pot under similar conditions. Seven
different functional moieties can be evolved from a single substrate (alcohol) by using a
single catalyst. Moreover, for the first time we observed multiple esterification from a
single alcohol by a single catalyst under aerobic atmospheric conditions. A cooperative
effect between different active sites (redox, Lewis acidic, and basic) was found to be the

notable feature of the multifunctional meso Cs/MnOyx. The observed catalysis was truly
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heterogeneous and the catalyst can be reused without any loss of catalytic performance.
Our catalytic protocol provides a new route for sustainable tandem oxidation processes by

using an inexpensive material.
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CHAPTER 5. Mesoporous Copper/Manganese Oxide-Catalyzed
Coupling of Alkynes: Evidence for Synergistic Cooperative Catalysis

5.1 Abstract

Copper oxide supported on mesoporous manganese oxide (meso Cu/MnOy) was
synthesized by an inverse micelle templated evaporation induced self-assembly procedure.
An aggregation of nanoparticle and monomodal mesoporous size distribution with tunable
structural properties were observed. Evidence of incorporation of copper in the form of
oxide on the manganese oxide surface was detected by performing structural parameter
refinements and supported by other characterization techniques such as SEM, TEM, EDX
and XPS. A homogeneous distribution of copper oxide on manganese oxide surface was
suggested by TEM-EDX studies. The material possessed superior catalytic activity in
aerobic oxidative coupling of terminal alkynes. Excellent conversion (>99 % in most cases)
and selectivity were observed in both homo and cross-coupling of alkynes using the best
optimized reaction condition. Use of air as sole oxidant, avoidance of any kind of additives,
ease of product separation, great functional group tolerability, wide synthetic scope and
superior reusability (up to 8" cycle) are the notable features of our catalytic protocol. While
elucidating the reaction mechanism, we established a synergistic cooperative effect
between the copper and manganese to be responsible for superior catalytic activity. The
labile lattice oxygen of the meso Cu/MnOy played a vital role in deprotonation of alkyne
proton as supported from the TPD studies. Moreover, for the first time, we designed model
complexes for the active sites of the catalyst by DFT calculations and provided a qualitative

description of the coupling mechanism, which supported the experimental findings.
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5.2 Background and significance

1,3-diyne motif is encountered in numerous natural products with prominent
biological activities such as antibacterial, antimicrobial, antifungal, antitumor, anticancer,
anti-HIV, and pesticidal propertiest. Rigid and sterically undemanding acetylenic moieties
pursue interesting electronic and optical properties due to the presence of extensive ©
conjugation. 1,3-diyne derivatives are also utilized in supramolecular chemistry, designing
of advanced conjugated polymeric and optical materials, molecular wires, and liquid
crystals®3. Pioneered by Glaser in 1869, using stoichiometric amounts of copper salt,
oxidative homo-coupling of terminal alkynes was considered as the most straightforward
route for synthesizing diyne molecules®. Since then, many ligand/metal salt combinations
have been reported for alkyne coupling under homogeneous and mild reaction conditions®
8, From the viewpoint of green and environmental aspect, heterogeneous catalysts are more
advantageous over the homogeneous systems owing to easy separation, recyclability and
high stability®*. In this context, palladium based immobilized heterogeneous systems have
been successfully used'??*. However, high price of palladium, tedious synthesis
methodology and use of copper as co-catalyst in some cases hinder their practical

applications.

Copper based heterogeneous catalysts, in particular supported copper catalysts are
specifically attractive, since they provide similar or higher performance than palladium
even with lower loading of copper!®2?2. Nevertheless, these catalysts often lacked
reusability, required molecular oxygen or other chemical oxidant, high copper loading and
assistance of base and ligand was indispensable for achieving high efficiency?2. In

addition, cross-coupling of two different terminal alkynes yet remains a challenging issue
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because of a competing homo-coupling reaction.!*?’ Peng et al. reported a gold catalyzed
alkyne cross-coupling protocol with high selectivity towards unsymmetrical diynes?®.
However, assistance of nitrogen based ligand was identified as a crucial factor to promote
the transformation. Therefore, considering the afore-mentioned disadvantages, designing
of a copper based heterogeneous catalyst for alkyne coupling reaction is highly desirable,
which ideally involves air as the terminal oxidant, avoidance of any kind of additives, low
catalyst loading, proper reusability and high activity towards synthesis of symmetrical and

asymmetrical diyne derivatives .

Despite wide synthetic applicability, current understanding of the exact mechanism
of the copper mediated alkyne coupling reaction remains unsatisfactory®. In between
several existing hypotheses, the mechanism proposed by Bohlmann et al. is considered as
the most reasonable and acceptable among those?. Based on their understanding, initially,
a1 co-ordination species between triple bond and copper (1) was established, which further
formed a dinuclear copper (I1) acetylide species, and essentially collapsed to give the
coupled product. However, considered as an oxidative reaction, little has been discussed
about the role of dioxygen in the mechanistic details. In spite of some efforts to describe
the copper mediated coupling reaction mechanism by computational techniques, proper
designing of catalytic active sites has not been made®*-*2, Moreover, the proposed
mechanisms were specific for particular reaction conditions and a correlation between the
theoretical and experimental results has been scarcely established. Therefore, a complete
mechanism of the copper mediated oxidative coupling reaction emphasizing the role of
dioxygen must be discussed in detail, since a simple alkyne coupling reaction can be used

as a benchmark for other oxidative complex coupling reactions.
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Synergistic—cooperative catalysis involving two metals is an exciting phenomenon
in those organic transformations which cannot be accomplished by individual metal
catalyst®*34, Joint participation of dual metals having distinctive properties is often required
for acquiring high activity. The biggest challenge in this field is to exploit the relative
compatibility of the two metals in the same reaction medium. Mizuno et al described a
synergistic catalytic system for alkyne homo-coupling reaction using copper hydroxide on
manganese oxide-octahedral molecular sieves (Cu(OH)OMS-2)¥. Manganese oxide
acted as an electron mediator between dioxygen and copper to re-oxidize the reduced
copper species after the coupling reaction. They mentioned that the presence of hydroxyl
species was indispensable for the abstraction of alkyne protons. However, the catalyst was
designed conceptually and no clear understanding of the active sites has been provided.
Basic pretreatment, use of molecular oxygen, and high catalyst loading for aliphatic
alkynes are considered as drawbacks for the methodology. It is also difficult to estimate if
cross-coupling of alkynes would be obtained with similar efficiency like homo-coupling,
since no example of cross-coupling has been mentioned.

Herein, we designed mesoporous manganese oxide supported copper oxide for
oxidative homo and cross-coupling of alkynes to 1,3-diyne derivatives. Use of air as the
terminal oxidant, no pretreatment by basic additives, high turnover numbers, proper
reusability, and high functional group tolerability make our catalytic protocol superior to
existing catalytic systems. The mechanistic pathways and Kinetic analysis were studied in
detail. Additionally, we performed density functional theory (DFT) computational

techniques in order to establish a correlation with the experimental results towards
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disclosing the active catalytic centers and determined the role of manganese and labile

lattice oxygen towards the activity.

5.3 Experimental Section

5.3.1 Synthesis of mesoporous Cu/MnOy

The synthesis was performed following the synthetic procedure of University of
Connecticut (UCT) mesoporous materials®®. Copper nitrate trihydrate (Cu(NOs)2.3H20)
was selected as the dopant source in the synthesis. In a 120 mL beaker, 0.02 mol of
manganese nitrate tetrahydrate (Mn(NO3)..4H20), different amounts of Cu(NO3)2.3H20,
and (0.134 mol) 1-butanol were added. To this solution (0.0034 mol) P123
(PEO20PPO70PEQ20, molar mass 5750 g mol™) and (0.032 mol) concentrated nitric acid
(HNO3) were added and stirred at room temperature until the solution became clear. The
resulting clear blue solution was then kept in an oven at 120°C for 3 h under air. After
reaction, the black material was washed with excess ethanol, centrifuged, and dried in a
vacuum oven overnight. The dried black powder was then subjected to a heat treatment of
150°C for 12 h, cooled to room temperature, followed by heating at 250°C for 3 h under

air (named as meso Cu/MnOy).

