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Abstract

In recent years, there has been considerable interest in gaining a fundamental
understanding of nanoparticle (NP) synthesis and reactivity due to their wide applicability
in the fields of biomedicine, optoelectronics and catalysis. Although metal NPs with a
small and narrow size distribution tend to have high performance, their inherent
heterogeneity generally results in less reactivity compared to their homogeneous
counterparts. Hence, it is crucial to develop support systems, which not only permit the
synthesis of uniform sized NPs and improve their solubility, but also provide a system
suitable for “Green” catalysis.

Towards the effort of developing green catalysts, we have designed water-soluble,
biocompatible rosette nanotube (RNT) supported Pd NPs composites. The RNT is a
biocompatible tubular architecture that is self-assembled under aqueous conditions from a
self-complementary guanine-cytosine (GAC) DNA hybrid molecule. The hierarchical
self-assembly process involves the initial formation of hexameric rosettes through
intermolecular H-bonding interactions. These hydrophobic macrocycles then n-m stack to
form the RNT. The in-situ formation of the M NPs occurs within 1 minute upon mixing
the corresponding metal salt with the RNTs at ambient temperature in the absence of a
reducing agent. On our quest to investigate the origin of the M NP formation, it was
determined that water oxidation is responsible for the M” formation. Further studies on
the kinetics of the M NPs formation showed that their nucleation and growth are very

rapid and occur through a step-wise process. The intellectual design of the surface
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functionalization and their well-defined structural features allow for the growth of the M
NPs to be controlled to a certain size and prevent their further agglomeration. The studies
showed that once the nucleation takes place, the NPs continue to grow until each
nucleation pocket restricts further growth. Followed by the complete growth, a new
nucleation takes place in an empty nucleation site.

Based on the success of the developed synthetic protocol, we then applied our M
NPs/RNTs catalyst (M = Au, Pd and Pt) for olefin hydrogenation and Suzuki-Miyaura
cross-coupling reactions. The results showed that we could perform such catalytic
reactions smoothly under environmentally benign and mild conditions with a wide range
of functional group tolerance. The utility of our Pd NPs/RNTs catalyst was also evaluated
for the synthesis of a drug intermediate, an agrochemical, and various organic materials
for solar cell, OLED and sensor applications. As the supramolecular chirality of the RNT
is also translated in the presence of the M NPs on its surface, the asymmetry induction of
the Pd NPs/RNTs catalyst was investigated. Unfortunately, only poor chirality induction
was observed under the optimized conditions of the Suzuki-Miyaura cross-coupling
reaction. The M NPs/RNTs catalysts were characterized by using standard materials
characterization techniques including spectroscopy as well as microscopy.

To conclude this work, further research directions of this thesis work are also

briefly discussed and suggested.
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Chapter 1

Introduction

1.1 Background

In recent years, nanosciences have evolved as a major research direction in
modern science. In general, there are two different well-established processes to construct
nanostructured materials: “top-down” and the “bottom-up” approaches (Figure 1.1)."” In
the top-down approach, a macrosized material is essentially reduced in size to the
nanoscale dimensions. The bottom-up approach alternatively, is a strategy whereby
molecular building blocks are assembled to obtain the desired nanostructure. Certainly,
the bottom-up approach became more popular in recent years over the top-down
approach due to better control of the size and properties of the nanomaterials.'> The
bottom-up approach can be applied to construct supramolecular architectures through the
self-assembly of simple building blocks. Metal nanoparticles (M NPs) can also be
synthesized from the corresponding metal salt precursors.

This thesis proposes an approach for the combinatorial synthesis and screening of
the rosette nanotube (RNT) supported M NPs catalysts for the olefin hydrogenation and
Suzuki-Miyaura cross-coupling reactions under environmentally benign and mild
conditions. We will present the strategy to synthesize M NPs/RNTs catalysts by water
oxidation reaction by a very simple, quick and one-pot process followed by their detailed
characterization and kinetic studies. In addition, we will demonstrate the scope and the

utility of our catalyst for olefin hydrogenation and Suzuki coupling reactions.



As an overview of the entire project, this first chapter describes the background of
this thesis work. We will then showcase the properties as well as the synthesis of the M
NPs in the presence different support systems including traditional supports such as metal
oxides, polymers and dendrimers, as well as bio- and/or inspired supports. Finally, we

will describe the properties of RNTs and their potential as a bio-inspired support for the

synthesis of M NPs.
Bulk metal @ @
&
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8 n®
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M NPs
Bottom up
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Figure 1.1: Schematic representation of the top down and the bottom up approaches for

the synthesis of M NPs.



1.2 Metal Nanoparticles

1.2.1 Overview and Scope

M NPs are a class of materials, which exhibit properties that differ significantly
from those observed in their bulk and molecular counterparts. Due to the high surface-to-
volume ratio, M NPs provide a larger number of active sites per unit area.* As the size of
the NP goes smaller the % of the surface atom increases. These surface atoms located on
the vertices, edges and faces in a NP have lower coordination numbers (or nearest
neighboring atoms) than in the bulk and provide high catalytic activity. Sometimes, M
NPs are referred to as “artificial atoms” because of their atom-like behaviors.”® M NPs
show typical quantum size behavior for a particle size below 2 nm. As a result, they tend
to have discrete energy levels instead of overlapping electronic bands characteristic of a
bulk metal.® The size of M NPs can vary from 1 to 100 nm, and they usually consist of
ten to a thousand metal atoms. The advantages of M NPs include reproducible synthetic
protocol with well-defined composition, and potential recycling.” In recent years, M NPs

5,8-13 14
*7°) sensors

have been actively investigated due to their high potential in catalysis
nanoscale electronics'’, fuel cell'®, cosmetics'’ and optoelectronics.® Semiconducting
NPs with a particle size of 3 nm or less can be defined as “quantum dots”. This is because
the electrons in a smaller size NPs are confined and behave like particles-in-a-box. These

bound state electrons can tune the optoelectronic properties of the NPs in such a way,

which is impossible in bulk material electronic structure.