5.3.2 Catalyst Characterization

The powder X-Ray diffraction (PXRD) data were collected with a Rigaku Ultima
IV diffractometer (Cu Ka radiation, A=1.5406 A) with an operating voltage of 40 kV and
a current of 44 mA. The low-angle PXRD patterns were collected over a 26 range of 0.5-
10° with a continuous scan rate of 0.5° min, where the wide-angle PXRD patterns were

collected over a 26 range of 5-75° with a continuous scan rate of 1.0° min™. The nitrogen
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adsorption desorption experiments were performed with a Quantachrome Autosorb-1-1C
automated adsorption system. The samples were treated at 150°C for 6 h under helium
prior to measurement. The surface areas and pore sizes (from the desorption branch of
isotherm) were measured by the Brunauer-Emmett-Teller (BET) and the Barrett—Joyner—
Halenda (BJH) methods. The surface morphology was determined by a Zeiss DSM 982
Gemini field emission scanning electron microscope (FE-SEM) with a Schottky emitter at
an accelerating voltage of 2.0 kV having a beam current of 1.0 mA. Transmission electron
microscopy (TEM) experiments were carried out on a JEOL 2010 FasTEM microscope
with an operating voltage of 200 kV. The samples were prepared by casting the suspension
of material on a carbon coated copper grid. The X-ray photoelectron spectroscopy (XPS)
studies were performed with a PHI model 590 spectrometer with multiprobes (®Physical
Electronics Industries Inc.), using Al-K alpha radiation (A= 1486.6 ¢V) as the radiation
source. The curves were fitted using CasaXPS software (version 2.3.12). The powder
samples were pressed on carbon tape mounted on adhesive copper tape stuck to a sample
stage placed in the analysis chamber. For correction of surface charging, the C 1s
photoelectron line at 284.6 eV was taken as a reference. A mixture of Gaussian (70%) and
Lorentzian (30%) functions was used for the least-squares curve fitting procedure. The
temperature programmed desorption (TPD) experiments were performed with a
Thermolyne 79300 model tube furnace equipped with an MKS gas analyzer coupled with
a quadrupole mass selective detector. The samples were treated with Ar for 2 h at 250°C
before the experiments. In the experiments Ar as a carrier gas was used at a constant flow

rate in the temperature range 50°C to 600°C at a ramp of 10°C min*. Inductively coupled
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plasma optical emission spectrometer (ICP-OES) was performed with a Perkin Elmer

Optima 7300DV instrument.

5.3.3 Homo-coupling of terminal alkynes

In a typical homo-coupling reaction, alkyne (0.5 mmol), meso Cu/MnOx (6 mol %
with respect to alkyne) and toluene (5 mL) were put in a 25 mL round bottom flask (two
necked flask for time dependent study, where the second neck was used as a sample port).
The flask with the reaction mixture with a reflux condenser attached was immersed in a
silicone oil bath preheated to 105°C. The reaction mixture was refluxed under vigorous
stirring (700 rpm) for the required time under an air balloon. After reaction, the mixture
was cooled, the catalyst was removed by filtration, and gas chromatography — mass spectra
(GC-MS) was used to analyze the filtrate. The conversions were determined based on
concentration of alkynes. The selectivity was calculated based on diyne as the only product.
The products were isolated with silica gel column chromatography (n-hexane or a mixed
solvent of n-hexane and dichloromethane was used as an eluent). Data of diynes are

summarized in the supporting information.

5.3.4 Hetero-coupling of terminal alkynes

In a typical cross-coupling reaction, alkynes with the required molar amounts, meso
Cu/MnOy (6 mol % with respect to total alkyne amount), and toluene (5 mL) were put in a
25 mL round bottom flask. The flask with the reaction mixture with a reflux condenser
attached was immersed in a silicone oil bath preheated to 105°C. The reaction mixture was

refluxed under vigorous stirring (700 rpm) for the required time under an air balloon. After
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reaction, the mixture was cooled, the catalyst was removed by filtration, and GC-MS was
used to analyze the filtrate. The conversions were determined based on the concentration

of limiting alkynes.

5.3.5 Analysis of reaction products of alkyne coupling

The gas chromatography — mass spectra (GC-MS) analyses were performed by a
7820A GC system connected with a thermal conductivity detector of 5975 series MSD
from Agilent Technologies and a nonpolar cross-linked methyl siloxane column with
dimensions of 12 in x 0.200 mm x 0.33 pm. The H and 3C nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker AVANCE I11- 400 MHz spectrometer. *H NMR
spectra were collected at 400 MHz with chemical shift referenced to the residual peak in
CDCls3 (3: H 7.26 ppm). 3C NMR spectra were collected at 100 MHz and referenced to
residual peak in CDCls (6: C 77.0 ppm). Multiplicities are written as s (singlet), d (doublet),

t (triplet), and m (multiplet).

5.4 Structural characterization of meso Cu/MnOx

The Cu incorporated mesoporous manganese oxide (meso Cu/MnOXx) was characterized
extensively by various techniques including powder X-ray diffraction (PXRD), nitrogen
sorption, scanning electron microscopy (SEM), transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy (EDXS) and X-ray photoelectron spectra (XPS). A
typical ordered mesoporous UCT material has a diffraction line in the low angle (0.5° - 8°)
region of PXRD pattern, which indicates the existence of a mesostructure. Figure 5.1A

displayed the low angle diffraction pattern of meso Cu/MnOx with different concentrations
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of Cu. All the meso Cu/MnOx material exhibited the characteristic low angle peak
irrespective of the dopant amount. A change of crystallinity with the Cu incorporation was
observed in the wide angle (5° - 75°) diffraction patterns of the meso Cu/MnOy (Figure
5.1B). No diffraction peaks were observed in the wide angle PXRD pattern for the 1% and
5% incorporation of Cu in the meso MnOx. 10% meso Cu/MnOy revealed diffraction peaks
corresponding to CuO, but no diffraction peaks were observed for the MnOx. This indicates
a poorly crystalline nature of manganese oxide at this calcination temperature (250°C). A
Type-1V adsorption isotherm followed by a Type —I hysteresis loop was observed in the
N2 sorption studies (Figure 5.1C). The surface areas were calculated as 227 — 290 m?g™
(by Brunauer—-Emmett—Teller (BET) methods) and 1% Cu containing sample exhibited the
highest surface area of 290 m?g? (Table 5.1). The Barrett-Joyner-Halenda (BJH)
adsorption pore size distribution (Figure 5.1D) indicated a narrow monomodal pore size
distribution for all the Cu containing materials. The pore diameters (Table 1) are within

the mesoporous range (3.0 — 3.4 nm).
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Figure 5.1 Structural characterization of meso Cu/MnOxwith different Mn/Cu molar ratio.
PXRD patterns (A) Low angle (0.5° -8°), (B) Wide angle (5°-75°), (C) Nitrogen sorption
isotherms and (D) BJH adsorption pore size distributions.

Table 5.1 Structural parameters of meso Cu/MnOxy

Mn/Cu Surface Area BJH ads. Pore EDX Crystal
molar ratio S ger (M?g?)  pore size volume Cu mol % Structure
(nm) (ccg?h) (PXRD)
n/a 200 2.8 0.153 n/a Amorphous
100/1 290 2.9 0.244 1.0 Amorphous
50/1 227 3.4 0.202 3.8 Amorphous
10/1 270 3.4 0.301 6.0 CuO

n/a = not applicable.
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The morphological features of meso Cu/MnOy were studied by field emission
scanning electron microscope (FE-SEM) and have a various Cu loadings (Figure 5.2). The
materials are composed of aggregated micron-sized rounded nanoparticles. Random
packing of metal oxide particles was also observed by Transmission electron microscopy
(TEM) (Figure 5.3) of 10% meso Cu/MnOx material. Energy dispersive X-ray
spectroscopy (EDX) was used to analyze the concentration of each element in the material
(Table 5.1). The high resolution TEM-EDX elemental map analyses of Mn, Cu, and O
(Figure 5.3) indicate a homogeneous distribution of CuO over the MnOx nanoparticle

throughout the material.

Figure 5.2 The FE-SEM images of meso Cu/MnOx with different Mn/Cu molar ratio (a)
100/1, (b) 50/1 and (c) 10/1.
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Figure 5.3 (a, b and ¢) The TEM images and TEM-EDX elemental maps (d) Mn-L, (e)
Cu-L and (f) O-L of meso Cu/MnOx with Mn/Cu molar ratio 10/1.

In the case of metal oxide mediated oxidative reactions, oxidation states of active
metals, and the nature of surface oxygen species are two important parameters to be
considered. A Cu 2ps2 binding energy of 933.3 eV and the presence of shake up satellite
peaks from X-ray photoelectron spectra (XPS) studies confirmed the oxidation state of Cu
as 2+°, which is in agreement with the PXRD data (Figure 5.4a, Table 5.2). The Mn 2p
XPS signal consists of two peaks, which were assigned as Mn 2pz. and Mn 2p12 core levels
(Figure 5.4b). The binding energies of 641.5 eV and 653.2 eV can be attributed to the
Mn®* oxidation state*®. On the other hand, deconvolution of O 1s spectra (Figure 5.4c)
specified the existence of three different binding oxygen species, namely, structural or
lattice oxygen (Os), surface adsorbed oxygen (Oads), and adsorbed water or hydroxyl groups

(Omw). In comparison to the reference catalyst (meso MnQy), a shift of the O 1s peak at
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lower binding energy (530.2 eV in meso MnOy and 529.2 eV in meso Cu/MnOy) was

observed (Figure 5.4d). This signifies an increase of mobility of lattice oxygen due to

copper incorporation. The deconvolution O 1s spectra also suggest a predominance of

lattice oxygen (Os) near the surface of the catalyst.
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Figure 5.4 XPS of meso Cu/MnOx (10% Cu): (a) Cu 2p (* indicates the shake up satellite
peaks), (b) Mn 2p, (c) deconvoluted O 1s and (d) comparison of the O 1s transitions of

meso Cu/MnOx and meso MnOx.
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Table 5.2 Comparion of XPS of Mn 2p and O 1s signal

Materials Cu (eV) Mn (eV) Os(eV) Oads (V) Omw (eV)
2p32  2pw2  2Pp32  2piw2 BE % A BE % A BE %A

Meso 933.3 953.2 6415 653.2 529.1 632 5306 232 5322 106

Cu/MnOx

Meso n/a nfa 6414 6528 529.0 475 530.8 405 5324 120

MnOy

Os = Structural or lattice oxygen, Oads = surface adsorbed oxygen, Omw = adsorbed water

or hydroxyl group. n/a = not applicable.

5.5 Catalytic reactions

5.5.1 Optimization of reaction condition
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Figure 55 Effect of copper loading in catalytic activity. Reaction condition:
phenylacetylene (1.0 mmol), meso Cu/MnOx (50 mg), toluene (5 mL), 105°C, 3 h, under

air balloon.

We started the initial investigation by selecting oxidative homo-coupling of

phenylacetylene as the model reaction for developing the optimal reaction conditions. The

bare mesoporous manganese oxide was totally inactive suggesting presence of no active

sites for the coupling reaction. An increase of conversion from 4 to 70% was observed by
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increasing the copper concentration from 1% to 10% in the MnOy (Figure 5.5). The
selectivity in all the cases were 100% as 1,3-diyne was the only product. Changing the
oxidant source from air (45% conversion) to oxygen (55% conversion) resulted in an
increase of activity [Entry 1 and 2, Table 5.3], whereas, reaction under nitrogen
atmosphere displayed much lower conversion (24%) [Entry 3, Table 5.3]. A significant
enhancement of conversion (70%) was achieved by addition of base [Entry 4, Table 5.3]
and the combination of oxygen and base displayed the best (85% conversion) activity
[Entry 5, Table 5.3]. On the other hand, the reaction did not proceed at all in the presence
of an acid [Entry 6, Table 5.3]. However, performing catalytic reaction under aerobic
conditions without any additives is much more desirable in terms of green and sustainable
chemistry. While performing further optimizations, an increment of catalyst loading from
3 to 6 mol% with respect to alkyne yielded the desired diyne quantitatively within 40 min
(TOF 24.7) [Entry 8-9, Table 5.3] without any additives under an air balloon. The reaction
also proceeded under nitrogen, though having a much lower TOF value of 3.9 [Entry 10,
Table 5.3]. Therefore the best optimized reaction conditions [Entry 9, Table 5.3] were

used for the rest of the work.
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Table 5.3 Optimization of reaction conditions?

Entry Cu Oxidant  Additives Time Conversion® TOF*
(mol%) (min) (%) (h)
1 3 Air None 180 45 3
2 3 02 None 180 55 6
3 3 N2 None 180 24 2.7
4 3 Air K2CO3* 180 70 7.8
5 3 0> K2CO3* 180 85 9.4
6 3 Air PTSA® 180 0 0
7 3 Air None 360 80 8.9
8 6 Air' None 45 94 21
9 6 Air None 40 >99 24.7
10 6 N2 None 180 70 3.9

# Reaction conditions: phenylacetylene (0.5 mmol), catalyst (different mol% of meso Cu/MnOy),
toluene (5 mL), balloon of air/O,/N, , 105°C. ® Conversions were determined by GC-MS and based
on phenylacetylene. *TOF = TON/ time (h), TON = no of moles of phenylacetylene converted per
mol of Cu in the catalyst. %1 equivalent of K,COs was used. ® PTSA (p-Toluenesulfonic acid, 1

equivalent). "Open to atmosphere.

The catalyst precursor Cu(NOs).. 2H>O and other Cu salts (CuCl, CuCly,
CuS04.5H20) [Entry 1-4, Table 5.4] and commercial Cu oxide (CuO, Cu20) [Entry 5-6,
Table 5.4] did not produce any coupling product. No reaction proceeded with a physical
mixture of CuO and meso MnOy [Entry 7, Table 5.4]. To determine the role of MnOx in
the reaction, we selected mesoporous Cu/TiO; (prepared by the same UCT method, see
supporting information for details) as a reference catalyst for comparison. In contrast to
meso Cu/MnOx (>99 % conversion), meso Cu/TiO displayed much lower conversion (7
%) [Entry 8-9, Table 5.4], under identical conditions. No reaction happened in the absence

of catalyst [Entry 10, Table 5.4]. Therefore, the highly dispersed copper oxide species on
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mesoporous manganese oxide is indispensable for the present aerobic oxidative coupling
of terminal alkynes.

Table 5.4 Oxidative homo-coupling of phenyl acetylene by different catalysts?