1.2.2 Synthesis and Stabilization of M NPs

1.2.2.1 Synthesis of M NPs

The literature review demonstrates that the M NPs designed for catalysis can be
synthesized by following two main protocols, either the reduction of the corresponding
metal salt precursors or the decomposition of the zerovalent organometallic compounds
(Figure 1.2).”" Moreover, a number of techniques have been developed over the last few
years such as impregnation, co-precipitation, deposition-precipitation, sol-gel, gas-phase
organometallic ~ deposition, electrochemistry, laser ablation, sonochemistry,
microemulsion and cross-linking.'” However, the actual size and shape of the resulting
NP is defined by a number of factors such as the type of reducing agent, metal precursor,

solvent, concentration, temperature and reaction duration.”

Reducing agent Decomposition
KnM™ Xi4m 9a9 > O - P MOoL,

M = group 8-10 metal M NP L =ligand
X=_ClorBr

n = number of charge

m=1,2

Figure 1.2: Two main methods for the synthesis of M NPs.

1.2.2.1.1 Chemical Synthesis of the M NPs

To date, the synthesis of M NPs by the reduction of the corresponding metal salt
precursors using various reductants is the most widely used method. In general, this
method is very simple to implement for the production of M NPs on a laboratory as well
as on an industrial scale. A variety of reducing agents have been successfully applied for

the synthesis of M NPs, including sodium, hydrogen, alcohols, hydrazine, hydrides and

20,21

salts such as sodium borohydride or sodium citrate.”" The possible oxidation process of

22,23
3.7

some common reductants is presented in Figure 1 In most cases upon oxidation, the



reductants produce protons in solution beside reducing the metal ions to metal atoms
(M"). These metal atoms nucleate to form stable nuclei, which then upon growth form the
NPs. The generation of protons in solution results in a drop of the solution pH and is
thereby indicative of the NP formation.** In 1857, Faraday first reported the synthesis of
gold (Au) NPs by the reduction of HAuCl, with phosphorus.”” Turkevich et al.
demonstrated the first reproducible synthesis of uniform Au NPs with a particle size of 13

nm. They used sodium citrate as both the reductant and stabilizer.***

Later, following
this pioneering work, the wet chemical reduction process was routinely applied for the
synthesis of M NPs. Besides aqueous solution phase synthesis, a range of methods has
also been reported for the phase transfer of M MPs from aqueous to organic media.
Though the technique has an advantage of large-scale preparation, the resulting
nanomaterials lack detailed compositional analysis.*’

H, ——> 2H* + 2¢°

RCH,0O0H —» RCHO + 2H* + 2¢

N,Hy, ———> N, + 4H* + 4e”

NaBH,; + 2H,0 ——> NaBO, + 8H* + 8e-

HO_  cH,cooH CH,COOH

Schcoon —= 0= + €Oz + 2H' 4 2¢
HOOC CH,COOH

Figure 1.3: Possible oxidation process of the commonly used reductants.

1.2.2.1.2 Synthesis of the M NPs by Thermal Decomposition

The thermal decomposition method involves the injection of organometallic
compounds in a hot surfactant solution. The surfactant facilitates the formation of
monodisperse NPs of various materials by preventing rapid agglomeration. This protocol

has several advantages such as (i) the use of the reductant is absolutely not required as the



metal is already zerovalent, (ii) the use of organic solvent, which replaces the phase
transfer synthesis, and (iii) high crystallinity and monodispersity of the NPs with
excellent dispersibility in organic solvent.”’ However, the main challenge in this method
is the choice of the surfactant to stabilize the NP. Bawendi and co-workers first
demonstrated the synthesis of monodisperse CdE (E = S, Se and Te) NPs by using the
thermal decomposition technique.” Later, the protocol was extended for the synthesis of
monodisperse NPs of various metals and alloys including Fe, Ni, Au, Pd, Pt and FePt.”
However, the main drawback of this process is the size selective precipitation of the NP,
which is very laborious and tedious.

1.2.2.1.3 Nucleation and Growth of the M NPs

The process of nucleation and growth of the NPs, plays an important role in
determining the crystal structure, shape, size and distribution of the NPs. Hence, it is
important to understand the mechanism of the NP formation to synthesize monodisperse
NPs. For several decades, the nucleation and growth of the NPs were best described using
the LaMer burst nucleation process followed by Ostwald ripening.*>* Later in 1997,
Watzky and Finke proposed a two-step model of constant slow nucleation followed by
autocatalytic growth of the M NPs.* The nucleation process is considered as the first step
towards the crystal growth from nuclei, which act as templates.”* While the homogeneous
nucleation occurs in the absence of a surface, the heterogeneous nucleation takes place at

34,35
=2 However, the

nucleation sites on surfaces contacting the liquid or vapor.
heterogeneous nucleation is much faster than the homogeneous counterpart because of

. . 36 . .
the lower nucleation free energy barrier at a surface.” The homogeneous nucleation is a

thermodynamic process, which is expressed in terms of the free energy of nucleus



formation.>* The total free energy is the sum of the two competing terms, the surface free
energy and the bulk free energy (equation 1.1). The bulk free energy is negative, which
favors the formation of a stable nucleus. On the other hand, the surface free energy is

positive, which is unfavorable to the stable nucleus formation.*>**

AG = %msAGV + 4y ----eee-eee-eee- (1.1)

The equation is based on the assumption of a spherical nucleus. Here, AG is the
total free energy, r is the radius of the NP, AG, is the crystal free energy, and vy is the
surface energy. In equation 1.1, when the surface free energy is negligible the total free
energy AG becomes negative which favors the nucleation (Figure 1.4a). On the other
hand, there is no nucleation for a very high surface free energy. A stable particle with a
critical radius ' forms when the nuclei overcome the critical free energy (AG") barrier
(Figure 1.4a). At this stage the NP can survive in solution without being redissolved.’*
Later, the fresh and continuous supply of more nuclei facilitates the growth of the NP.