Entry Catalyst Cu (mol%) Conversion® (%)
1 Cu(NO:s)2 6 nd
2 CuCl 6 nd
3 CuCl,.2H20 6 nd
4 CuS04.5H.0 6 nd
5 CuO 6 nd
6 Cu20 6 nd
7° CuO + meso MnOx 6 nd
8 meso Cu/TiO> 6 7
9 meso Cu/MnOx 6 >99
10 None 0 nd

 Reaction conditions:  phenylacetylene (0.5 mmol), catalyst (6mol% Cu with respect to
phenylacetylene), toluene (5 mL), air balloon, 105°C, 45 min. ® Conversions were determined by
GC-MS and based on phenylacetylene ¢ A physical mixture of meso MnOy (50 mg) and CuO (6

mol%) were used. Nd = not determined.

5.5.2 Oxidative homo-coupling of terminal alkynes
5.5.2.1 Substrate scope

The methodology worked well for diverse alkyne derivatives such as aromatic
[Entry 1-8 and 13, Table 5.5], aliphatic [Entry 9-12, Table 5.5], heterocyclic [Entry 8,
Table 5.5], olefinic [Entry 7, Table 5.5], and silylic [Entry 10, Table 5.5]. In all cases,
the reaction exhibited >99% selectivity, as the corresponding 1,3-diyne was the only
observed product. Alkynes with electron releasing [Entry 2-4, Table 3] or electron

withdrawing [Entry 5-6, Table 5.5] groups reacted smoothly to give the corresponding
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1,3-diynes with excellent yields. The position of the methyl group in the aromatic ring did
not affect the reaction rate [Entry 3-4 Table 5.5]. No dehalogenated product was observed
in the case of halogen substituted alkynes [Entry 5-7, Table 5.5]. The dimerization of a
heterocyclic substituted alkyne [Entry 8, Table 5.5] was conducted to afford high yield
and selectivity but a much longer reaction time (12 h) was required. Excellent activity
(>99% conversion, >99% selectivity) in oxidative coupling of an enyne (1-
ethynylcyclohexene) [Entry 9, Table 5.5] revealed the superior chemo-selectivity nature
of the meso Cu/MnQy, since no reaction at the double bond was identified by GC-MS.
Moreover, aliphatic alkynes were successfully converted to the corresponding diynes with
similar turnover numbers (16.7) to the aromatic alkynes [Entry 10-11, Table 5.5]. Great
functional group tolerability was also observed with silylated alkyne [Entry 12, Table 5.5]

and substrates containing reactive ester groups [Entry 13, Table 5.5].
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Table 5.5 Aerobic oxidative homo-coupling of terminal alkynes?

meso Cu/MnO,

2 R———H - » R————— R + H)0
Air, toluene, 105°C
Entry Substrate Time (h) Conversion®
C
(%)
1 <:> _ 1 >99(97)
2 <:> . 3 >99(85)
MeO —
3 <:> _ 2 >99(83)
4 2 2 >99(91)
5 E <:> _ 1 >99(98)
d
6 . <:> — 8 90(82)
e
7 Br <:> — 6 95(87)
8 - _ 12 >99(85)
/ pr—
\ N
9 < > _ 2 >99(91)
10 < > _ 2 >99(82)
11 n'C6H13—: 6 >99(87)
12 \S_ _ 2 >99(93)
it —
/

13 @) : 4 >99(96)

# Reaction conditions: alkynes (0.5 mmol), meso Cu/MnOy (6 mol% Cu with respect to amount of
alkyne), toluene (5 mL), 105°C, air balloon. ® Conversion was determined by GC-MS based on the
concentration of alkynes. Selectivity in all cases were 100% to diynes. Numbers in parenthesis refer
to yields of isolated products. * TON (no. of moles of alkynes converted / moles of copper in
catalyst) = 16.7. “TON = 15.0, °TON = 15.8.
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5.5.2.2 Charecterization of diynes

1,4-Diphenyl buta-1,3-diyne
'H NMR (400 MHz, Chloroform-d): § (ppm) = 7.60 — 7.50 (m, 4H), 7.37 (q, J = 5.5 Hz,
6H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 132.66, 129.36, 128.59, 121.96, 81.70,
74.06.

MeO@ — @OMe

1,4-Bis(4-methoxylphenyl) buta-1,3-diyne

'H NMR (400 MHz, Chloroform-d): & (ppm) = 7.36 (d, J = 8.8 Hz, 4H), 6.75 (d, J = 8.8
Hz, 4H), 3.72 (s, 6H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 160.39, 134.18, 114.28, 114.10, 81.38,
73.10, 55.48.

1,4-Bis(4-methylphenyl) buta-1,3-diyne
'H NMR (400 MHz, Chloroform-d): & (ppm) = 7.42 (d, J = 8.0 Hz, 4H), 7.14 (d, J = 7.9
Hz, 4H), 2.37 (s, 6H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 139.63, 132.53, 129.35, 118.95, 81.69,
73.61, 21.75.

O

1,4-Bis(3-methylphenyl) buta-1,3-diyne

IH NMR (400 MHz, Chloroform-d): & (ppm) = 7.29 (d, J = 7.9 Hz, 4H), 7.16 (m, J = 15.3,
7.6 Hz, 4H), 2.29 (s, 6H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 138.30, 133.12, 130.25, 129.76, 128.46,
121.80, 81.76, 73.81, 21.34.
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1,4-Bis(4-fluorophenyl) buta-1,3-diyne

IH NMR (400 MHz, Chloroform-d): & (ppm) = 7.51 (dd, J = 8.9, 5.4 Hz, 4H), 7.04 (t, J =
8.7 Hz, 4H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 164.47, 161.97, 134.73, 134.64, 118.00,
116.17, 115.95, 80.59, 73.70.

==

2-(4-(pyridin-2-yl)buta-1,3-diynyl)pyridine

IH NMR (400 MHz, Chloroform-d) & 8.77 (d, J = 2.1 Hz, 2H), 8.60 (dd, J = 5.0, 1.7 Hz,
2H), 7.81 (dt, J = 8.0, 2.0 Hz, 2H), 7.29 (dd, J = 7.9, 4.9 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 153.15, 149.49, 139.41, 123.11, 118.88,
79.17.

O=—0

1,4-dicyclohexenylbuta-1,3-diyne

'H NMR (400 MHz, Chloroform-d) & 6.21 (s, 2H), 2.10 (d, J = 5.3 Hz, 8H), 1.70 — 1.49
(m, 8H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 138.17, 120.07, 82.78, 71.69, 28.80, 25.97,
22.24,21.42.

O==0

1,4-dicyclohexylbuta-1,3-diyne

IH NMR (400 MHz, Chloroform-d) & 2.43 (t, J = 8.8, 3.6 Hz, 2H), 1.82 — 1.75 (m, 4H),
1.73 - 1.66 (m, 4H), 1.52 — 1.40 (m, 6H), 1.30 (q, J = 6.8, 5.7 Hz, 6H).
13C NMR (101 MHz, Chloroform-d): & (ppm) = 82.17, 63.35, 32.53, 29.75, 26.00, 25.02.

N-CgHi3——=——"—"n-CgHy3

7,9-Hexadecadiyne

116



IH NMR (400 MHz, Chloroform-d) § 2.24 (t, J = 7.0 Hz, 4H), 1.51 (p, J = 6.9 Hz, 4H),
1.43 - 1.34 (m, 4H), 1.32 — 1.24 (m, 8H), 0.88 (t, J = 6.9 Hz, 6H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 65.19, 31.23, 28.46, 28.26, 22.14, 19.14,
13.95.

\ /
—Sj—————Si—
/ \

1,4-bis(trimethylsilyl)buta-1,3-diyne
'H NMR (400 MHz, Chloroform-d) § 0.07 (s, 18H).
13C NMR (101 MHz, Chloroform-d): § (ppm) = 70.84, -1.27.