(a) (b) Critical limiting supersaturation
+ve
Surface free energy Crmax

c Cmm """"""""""""""""

2

® Growth by diffusion
§ i T ——

c : Solubility
S ¢

(&) s

oo

Bulk free energy

Time
Figure 1.4: Schematic representation of the (a) nucleation free energy diagram, and (b)
LaMer diagram.
In 1950, LaMer and co-workers proposed a model of the particle formation based

on the nucleation theory.”® This mechanism became the most famous and widely cited



mechanism to explain the phenomenon of particle formation for almost 50 years. The
LaMer mechanism first separated the concept of nucleation and growth of the particles
into two stages. The mechanism was not originally formulated for the M NP formation.*
Instead, LaMer et al. applied the classical nucleation theory to describe the sulfur sol
formation.” In the first step, the decomposition of the sodium thiosulfate in hydrochloric
acid led to the free sulfur formation. Finally, the aggregation of the free sulfur resulted in
sulfur sol in solution. The model shows the concentration of sulfur as a function of time
(Figure 1.4b). The mechanism can be best described in three portions: (I) an increase in
the free sulfur concentration in solution up to a critical supersaturation level, (II) burst
nucleation occurs at this level, which significantly drops the concentration of the free
sulfur in solution, and (III) growth of the particle occurs by the diffusion of sulfur atoms
throughout the solution.®* The Ostwald ripening, which was proposed in 1900, can
describe the growth mechanism of the NP.**> The mechanism explains how the growth is
affected by the size dependent solubility change of the NPs. Compared to the larger sized
NPs, the smaller NPs have high solubility and surface energy. Hence, the smaller NPs can
redissolve in solution and integrate to the larger particles to grow even bigger.**

1.2.2.2 Stabilization of the M NPs

In solution, the naked NPs are kinetically and thermodynamically unstable
because of the high surface energy.” Hence the key issue for the synthesis of M MPs is
their stability, which is independent of the synthetic route chosen.” This is because the
smaller NPs have high surface energy resulting in very reactive surface atoms. Therefore,
two smaller NPs can attract each other by the van der Waals force at short interparticle

distances.’! The smaller NPs then can aggregate into larger particles in the absence of an
ggreg ger p y



repulsive forces, which could oppose the van der Waals force.”! Usually, the stabilization
of the M NPs is achieved by applying protective agents, which oppose the van der Waals
attractive force and block the agglomeration of the metal atoms at the colloidal stage to
avoid bulk metal formation.”'*' The stability of the M NPs in solution can be described
by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. The theory suggests that the
stability of a NP in solution is defined by its total potential energy (U), which is the sum
of the van der Waals attractive force (Ua) and the repusive force (Ur) (equation 1.2).

U=Up+ Ug = - A + 2neatZe kD ----ocooiooosooooooooo (1.2)

127D?2

Here, A is the Hamaker constant, D is the interparticle distance, a is the radius of
the particle, © is the solvent permeability, { is the zeta potential and « is a function of the
ionic composition. The magnitude of the zeta potential defines the stability of a colloidal
system. A high zeta potential value either positive or negative confers the well dispersion
of the colloidal NPs in suspension. The zeta potential is a potential measured at the
boundary located on the slipping plane between the diffuse layer of the colloidal NP and

the bulk solution (Figure 1.5a).
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Figure 1.5: Schematic representation of (a) { potential and (b) energy diagram of the

stability of the particles according to the DLVO theory.



The attractive and the repulsive forces exist when two particles approach each
other because of the Brownian motion. There is a minimum potential energy barrier,
which arises from the repulsive forces, that the interacting particles have to overcome.
Hence, if the two particles can overcome this energy barrier they will flocculate together
(Figure 1.5b, condition (I)). In the case of high repulsive forces, there is no flocculation
and the colloidal system is stable (Figure 1.5b, condition (II)). On the other hand in the
absence of any repusive forces, the colloidal system would be unstable and a rapid
coagulation would take place. There are two different types of stabilization possible
depending on the nature of the protective agents, electrostatic stabilization and steric
stabilization (Figure 1.6). The electrostatic stabilization can be obtained by using ionic
complexes such as ammonium halides (Figure 1.6a). On the other hand, the steric
stabilization can be achieved by using neutral molecules including polymers and other
bulky molecules (Figure 1.6b). While the electrostatic stabilization provides the stability
of the M NPs in aqueous solution, the steric stabilization can be applied in both organic
and aqueous solvents. As the stabilizer has significant influence on the stability and the
reactivity of the M NPs, the use of stabilizers is always a compromise between the
stability and the reactivity of the M NPs."”

@ o @ o (b)
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Electrostatic stabilization Steric stabilization

Figure 1.6: Schematic representation of the electrostatic (a) and steric (b) stabilization of

the M NPs.
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1.2.3 Synthesis of Supported M NPs

An interesting and alternative method for the synthesis of M MPs is the use of a
support system. This includes the use of both inorganic and organic supports.””'*?*!
While the classic organic support uses polymers and dendrimers, the inorganic supports
include the use of silica and other metal oxides of Al, Ti, Zr, Ca, Mg and Zn."?! In
addition, significant efforts have been made for the immobilization of the colloidal M
NPs on carbon materials such as activated carbon, carbon nanotubes and graphenes.’’’
The immobalization of the M NPs on a support involves - (i) the synthesis of a stable
colloidal metal suspension by reduction, (ii) impregnation of the M NPs on the support,
and (iii) purification of the supported M NPs. The size of the NPs synthesized by this
protocol is independent of the support.”?' On the other hand, in the case of heterogeneous
catalyst synthesis, the reduction step takes place after the impregnation of the metallic
precursor.

A large number of recent reports have been documented on the synthesis of M
NPs supported on metal oxides and their potential application in catalysis.'>***' The
metal oxide support offers several advantages including facile synthesis, high thermal and
chemical stabilities, a well-defined porous structure and high surface areas (>100

2 -1y 40,41
).

m'g The commonly used metal oxides include those of Si, Al, Ti, Zr, Ca, Mg, Zn

and Ce. Depending on the chemical reactivity, the metal oxide supports can be inert such

4041 Despite the large variety of supports, most deal

as SiO,, or reactive such as CeO..
with some form of silica such as SiO, aerogels or sol-gels, M41S silicates and

alumimosilicates, MCM-41 mesoporous silicates, SiO, microemulsions, hydroxyapatite,

hydrotalcite, zeolites, molecular sieves and alumina membranes. ' Recently,

11



superparamagnetic oxide (Fe;O4) has also been employed to immobilize catalytic M NPs
with improved separation capabilities. The M NPs/Fe;O,4 catalyst can easily be isolated
by using a permanent magnet from the reaction mixture and recycled back for further

40,41
use.

Very recently, Dai and co-workers have reported the synthesis of Au NPs
immobilized on metal phosphates as a support and tested their catalytic activity and
stability towards CO oxidation.*

(a) (b) (c)
&o
o)
n

N

!

Poly(N-vinylpyrrolidone) Poly(2,5-dimethylphenylene oxide)
(PVP) (PPO) M NP/PVP

Q = MNP
J= pvp

Figure 1.7: Structures of (a) PVP and (b) PPO. (¢) Schematic representation of the PVP
supported M NP.

Beside the use of metal oxide supports, a large number of organic supports such
as polymers and dendrimers have been employed to synthesize M NPs.'”?*4%4! The
polymers and dendrimers offer the opportunity to modify the functional groups, which
can provide specific reactive sites for controling the growth and size of the resulting M
NPs.*” Among the other polymers, poly(N-vinyl-2-pyrrolidone) (PVP) is the most studied
polymer employed for the synthesis of M NPs (M = Pd, Pt, Rh and Ag) (Figure 1.7a).
The PVP stabilized M NPs are synthesized by the reduction of the corresponding metal

12,43

halide in refluxing ethanol (Figure 1.7c¢). Later, a myriad of polymers have been

successfully employed for the synthesis of M NPs, which includes poly(2,5-

12,19

dimethylphenylene oxide) (Figure 1.7b), polyurea,™ polyacrylonitrile,” polyacrylic

acid,” polysilane shell-cross-linked micelles,* olysiloxane,47 oligosaccharides,48
poly p

12



poly(4-vinylpyridine),* poly(N,N-dialkylcarbodiimide),’””" polyethylene glycol (PEG),”
chitosan,”® and aramids.>*

Another interesting and commonly used organic support are dendrimers, which
are monodispersed macromolecules that have well-defined branched three-dimensional
architechtures. In 1998, several groups reported that dendrimers can stabilize the NPs
either by encapsulating within a single dendrimer or by blocking the surface of the NPs
with several dendrimers.”>’ The synthesis involves the initial complexation of the
corresponding metal salt (M"") precursors with the positively charged tertiary amines of
the dendrimer followed by the reduction with NaBH,4 to M”.”® The water solubility of the
dendrimers allows the dispersion and catalysis of the resulting M NPs in aqueous
condition. El-Sayed et al. reported comparative study of the support effect between
PAMAM G4-OH dendrimer, and PVP- or polystyrene-poly(sodium acrylate) block
copolymers on the stability and the catalytic activity of the M NPs.”” They found that the
dendrimer supported M NP possesses higher stability but lower catalytic activity than the

copolymer supported M NP.

Metal salt
precursor

Complexation

Dendrimer = Metal ions

@ = MNP
Figure 1.8: Synthesis of the dendrimer supported M NPs. Partially adapted with
permission from Wiley Interscience.’®
In recent years, a significant effort has been made regarding the synthesis of M

NPs using carbonaceous materials including activated carbon, starbon, carbon nanotubes
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and graphenes. As a support, the carbonaceous materials offer several advantages such as
well-defined porosities, high surface areas and surface functionalization. One of the most
commonly and commercially available carbon support for the M NPs is activated carbon.
Bonnemann and co-workers demonstrated the synthesis of activated carbon supported M
NPs from the reduction of quaternary ammonium salts of corresponding metal cations in

1! Later, following the same protocol,

THF followed by the impregnation into charcoa
they dispersed electrochemically reduced M NPs on the surface of charcoal.”* Recently,

Budarin et al. have reported the preparation of M NPs on a novel family of mesoporous

carbonaceous materials called “Starbon”, which are the sulfonic acid derivatives of

63,64

activated carbon.

Figure 1.9: TEM images of the Ru NPs inside the CNT channels (a-c) and on the CNT

exterior surfaces (d-f). Adapted with permission from Wiley Interscience.’®
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Carbon nanotubes (CNTs) including both single- and multi-walled, have also been
employed as supports for M NPs.*>%” Though they offer several intrinsic properties such
as high surface areas, unique physical properties and morphologies, high electrical
conductivity and inherent size and hollow geometry, it is hard to obtain monodispersed M
NPs (Figure 1.9).°® Very recently, graphene materials have also been employed as
supports to synthesize M NPs, including Ag, Au, Pd and Pt.”"*° The graphene supported
M NPs can be prepared either by (i) the reduction of the metal ions and graphene oxide
separately followed by deposition, or (ii) one-pot reduction of the metal ions and

graphene oxide through chemical or electrochemical means.”