S O==0

1,4-Bis(p-benzoic acid methyl ester)buta-1,3-diyne

IH NMR (400 MHz, Chloroform-d) & 8.02 (d, J = 8.5 Hz, 4H), 7.59 (d, J = 8.5 Hz, 4H),
3.93 (s, 6H).

13C NMR (101 MHz, Chloroform-d): & (ppm) = 153.15, 149.49, 139.41, 123.11, 118.88,
79.17, 29.70.

5.5.3 Oxidative cross-coupling of alkynes

We performed a conditional screening with a focus on the molar ratio of partner
alkynes to get the maximum selectivity towards the asymmetric diynes. As illustrated in
table 5.6, the catalyst was able to produce the desired asymmetrical diynes by selecting the
optimized reaction condition with good to excellent selectivity. The catalyst exhibited
cross-coupling between terminal alkynes of different types including aromatic and
aromatic [Entry 1, 2, 6 and 7, Table 5.6], aromatic and aliphatic [Entry 3 - 5, Table 5.6],
and aromatic and olefinic [Entry 4, Table 5.6]. The best selectivity to asymmetrical diyne
was obtained by selecting an excess of the aliphatic alkynes over aromatic alkynes. On the
other hand, selecting an equal molar amount of two aromatic alkynes produced the

maximum selectivity to the asymmetric diyne.
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Table 5.6 Aerobic oxidative cross coupling of terminal alkynes?

meso Cu/MnO,

— Ll — H - R — — R
R———"H +R; "' Air, toluene, ! 2
105°C, 3 h
Entry R1 Rz Rel.  Conv®  Coupled products
ratio (%) selectivity® (%)

Ri- Ri- Ro-
R1 R2 R2

1 O _ Q _ 1/1 >9 17 52 23
2 C _ O _ 1/2 >99 38 50 12
3 O _ Q _ 1/3 80 12 54 36
4 O _ Q _ 1/3 92 1 57 32
5 Q _ N-CeHig—=— 1/3 >9 20 62 18
6 C/ —  \eo O _ n >99 20 459 35

7 <:> . 2 1/1 >99 20 55¢ 25

# Reaction conditions: alkynes total amount (0.5 mmol), meso Cu/MnOy (6 mol% Cu with respect
to total amount of alkynes), toluene (5 mL), 105°C, 3 h, air balloon. b Conversion was determined
by GC-MS based on the concentration of limiting reagent. °Selectivity was calculated by GC-MS.

dIsolated yield was 82% © Isolated yield was 87%.

5.5.4 Reusability and heterogeneity

Stable reusability and negligible leaching of active species are two important
factors for an efficient heterogeneous catalytic system. We selected oxidative homo-
coupling of phenylacetylene as the model reaction for a reusability study. After the
reaction, the catalyst was retrieved by filtration and was washed with excess solvent and
ethanol (>90% recovery). Prior to reuse the catalyst was reactivated at 250°C for 30 min
to remove any adsorbed organic species. Figure 5.6a shows that the catalyst can retain

activity and selectivity even after the 8" reuse. Moreover, no change in the PXRD pattern
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after the 8" cycle was observed (Figure 5.6b), which confirms that the catalyst can retain
the crystal structure even after multiple reuse cycles. To verify any possible leaching of
active Cu species in the solution, the catalyst was filtered and the filtrate was analyzed by
inductively coupled plasma optical emission spectrometry (ICP-OES). A trace amount of
Cu (1.9 ppb) and Mn (7.0 ppb) were detected in the filtrate. All of these results signified

the truly heterogeneous nature of our catalyst, which is active, stable, as well as recyclable.

@), (b)

4004

3004

—— Meso 10 % Cu/MnOx
200 —— After 8th reuse

100]N WM‘ M ' w

10 20 30 40 50 60 70

Conversion %

Relative Intensity (Counts)

2 Theta

Cycle

Figure 5.6 (a) The reusability experiment. Reaction Conditions: phenylacetylene (0.5
mmol), catalyst (6 mol% Cu with respect to phenylacetylene), toluene (5 mL), 105°C, 45
min, air balloon. (b) PXRD before and after 8" reuse.

5.5.5 Kinetic study

Kinetics of the reaction were then determined by conducting a time dependent study
of the model reaction (oxidative coupling of phenylacetylene). Periodic sampling was
undertaken at specific time intervals and conversion was determined by GC-MS. Kinetic
experiments depicted a first order rate equation with respect to alkyne (Figure 5.7) having
a rate constant of 0.093 min?. Kinetically relevant elementary steps in the reaction

pathways were measured by changing the acetylenic H to D in phenylacetylene. The
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obtained kinetic isotope effect (KIE) value was 0.9 (Figure 5.8), which signified that

abstraction of the acetylenic proton of alkyne was very fast.

0.5-
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Figure 5.7 Kinetic experiment of homo-coupling of phenylacetylene by meso Cu/MnOx.
The reaction exhibited first order kinetics with respect to phenylacetylene concentration.
Reaction condition: alkyne (0.5 mmol), meso Cu/MnOx (6 mol % with respect to
phenylacetylene), toluene (5 mL), 105°C, under air balloon.
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Figure 5.8 Kinetic plot of oxidation of phenylacetylene-D and phenylacetylene. The ratio
of Ku/Kp = 0.9; which signified the abstraction of alkyne proton was not the rate
determining step. Reaction condition: phenylacetylene (0.5 mmol), meso Cu/MnOx (6 mol
% with respect to phenylacetylene), toluene (5 mL), 105°C, air balloon.
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5.5.6 Role of manganese oxide

A significant lower conversion (7% in air and 5% under nitrogen) was achieved
when meso Cu/TiO, was selected instead of meso Cu/MnOy (94% in air and 28% under
nitrogen). We used XPS to probe the oxidation state of Cu and Mn in the unreacted
catalysts and after reaction in air and nitrogen atmospheres (Figure 5.9 and Table 5.7).
The oxidation state of Cu was estimated as 2+ in both of the untreated materials (pink and
blue lines), as shown in Figure 5.9. The oxidation state of Cu persisted at 2+ (red and black
lines) for meso Cu/MnOxy irrespective of the reaction environments (air or nitrogen). In
contrast, reduction of Cu was observed (absence of satellite peaks), when the Cu/TiO;
material was subjected to react under nitrogen (green line). These results confirmed the re-
oxidation of reduced Cu species occurs in the presence of MnOx even under nitrogen
atmosphere. To further establish the re-oxidation of reduced Cu species, we tested the
oxidation state of Mn in the meso Cu/MnOy before and after reaction. As revealed from
XPS, no change of oxidation state of Mn was detected when the coupling reaction was
performed under air, whereas a lowering of Mn oxidation state was observed (Table 5.7),

when the reaction was performed under nitrogen.
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Figure 5.9 Comparison of Cu 2p XPS of meso Cu/MnOy and meso Cu/TiO; after the

reaction at different atmosphere (air and nitrogen).