Figure 1.10: TEM images of the reduced graphene oxide supported Ag (a), Au (b), and

Pt (c, d) NPs. Adapted with permission from Elsevier and RSC publishing.”"""
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1.2.3.1 Synthesis of Bio- and/or Inspired Supported M NPs

Taking inspiration from Mother Nature, many researchers have demonstrated the

design and fabrication of M NPs using bio- and/or inspired supports under ambient

81,82

conditions. In living organisms, naturally occurring proteins contribute to the bio-

mineralization of inorganic materials. The bio- and/or inspired supports offer several
advantages such as mild preparation condition, low toxicity and cost, high
biocompatibility, availability and abundance.*"* The hallmarks of this approach include

the use of protein,”™ enzymes,**® DNA,*” peptides including collagen fiber,""*>*®

99-104 105-108

bacteria, virus, oligo- and polysaccharides such as cyclodextrins and gum

19112 and banana peel extract.'"” Although the bio- and/or inspired supports offer

acacia,
several advantages for the synthesis of bio-inorganic hybrid materials, they possess some
limitations on their applicability. One major problem often encountered with the bio-
templates such as protein, enzyme, DNA and microorganism is their instability in the

absence of physiological conditions.®"

To address this issue, several bio-inspired
supports have been introduced to prepare M NPs, including peptides, and other
biopolymers. Though the bio-inspired supports show selective binding interactions with
the inorganic precursor, it remains a challenge to control the size of the M NPs and
provide high monodispersity. This is due to the lack of well-defined nucleation pocket or
sites on the surface of the bio-support, which can control the growth of the M NP to a

certain size and prevent Ostwald ripening.

1.2.3.2 Rosette Nanotube (RNT) as a New Bio-inspired Support

Towards this effort of designing bio-inspired supports, Fenniri group have

introduced RNTs as a mimic of DNA.'"*!''® RNTs are biocompatible tubular architectures
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that are self-assembled under aqueous conditions from a self-complementary guanine-
cytosine (GAC) DNA hybrid molecule (Figure 1.11a). The hierarchical self-assembly
process involves the initial formation of hexameric rosettes (Figure 1.11b), which are
maintained through intermolecular H-bonding interactions. These hydrophobic
macrocycles then m-m stack to form the RNT (Figure 1.11¢), which have an internal
diameter of ca. 1 nm. The RNTs can be modified on their surface with different
functional groups including amino acids, crown ethers and other organic groups, which

. . e . 114-118
determines their solubility in aqueous or organic solvents.

H
Ha N P-N\ (a)

HN L-lysine functionalized Twin GAC base

Twin G*C base

R = Amino acids, crown ethers H-bonding
and organic groups

Rosette nanotube (RNT)

Figure 1.11: Schematic representation of RNT formation — (a) twin GAC base (called

“G0”); (b) hexameric rosette; and (c) RNT.
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As our concern is to develop green M NPs/RNTs composite catalysts, initially
Fenniri and coworkers employed a L-lysine functionalized twin GAC base to form water
soluble RNTs (called “G0”).""® The positively charged lysine, which is addressed on the
surface of the RNT upon formation, results in complete solubility and stability of the
RNT in water. In addition, the positively charged lysine has the advantage of undergoing
complexation through electrostatic interaction with the metal salt precursor before
reduction. This complexation can facilitate the directed continuous fresh supply of the
metal salt precursors for M NP formation on the surface of the RNT followed by
reduction. To provide a viable solution for obtaining highly monodispersed M NPs, it was
hypothesized that the lysine functionalization will offer well-defined nucleation and
growth sites to form highly monodispersed M NPs on the surface of the RNT. Indeed, the
initial studies showed that the GO-RNT could nucleate and passivate the formation of
highly monodispersed Au NPs upon reduction and the results will be summarized in
chapter 2.""® Besides this, I will summarize some initial results obtained by a former
group member (Dr. Rahul Chhabra) on the synthesis and characterization of M
NPs/RNTs (M = Au, Pd and Pt) composites. Later, I will introduce further optimization
of the synthetic protocol of the M NPs/RNTs (M = Au, Pd and Pt) composites followed
by a detail studies on the origin and kinetics of the Pd NPs/RNTs formation in the
absence of a reducing agent. In addition, I will discuss the application of Pd NPs/RNTs
catalyst in olefin hydrogenation and Suzuki-Miyaura cross-coupling reactions.

1.2.4 Nanoparticle Catalysis

Research on nanoparticle catalysis has grown intensively due to its vital role in

pharmaceuticals, automotive and food industries. The synthesis of transition M NPs for
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catalysis has received considerable interest over traditional catalysts since they mimic
metal surface activation and provide reactivity at the nanoscale level. Hence, they can
impart selectivity and high efficiency to catalytic reactions under mild conditions.” The
importance of nanoparticle catalysis in the scientific community has been demonstrated
by the rapid growth of publications. The ISI web of science citation database over the
1995-2014 periods (collected up to November 02, 2014) shows a statistics on how the
nanoparticle catalysis is becoming a popular and major research areas of interest in
nanotechnology (Figure 1.12). Therefore, because of a large volume of research articles
published on nanoparticle catalysis, we will instead present a summary of the relevant
works in each individual catalysis chapter. Among the other catalytically active transition
M NPs, palladium NPs are the most studied because of their high degree of catalytic

activity towards the C-C bond formation and olefin hydrogenation.”®’’
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Figure 1.12: The trend in published research articles on the topic of nanoparticle and

catalysis (black), nanocatalyst (red) and nanoparticle catalysis (blue).
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1.3 Organization of the thesis

The primary goal of this thesis is to establish a simple and green protocol for the
synthesis of RNT supported M NPs (M = Au, Pd and Pt) followed by their potential
application in catalysis under environmentally benign and mild reaction conditions. The
key steps involved in synthesizing the M NPs/RNTs composite materials are the reaction
condition optimization. This includes the ratio of the metal salt precursor and RNT
concentrations, and the choice of appropriate RNT surface functionalization. The scope
and utility of the M NPs/RNTs catalysts were evaluated towards industrially important
olefin hydrogenation and Suzuki-Miyaura cross-coupling reactions.

Chapter 2 introduces a brief summary of the initial results obtained on the M
NPs/RNTs (M = Au, Pd and Pt) composite material by Fenniri and co-workers. Later, it
describes further optimization of the synthetic protocol and a detailed characterization of
the Pd NPs/RNTs catalyst addressing the kinetics and the origin of the NP formation on
the surface of the RNT. Usually, the presence of more than two reactants in the reaction
medium complicates the kinetic study. As I established a modified one-pot synthetic
protocol of Pd NPs/RNTs catalyst by water oxidation in the absence of a reducing agent,
it simplified the kinetic study. I also found that the supramolecular chirality of the RNTs
is even preserved in the presence of the M NPs on the surface of the RNTs.

Chapter 3 describes the application of the M NPs/RNTs catalysts towards styrene
hydrogenation under environmentally benign and mild reaction conditions. Because of
the poor catalytic activity of the Pd NPs/RNTs catalyst synthesized by over night
incubation, I had to modify the catalyst preparation method by reducing the Pd NPs with

hydrogen in the presence of the RNTs. The newly modified Pd NPs/RNTs catalyst
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showed quantitative hydrogenation of different styrene derivatives as well as selectivity.
A detailed characterization of the catalyst is also reported in chapter 3.

In chapter 4, the Suzuki-Miyaura cross-coupling reaction using M NPs/RNTs
catalysts is reported. The reaction shows tolerance to a variety of functional groups
leading to very high coupling product conversion. Later, the utility of the Pd NPs/RNTs
catalyst was examined for the synthesis of drug and agrochemical intermediates. In
addition, the catalysis was also extended for the preparation of benzothiadiazole based
materials for solar cell, OLED and sensor applications. The properties of the Pd
NPs/RNTs catalyst are also investigated under the catalytic conditions including base and
temperature effect. Chapter 5 describes the supramolecular chiral catalysis by using the
Pd NPs/RNTs catalyst. The studies suggest poor chirality induction of the catalyst to the
coupling product.

Finally, chapter 6 presents a summary of chapters 2, 3, 4 and 5 followed by brief

potential research directions of this thesis work.
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Chapter 2

Catalyst Synthesis and Characterization

2.1 Introduction

Over the last two decades metal nanoparticles (M NPs) have emerged as an

interesting field of research because of their numerous applications in catalysis, ' energy

6,9-15 6,16-18

production and storage, optoelectronics, and medicine including biomedical

. . 9,17,19-24
diagnostics.

The fascinating unique catalytic, electronic and photonic properties of
M NPs are derived from their high surface-to-volume ratio and quantum size effects.”
Most of these properties are strongly influenced by the size, shape and composition of the
M NPs.”*> Recent studies revealed that monodisperse M NPs with a size variation of
<5% display unique properties and enhanced activity compared to polydisperse M NPs.*
Monodisperse M NPs result in equal reactivity instead of average reactivity observed for
their polydisperse counterpart. Hence, one of the main objectives of the current research
is to synthesize highly monodisperse and smaller (1-2 nm) M NPs.” However, as the size
of the NP decreases it becomes more challenging to control their stability, because the
high surface energy of the smaller NP unfavorably dominates their aggregation.'’-*>*’

To address the challenges of controlling the NP size and preventing the
aggregation of NPs into larger structures, a variety of supports have been introduced. The
supports usually passivate the surface to provide stable and reactive NPs.” To date, many
synthetic protocols have been developed for producing monodisperse M NPs in solution.

These methods include ligand-surface passivation, template-based methods, and seed-

. . 28 .
mediated techniques.” However, the most successful techniques use nonaqueous
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systems, toxic chemicals and require energy input such as temperature and pressure.””

Therefore, the development of a green synthetic procedure is highly desired, which uses
(1) less toxic chemicals and preferably water as a solvent, (ii) fewer synthetic steps and
(iii) low temperature such as ambient condition.”® It is worth noting that the solution
process synthesis has a greater advantage of controlling the nucleation and growth of the
NP over other traditional methods. Both the nucleation and growth play a vital role in

25,26

dictating the monodispersity of the supported NP. However, only a few reports have

documented the synthesis of NPs smaller than 10 nm in aqueous solution.’*”’

In addition to the development of aqueous synthetic protocols, the introduction of
biomaterials as scaffolds makes the systems even more attractive and eco-friendly.
Biomaterials offer several interesting features including renewability, energy efficiency,
hydrophobic/hydrophilic properties, and high sorption and stabilization of metal

10,15,35,36
519,99, and

ions.'*'7* Several biomolecules such as proteins,'™*” DNA,'*** viruses
peptides’’ have successfully been exploited as templates to synthesize monodisperse M
NPs. These biomolecules afford regular arrays in aqueous solution, which could template
the critical nucleation step, tune the size of the NPs and provide enhanced