Table 5.7 XPS data of meso Cu/MnOyx and Cu/TiO> before and after reaction with air and

Catalyst Mn (Izi/) Cu (eV)
2Pz 2p12 2p3n 2p12
Meso Cu/MnOx 641.5 653.2 933.3 953.3
Meso Cu/MnOx (air) 641.6 653.6 933.5 953.0
Meso Cu/MnOx (N2) 641.2 653.4 933.5 953.1
Meso Cu/TiO2 n/a n/a 935.8 953.7
Meso Cu/TiO2 (N2) n/a n/a 933.9 956.2
n/a = not applicable.
5.5.7 Role of lattice oxygen
The homo-coupling reaction did not proceed with an internal alkyne

(diphenylacetylene), suggesting that the copper species is likely binding to terminal alkyne

to form the copper-acetylide species. Since in our study, no basic assistance is necessary,
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the catalyst itself needs the ability to abstract the alkyne proton. As observed before, bare
copper oxide was unable to produce any coupling product. We believe the labile lattice
oxygen of the meso Cu/MnOy played a role in the abstraction of acetylic proton. We
therefore conducted the homo-coupling of phenylacetylene by meso Cu/MnOy heated at
different calcination temperature (250°C, 350°C, 450°C and 550°C), since calcination has
a remarkable effect in crystallinity of UCT material. An increment of catalytic performance
was observed with the heat treatment from 250°C to 450°C, whereas, the activity again
decreased at 550°C (Figure 5.10). Temperature programmed desorption (TPD)
experiments were performed in order to determine the nature of oxygen species of the
material. As revealed from the figure 5.11, the material calcined at 250°C to 450°C showed
a desorption peak around 500°C which can be ascribed as desorption of lattice oxygen.
Therefore, the role of labile lattice oxygen of copper manganese oxide is probably the

abstraction of alkyne hydrogen to from the alkynyl species.

804
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20+ I
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250 350 450 550
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£

Figure 5.10 Effect of calcination temperature on catalytic activity. Reaction Conditions:
Phenylacetylene (0.5 mmol), meso Cu/MnOx (6 mol%), toluene (5 mL), 105°C, 30 min,
air balloon.
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Figure 5.11 O,-TPD of meso Cu/MnOx at different calcination temperatures.

5.6 Theoritical results
5.6.1 Geometries and transition metal coordination

The H20 molecule is favored as an inert framework ligand, because charge effects
associated with ligands, such as OH™ or O%, can be avoided. The geometries of the H.0
donor ligands (O—H = 0.96A, ZH-O—H = 104°) are fixed and planar relative to the metal
atoms. The hydrogen atoms of the H,O molecule are maintained co-planar with the
principal axis of the coordination complex. The distances for ligands acting as lattice sites
bonded to a metal are always kept fixed: Cu—O, Mn—O = 2.00A. The simplest reactive
alkyne, acetylene (H-C=C—H), is used in all calculations and discussions. Other reactive
ligands, H-C=C:~, O, HO", and N> complete the coordination sphere, and form short-
lived species. The Cu atoms are configured in a five-coordinate environment while the Mn

atoms are bonded to six ligands yielding six-fold coordination. A suitable overall charge
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on the complex is assigned, so that the formal oxidation states of the metal atoms
approximately correspond to the experimental values. During the catalytic reaction, the
spin states of the Mn and Cu change, and it becomes important to track the spin of the
model complexes in order to obtain suitable estimates of the energies and geometries along

the pathway.

5.6.2 Basis sets and density functional

Calculations were performed by utilizing the Gaussian®, GAMESS®, and
NWChem® programs employing mostly the Def2TZVP basis*® for the Mn and Cu atoms,
and the 6-31G(d) basis*! for all ligand atoms (H, C, N, O). The LANL2DZ basis*? was also
used for the metal atoms to initially perform tests on different complexes. Both wave
function and density functional theories were utilized in the description of the model
systems. For calculations utilizing density functional theory, the M06-L functional, known
to provide good results for inorganic, transition metal, and organometallic complexes*® was
employed throughout. A dispersion correction** was attempted to improve the stability of
an initial transient, which then dissociates along a reaction pathway, but this proved
difficult because the separated species involved a charged transition metal complex lacking

surface delocalization of charge.

5.6.3 Optimized geometries of transient intermediates

For all the calculations presented here, only a partial optimization of the proposed
model transition complexes is performed, although this approach is fraught with
uncertainty. However, because the active catalytic sites containing Mn and Cu atoms,

together with their ligands, are constrained by bonds within the crystal lattice, this approach
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seems reasonable. With this in mind, vibrational analysis of these complexes was carried
out with a view of determining stationary points which are either minima or transition
states. Since partial optimization is employed, the results from frequency calculations are
ambiguous and cannot provide with certainty that a minimum or intermediate structure was
reached. The negative frequencies obtained from a vibrational analysis usually pointed to
vibrational motions of the ligands which always remain fixed for the ligands which are not

optimized.

5.6.4 Cu sites on the meso Cu/MnOx surface

Because acetylenes have two 7 orbitals, n—[L4Cu(I1)(H-C=C—H)]*" complexes are
capable of exhibiting enhanced stability. Tatsumi et al.*> showed that the Dewar-Chatt-
Duncanson model*® can be applied to both double bonds, m.,n*; and mi,m*i , which play an
important role in bonding to mononuclear transition metal complexes. The
n—[L4Cu(11)(H-C=C—H)]** complex, as shown in Figure 5.12a, appears to be more stable
than the corresponding Cu(l) complex, which is quite reasonable because the d? orbital is
now only partially filled and can interact with the first 7 system, i.e. m,m*. The m — d;? is
a three-electron stabilizing interaction, together with further stabilization from a favorable
interaction with ©*. The m*1 orbital from the second n system stabilizes a matched filled
Cu d; orbital. This corresponds to the transformation of n—[L4Cu(ll)(H-C=C-H)]when H*
is abstracted to an i—[L4Cu(11)("C=C—H)] complex, shown in Figure 5.12b which can then

couple with a neighboring acetylide anion (H-C=C:").
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(a) (b)

Figure 5.12 (a) n=—[L4Cu(l1)(H-C = C-H)J?**, and (b) n—[L4Cu(I1)(C = C-H)]*complexes.
The stability of the complex (a) relative to the separate components is 6.2 kcal mol™. The
acetylide anion (—C = C-H) in (b) was unstable with respect to a DFT calculation using a
6-31g* basis set, and prevented the determination of relative stability, but its value is larger
than (3a). L stands for H20.

5.6.5 Mn sites on the meso Cu/MnOx surface

Vacant Mn sites on the Cu/MnOxy surface play a complementary role with respect
to the Cu sites, especially when they are adjacent to one another. The Mn sites absorb Oo,
form stable L,MnO; intermediates, and are capable of abstracting H* from neighboring Cu
sites bonded to H-C=C—H molecules. In the case of Mn surface sites with L,MnO-
intermediate, it is important to keep track of the spin on the Mn atom. The [LaMn(11)(O2)]
(d® : S = 6) complex is not stable, whereas [LaMn(I111)(O2)]* (d*: S = 5) forms a stable
complex as shown in Figure 5.13a. The O abstraction of H* by [LaMn(111)(O2)]", does
not alter the electronic configuration of the Mn(Ill) in the complex. The complex

[LaMn(111)(O2H)]?* (d*: S = 5) remains stable as shown in Figure 5.13b below, eventually
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releasing the OOH~ ion. The remaining [L-Mn(IID]*" site is eventually reduced to

[L.Mn(11)]?*.

(a) o (b)

g A

Figure 5.13 (a) [LaMn(111)(O2)]*, and (b) [LaMn(I11)(O2H)]?*, complexes. The stability of
the complex (a) relative to the separate components is 59.4 kcal mol™. The hydroperoxyl
anion (O2H") was unstable with respect to a DFT calculation using a 6-31g* basis set, and
prevented the determination of relative stability, but its value is larger than (4a). L stands
for H0.
5.6.6 Molecular analogues of reactive surface species

Several model systems can be used to illustrate the oxidative coupling of alkynes
on the Cu/MnOx surface, and three are shown in Figure 5.14 For the models, it is assumed
that nearby Mn sites are capable of interacting with catalytically active Cu sites, and have
the capability of producing a coupled alkyne product. The model in Figure 5.14a is
considered favorable because the Mn atom, squeezed between two active Cu atoms, and

bonded to two acetylide anions, is capable of interacting with the approaching anionic

fragments (H-C=C:” < ~:C=C—H), stabilizing the incipient repulsive interaction, and
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subsequently absorbing the two discarded electrons, resulting from the oxidation of the
acetylide anions, into an available Mn(d) orbital. An advantage of considering the model
in Figure 5.14b is that the Cu sites are adjacent to each other (Mn sites are also presumed
to be adjacent to each Cu site), allowing direct coupling of the acetylide anions and electron
exchange with Mn atoms. Model Figure 5.14b is also analogous to an intermediate in the
solution-phase Glaser-Hay reaction. Finally, the model in Figure 5.14c is similar to that in
Figure 5.14b, but now includes O- as the bridging ligand between Cu atoms. Oz is plentiful
under the experimental conditions, when air and O are available above the Cu/MnOxy
surface. A dominant structure, supported by Cu atoms, may include the side-on p-7%:5?-

peroxo motif*’*° shown in Figure 5.14c which provides some degree of confidence that

this is a reasonably valid model.