10,29

functionality. The synthesis of NPs in aqueous solution takes place in two major

2283839 First upon addition, the metal ions undergo complexation with the surface

steps.
functional groups of the biotemplates through electrostatic interaction. Then, the metal
ions are chemically reduced to give the NPs following a nucleation and growth

mechanism. The templates play a vital role in the reactivity of the materials and dictate

the size and composition of the NP.
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In this chapter, the synthesis of M NPs (M = Au, Pd and Pt) has been
demonstrated by introducing the rosette nanotube (RNT) as a template. It was expected
that the well-defined array of the RNTs formed through a self-assembly process, would
play a vital role in dictating and providing monodisperse NPs. Initially, the NPs were
synthesized by applying a reducing agent in the presence of the RNTs.* Later, it was
determined that M NPs/RNTs could be synthesized in the absence of a reducing agent.
This later discovery encouraged us to investigate the detail kinetic studies and the origin
of the NP formation. The size tuning of the NP was also achieved by surface

functionalization of the RNTs.
2.2 Results and Discussion

2.2.1 Synthesis of Au NPs/RNTs by Using Reducing Agent

The following discussion in this section is based on an article previously
published by Fenniri and co-workers.*" The article demonstrates the initial approach for
the synthesis of RNT supported Au NPs. As RNTs are water-soluble the total synthetic
procedure is based on a water-mediated system. To synthesize Au NPs, a pre-made self-
assembled solution of RNTs was used. The RNT consists of twin GAC base (called “G0”)
containing lysine as a side chain (Figure 2.1). The amines on the side chain are positively
charged existing as ammonium ions and are counter balanced by trifluoroacetate
(CF3COQ ) anions (1, Figure 2.1). As the trifluoroacetate anion acts as a weak conjugate
base upon addition of tetrachloroaurate (AuCls ), they undergo a rapid anion exchange
reaction. Because of this exchange reaction, the complexation of AuCl,; and RNT takes
place through electrostatic interaction. Previously, several groups have observed similar

types of support—metal ion complexation prior to the reduction step forming the
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NPs.”?%*%3% It was expected that the lysine side chains on the surface of RNT could act a

nucleation point for the formation of Au NPs upon reduction with hydrazine hydrate

(N,H4.H,0).
HaN i
X\ r?— \
N
‘)7-—N
y \}1@ o NS R —
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Figure 2.1: Schematic representation of GO-RNT formation through the self-assembly of
twin GAC base.

To maximize the loading of the Au NPs on the surface of the RNTs, the ratio of
AuCly /1 was optimized to 20:1. It has been observed that at lower salt concentration
(<20 fold excess), the deposition of Au NPs is less than the possible maximum loading.
On the other hand a higher salt concentration (>20 fold excess) leads to the formation of
polydispersed Au aggregates. To obtain monodisperse Au NPs was optimization of the

ratio of AuCly /N,H4.H>O to 10:1 fold. The pH of the final solution was maintained at ~3.
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The size of the Au NPs was measured by transmission electron microscopy (TEM),
revealing a mean diameter of 1.4+0.2 nm, while the mean interparticle distance found to
be 3.840.8 nm (B, Figure 2.2). The inset shows a helical orientation of Au NPs on the
surface of RNT (B, Figure 2.2). The red lines indicate the pitch angle while the blue lines
indicate the distance between the two adjacent Au NPs (scale bar = 10 nm). The TM-
AFM images of the Au NPs/RNTs composite showed a height of ~4.6 nm, which is in
very good agreement with the calculated diameter. A detailed analysis of the organization
of the Au NPs on the surface of the RNTs showed that the NPs are oriented in a helical
fashion with a pitch angle of 40.1+£2.3°. The shortest distance between the adjacent NPs
was found to be 3.5+0.3 nm along the long axis of the RNT and to be 4.2+0.3 nm across

the RNT.

Figure 2.2: TM-AFM (A) and TEM (B) images of Au NP/RNT composite. Used with
permission from ACS publishing.*
Based on the TEM analysis, a model of Au NPs/RNTs composite was developed

(Figure 2.3). The model showed that four adjacent lysine side chains could act as a
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nucleation pocket with a cross section of 1.6 nm (c, Figure 2.3). Each nucleation pocket
could accommodate a 1.4-1.5 nm size Au NP, and prevent further growth and
aggregation leading to larger sized NPs. The model also showed that the next available
pocket is 1.4-1.6 nm away along the long axis of RNT. This results in an interparticle

distance of ~3.2 nm which is in fairly good agreement with the observed value.

| ! |

Al

) 90°

Au NP

Figure 2.3: Models of Au (gold spheres) NP/RNT composite (a, b), Close-up view of a
nucleation pocket containing an Au NP (c). Used with permission from ACS
publishing.*’

A statistical analysis of the TEM images of the Au NPs/RNTs showed that the
available maximum numbers of nucleation sites are 188/100 nm and only ~30% of the
total nucleation sites were loaded with the Au NPs (58 sites/100 nm). To gain more
insight into the loading of the Au NPs on the surface of the RNTs, two models were
developed based on the TEM analysis such as a — (i) maximum occupancy model, and (ii)
zigzag model. While the maximum occupancy model shows the presence of NPs into all

the available nucleation pockets, the zigzag model displays the presence of NPs
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maintaining the interparticle distance measured by TEM. In comparison to the maximum
occupancy model, the zigzag model supports the observed ~30% loading and measured

interparticle distance while confirming the reduced interparticle repulsion.