B =@ @@=

Figure 5.14 Model systems [(a) Mn atom, squeezed between two active Cu atoms, (b) Cu
sites are adjacent to each other and (c) O2 as the bridging ligand between Cu atoms] on the

Cu/MnOy surface capable of oxidative coupling of alkynes.
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5.7 Discussion

This study features the design of mesoporous copper incorporated manganese oxide
material as an efficient heterogeneous catalyst for aerobic oxidative coupling of alkynes to
1,3-diynes. The material was synthesized by an inverse micelle templated sol-gel synthesis
procedure using copper nitrate as the copper source. In this process, a pluoronic surfactant
(P123) along with the metal source (Mn and Cu) randomly packed in an acidic alcoholic
solution (HNOs + butanol) to build the mesostructure. The nitrate ions pulled the positively
charged manganese and copper oxo-clusters into the core of the inverse micelles. The
formation of NOy (by thermal decomposition of nitrates) controls the whole sol-gel
process. Control of the dopant amount is crucial, since high amounts of dopants can
destabilize the reaction gel and cause the surfactant to precipitate. We have successfully
employed 1 -10 mol % incorporation of copper without disturbing the solution gel. The
reaction system was then treated at 120°C for 3 h, followed by extracting the surfactant
with ethanol to get the mesoporous material (meso Cu/MnQOy). Chemisorbed species
(nitrates and carboxylates) were removed from the material by a heat treatment at 150°C
for 12 h and 250°C for 3 h consecutively.

As illustrated in Table 3, our system indicates excellent substrate scope and
functional group tolerability, giving the desired homo-coupling product in excellent yields.
For aromatic alkynes, excellent activity was observed for both electron donation and
electron withdrawing groups. Halogen substituted aromatic alkynes gave the desired
product with excellent selectivity (>99%) without any dehalogenation, though
dehalogenation and oxidative addition of halogen substituted aromatic compounds has

been shown to occur in copper mediated systems®’. The longer reaction time (15 h) to
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achieve efficiency for a heteroatom containing substrate can be attributed to the poisoning
of the active copper sites of the catalyst by coordination with N-heteroatoms®. Homo-
coupling reactions with long chain aliphatic alkynes are known to be relatively difficult
and higher copper loading or longer reaction times are essential, as mentioned in previous
studies®2%52, However, meso Cu/MnOx exhibited excellent performance in the reaction
with the long chain, inactive 1-octyne with no drop in turnover number versus aromatic
alkynes. The easy diffusion and transportation of 1-octyne in the mesoporous network may
be the reason behind the high activity. Excellent selectivity was also observed with a
reaction of an enyne, though manganese oxides are known to oxidize the double bond in
catalytic conditions®. The excellent selectivity was also demonstrated by the homo-
coupling reaction of a silylated derivative without oxidation of the Si-H bond>*.

In cross-coupling of alkynes, discrimination of partner alkynes to metal acetylide
formation has been considered the most important feature?®. We hypothesized that proper
choice of relative alkyne amounts might provide the discrimination effect toward different
alkynes. There were no significant differences in the rate of the homo-coupling of aromatic
alkynes. Therefore, by selecting an equal amount of aromatic alkynes, we observed the
maximum selectivity towards the asymmetric diynes. As observed in previous studies,
aliphatic alkynes reacted faster to form the metal acetylide species to provide the
discrimination effect®. Similarly in our study, asymmetric diynes were synthesized with
good to excellent selectivity when aliphatic alkynes were used in excess over aromatic
alkynes.

In general, copper undergoes a one electron reduction and forms a Cu-acetylide

species, which dimerizes to give the corresponding diyne *°. As elucidated from DFT
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calculations, a schematic diagram, showing how the energy decreases as the two separated
acetylide anions for model Figure 5.14b readily couple to form a coupled acetylene
product is given in Figure 5.15. The relative energy (-84.6 kcal mol™) of the final optimized
coupled product is reasonable for the formation of the C-C bond in H-C=C-C=C—H, which
is the bond joining the two acetylide fragments. However, no change in copper oxidation
state of meso Cu/MnOx was observed after the reaction by XPS. Therefore, re-oxidation of
reduced copper species has been included in the present oxidative coupling. The re-
oxidation is well supported by disappearance of the satellite peaks of Cu 2p in meso
Cu/TiOz, confirmed the reduction of Cu(l1) to Cu(l) in the present homo-coupling reaction
under nitrogen atmosphere. In contrast, the re-oxidation was efficiently promoted by MnOx
even under nitrogen atmosphere. A reduction of Mn oxidation state was also observed by
XPS which complemented the re-oxidation of reduced Cu(l) species by Mn(ll1) species.
On the other hand, under an aerobic atmosphere, the reduced Mn species can effectively

reoxidize®®,
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Initial Structure
(0 kecal/mol)

Partially Optimized
Structure (-48.1 kcal/mol)

Relative Energy

Optimized Structure
(-84.6 kcal/mol)

Reaction Pathway

Figure 5.15 Relative energies for the coupling of two acetylide moieties along the
optimization pathway for structure Figure 5.14b. Only the acetylide fragments are
optimized, with H20 ligands and metal atoms remaining fixed to simulate the infrastructure

of a Cu/MnOx surface.

Based on experimental findings, we propose a mechanism for oxidative coupling
of alkynes by meso Cu/MnOy (Scheme 5.1). First, the lattice oxygens of meso Cu/MnOx
abstract an alkyne proton to form the Cu(Il) acetylide species (formed by weak =
coordination between alkyne triple bond and copper center) , which dimerizes to give the
corresponding diyne and generates Cu(l) species. The surface active Mn centers
simultaneously involve a one electron reduction and re-oxidizes the Cu(l) species to Cu(ll).
Under catalytic turnover conditions, the reduction of active Mn species can lead to facile
release of lattice oxygen®’. The labile lattice oxygen re-oxidizes the Mn center back with

production of H2O», which could easily be decomposed over manganese oxide and form
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water>"°. The supply of oxygen is crucial for the catalytic activity, as loss of lattice oxygen
should be replenished by oxygen from the air. This also was supported by the observation
that using a dinitrogen atmosphere instead of air diminished the reaction rate. A Kinetic
isotope effect was hardly observed in the homo-coupling of phenylacetylene (kn/kp = 0.9)
indicating that the abstraction of the alkyne proton is not the rate determining step.
Therefore, the re-oxidation of reduced copper species is probably the rate determining step

in the present coupling reaction.

MnZ2*
+
R—=——H cu 02
Mn3* H,O + 1/2 O,
H,0,
-
Cu% 2-
[R—= O,
2 Mn4:

H+

Scheme 5.1 Proposed mechanism of aerobic oxidative coupling of alkynes by meso
Cu/MnOx.

The coupling reaction mechanism was further elucidated with DFT calculations.
The experimental results appear to involve at least two mechanisms for alkyne coupling,
depending on the reaction conditions involving either aerobic and nitrogen rich
environment. When either oxygen or air are used, more than one mechanism is probably
operative for alkyne coupling. In the following, a reasonable mechanism for oxidative

coupling of terminal alkynes on meso Cu/MnOx will be explored. A basic assumption for
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any credible mechanism presumes that Cu atoms are randomly distributed on the Cu/MnOx

surface and are intertwined with neighboring Mn atoms, forming bonds with O atoms.

Air environment

1. Initially, the neutral H-C=C-H molecule forms a weakly bound n -
[L4Cu(11)(C2H2)]?* complex (L = H,0).

2. Concomitantly, an adjacent L.Mn(I11)** species reacts with O, to form
[LaMn(HT)(O2)]F. The [LaMn(111)(O2)]* intermediate is able to directly abstract an H™ and
yield a [t—LsCu(11)(C=CH)]" and a [L-Mn(111)(OzH)]* complex. L,Mn sites exhibit a
twofold role in enhancing catalysis, by both changing its oxidation state and by yielding an
acetylide anion.

3. [LaMn(111)(O2H)]?* loses OzH" to form an [LaMn(111D)]3* complex.

4. In the final step, two acetylide anions from [n—LsCu(l1)(C=CH)]" species react to form
a diyne molecule (e.g., H C=C—C=C—H) and residual L4Cu(ll) surface species.

The overall equations for the postulated mechanism are given below:

2 [n-LaCu(INCzH2J?* + 2 [LaMn(lID(02)]" — 2 [n—LsCu(ll)(C=CH)]* +
2[LaMn(111)(O2H)] Z*

2 [LaMn(111)(O2H)]?" — 2 [LaMn(1ID]? + 2 OOH™

2 OOH — H20 + 1/20; + 2~

2 [n-LaCu(11)(C=CH)]* — 2 [L.Cu(l)]* + H-C=C-C=C-H

Nitrogen environment

Surface sites containing reactive species such as [LaMn(111)=0]+, are assumed to

always be available on the Cu/MnOy surface under nitrogen environments.
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1. [LaMn(I11)=0]" reactive species abstracts an H* from [r—LaCu(l1)(C2H2)]?** to form
[n—LnCu(I11)(C=CH)]* and [LaMn(111)(OH)]?*.

2. [LaMn(111)(OH)]?* decomposes to [LaMn(1ID]?* + OH~.

3. Two acetylide anions from [r—L4Cu(l1)(C=CH)]* species react to form the coupled
product (H —C=C—-C=C—H).

The yield of coupled alkyne product is reduced, when the Cu/MnOy surface is
exposed to nitrogen environments, and may be related to the formation of a weak
[LaCu(11)(N2)]?* complex which inhibits the formation of the neutral [r—L.Cu(I11)(C2H2)]*
complex. Complex formation with nitrogen competes with H—-C=C—H for Cu(I]) sites and
decreases catalytic activity. Similar to the L,Cu(ll) sites, the Lo\Mn(l11) sites can also form
weakly bound complexes with N2> which may hinder catalytic reaction of alkynes under

nitrogen atmosphere.

5.7 Conclusion

In summary, we report the fabrication of thermally stable and reusable mesoporous
copper supported manganese oxide materials (meso Cu/MnQOy) for aerobic oxidative
coupling of alkynes. The material was composed by aggregation of rounded nanoparticles
with high surface area (as high as 270 m?g™?) and uniform mesoporous size (3.0 — 3.4 nm)
distribution. Physicochemical properties (surface area, pore size, crystallinity) of the
material can be easily tuned by simple heat treatment. The alignment of copper over the
manganese oxide was proven by XRD refinement showing a copper (I1) oxide (CuO) phase
at higher copper doping. Elemental mapping analysis by TEM-EDX confirmed a uniform
distribution of copper oxide over the manganese oxide. Broad substrate scope and excellent

functional group tolerability were demonstrated for the oxidative homo and cross-coupling
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of terminal alkynes. While unravelling the mechanistic details, a synergistic effect between
copper and manganese has been established along with the contribution of labile lattice
oxygen. The high catalytic activity can be attributed to an electron transfer pathway
between dioxygen and alkyne through manganese and copper oxide. In addition, we
performed DFT calculations to provide a reasonably qualitative description of the catalytic
pathway by building model compounds in four/five or six - fold coordination to manganese
and copper atoms, together with their ligands and constrained by bonds in the lattice. In
the case of copper active sites, a @ coordination between alkyne triple bond and copper
enhancing the acidity of alkyne proton has been shown, resembling the classical Bohlmann
mechanism. The proton was abstracted by the complex formed between manganese active
sites and dioxygen, which can be correlated with the experiments, where an exchange
mechanism between labile lattice oxygen and aerial oxygen was proved to be the factor
behind the deprotonation. After deprotonation, the copper (I) acetylide species was
dimerized to produce the diyne products as observed by the relative energies of the
coupling of two acetylide moieties. Therefore, the designing of copper and manganese
active sites along with the validity of the coupling reaction mechanism was strengthened
from both experimental and theoretical perspectives. Finally, using air as the terminal
oxidant, avoidance of additives, no pretreatment of catalysts, high turnover numbers along
with superior reusability (no performance loss up to eight cycles) and excellent selectivity
to both homo and cross-coupling of alkynes, make our catalytic protocol competitive to the
existing heterogeneous copper based catalytic systems. The combined experimental and

theoretical study can serve as a benchmark for the oxidative coupling reactions and opens
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up a new avenue to design and identify supported copper based heterogeneous catalysts for

potential applications in other complex oxidative coupling reactions.
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CHAPTER 6. Future Perspective

The catalytic oxidation methodologies described here maintain “source reduction’,
the fundamental goal of ‘green chemistry’. The invented mesoporous manganese oxide
materials were are able to produce fine chemicals from raw materials using heterogeneous
catalytic pathways. Proper reusability, less waste generation (mostly water), air as oxidant
and atmospheric conditions are the key parameters of the research protocol. As a future
perspective, the developed materials can be (1) further tuned and optimized to improve the
physicochemical properties (surface area, crystallinity, pore size) responsible for catalytic
activity, (2) made more generic (design more active metal supported mesoporous catalysts)
and (3) utilized for complex catalytic oxidation and other heterogeneous reactions.

Although a green oxidant, air, is very inert towards strong C-H bond activation due
to the typical ground state of oxygen. Another obstacle associated with the inertness of C-
H bond is failure of scale up procedures. Catalytic oxidation of inactive C-H bond by
ambient air as the ultimate oxidant represents one of the demanding challenges in chemical
industry. Most of the efficient heterogeneous systems for catalytic oxidation of C-H bonds
involve use of precious metals (Au, Pd), additives and high pressure. Our cesium promoted
mesoporous manganese oxide displayed superior activity in diverse catalytic oxidation
reactions. Therefore, this material might be a good candidate as a potential catalyst for C-
H activation. Reaction parameters can be tuned to increase surface area as well as
incorporated cesium amount can also be increased. Also, the oxidation activity of the
catalyst in gas phase can be determined, since manganese oxide showed much promise in

gas phase oxidation reactions. For long term perspective, developing -catalytic
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methodologies for solar fuel production is highly desirable to meet the exponentially rising
rate of energy storage and consumption. Therefore, these manganese oxide materials can
be utilized in water oxidation reaction, considered as the bottleneck in artificial
photosynthesis aiming to produce hydrogen and oxygen.

In summary, this work highlights material aspects of catalysis research by
introducing structure-activity relationship of robust, inexpensive, thermally stable, and
reusable materials in oxidation reactions. Furthermore, versatile nature of these materials
open up a new avenue in search for accessible environmentally benign catalysts for

alternative energy utilization.
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