Figure 2.4: Maximum occupancy (a), and zigzag (b) models of Au NP/RNT composite.
Used with permission from ACS publishing.*’

2.2.2 Synthesis of M NPs/RNTs (M = Au, Pd and Pt) in the Absence of a Reducing Agent

Being inspired by the previous work, Fenniri and coworkers successfully
extended the studies for preparing Au, Pd and Pt NPs using RNT as a scaffold. They
speculated that similar to that of AuCl, , the positively charged lysine side chains would
also interact with PdCl®" and PtClL?’, and facilitate the NP formation. It was
hypothesized that upon reduction with hydrazine, RNTs would also nucleate and control
the growth of Pd and Pt NPs in well-organized fashions. Previous studies suggested that

the molar ratios of twin GAC base, AuCly and hydrazine should be maintained at 1:20:2
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for maximum loading of Au NPs on the surface of the RNTs.*' However, the statistical
analysis of the occupied nucleation pockets revealed a maximum of ~30% loading of Au
NPs nucleated along the axis of RNT in a zigzag fashion. Based on this observation, it
was calculated that for every twin GAC base ~4.1 equivalents of AuCly and 6.2
equivalents of hydrazine are required. To understand the details of the NP formation,
three different metal salt concentrations such as 5, 10 and 20 equivalents with respect to
the RNT concentration were used. Also, equimolar ratios of hydrazine were used as a
reducing agent with respect to that of the metal salt concentrations.

Aqueous solutions of RNTs containing 5, 10 and 20 equivalents of PdCl,*~ were
initially incubated for 24 hours in the dark at ambient temperature. Based on the previous
calculation, it suggested that if Pd NPs would also occupy ~30% of the available pockets
then 5 fold excess of PdCls*™ should be sufficient to form the NPs. However, additional
equivalents of PAdCl,>~ were also examined in attempts to improve the loading of the NPs
on the surface of RNT. Finally, the PdCl,> /RNT composite was treated with equimolar
ratios of N,H4s.H,O for 24 hour to ensure complete reduction. The microscopy
characterization of the Pd NPs/RNTs by both SEM and TEM showed the presence of tiny
dots of Pd NPs templated on the surface of the RNTs. The statistical analyses of the
particle diameter by TEM were carried out on several hundred random RNT templated Pd
NPs and reported in Table 2.1. The sample containing 5 equivalents of PdCl,*" revealed
an average diameter of 1.6+0.2 nm (Figure 2.5) whereas for the samples with 10 and 20
equivalents of PdCl,*" the average diameters were estimated to be 1.5+0.1 and 1.7+0.2
nm, respectively (Figure 2.6). A slight increase in the size of the NPs was observed with

increased loading of PdCl,*". This could be attributed to the over deposition on the

38



surface of the NP due to the fresh supply of more Pd”. However, the size differences were
found to be insignificant, indicating that the nucleation pockets reached their maximum

capacity of holding ~1.5 nm size NPs.

o

20 nr

Figure 2.5: STEM (a), and TEM (b) images of K,PdCls/RNTs (250:50 uM) reduced by
N,H4.H>O.

The average diameter of the Pd NPs/RNTs composite (5 eqvs.) was measured at
~4.5 nm, while it ranges from 10-14 nm for higher equivalents of PdCl,*" (Figure 2.6).
This is perhaps resulted from multilayer coating of different Pd oxo/chloro species on the
surface of RNT. In a separate experiment to understand the interaction between RNT and
PdCl,*", and their subsequent consequences on NP formation, we incubated an aqueous
solution of RNT containing 5-fold excess of PdCl,*” for 24 hours in the absence of
hydrazine. Surprisingly, both SEM and TEM analyses confirmed the presence of tiny
dots of Pd NPs on the surface of the RNTs with an average particle size of 1.5+0.1 nm.
This discovery led us to extend our investigation even further and into a new direction.

Hence we further studied the formation of NPs with 10 and 20 equivalents of PdCl,* and
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their effect on the NP size. The TEM analysis showed an average NP size of 1.6+0.2 and

1.7+0.2 nm for the samples containing 10 and 20 equivalents of PACly* respectively.

I

Figure 2.6: STEM and TEM images of K,PdCLs/RNTs (500:50 (a, b) and 1000:50 (c, d)
uM) reduced by N,H4.H,O.

Similar to the previous observations, there was no significant increase in the
particle size with increasing the PdCl,*~ concentration with respect to that of the RNT,
suggesting that the NPs have grown to the maximum size accommodated by the

nucleation pockets. At higher concentrations, dense loadings of the NPs as well as multi-
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layer coatings were also observed. The coating was due to the deposition of excess

palladium chloro/oxo complexes, which was confirmed by XPS analysis and will be

discussed in a later section in this chapter. Detailed studies of the Pd NP formation at

three different concentrations of PdCl,>~ with or without reduction by hydrazine led to

several conclusions- (i) the nucleation pockets played a vital role in dictating the size of

the Pd NPs formed, (ii) the growth process was controlled by the nucleation pockets and

(ii1) the NPs have comparable size obtained from both processes.

Table 2.1: Summary of the NP size templated on the surface of the RNTs.

Samples NP size (nm)
With reduction Without reduction
PdCl," /RNT (1:5 fold) 1.6+0.2 1.5+0.1
PACl,* /RNT (1:10 fold) 1.5+0.1 1.6+0.2
PdCl,* /RNT (1:20 fold) 1.7+0.2 1.7+0.2
AuCly /RNT (1:5 fold) 1.2£0.1 1.240.1
AuCly /RNT (1:10 fold) 1.1£0.1 1.240.2
AuCly /RNT (1:20 fold) 1.240.2 1.240.2
PtCl,* /RNT (1:5 fold) 1.3+0.1 1.3+0.2
PtCl,* /RNT (1:10 fold) 1.4+0.1 1.4+0.1
PtCl,* /RNT (1:20 fold) 1.4+0.1 1.3+0.1
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Figure 2.7: STEM and TEM images of KiMCl4 (x = 1, 2)/RNTs (500:50 uM, M = Au (a,

b), Pd (c, d) and Pt (e, f)) without the addition of N,H4.H,O.
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Similarly, AuCl,” and PtCl,*” were also employed as precursors for the synthesis of
Au and Pt NPs with and without using hydrazine as a reducing agent. Firstly, aqueous
solutions of RNT containing 5, 10 and 20 equivalents of AuCl, and PtCl,*~ were allowed
to incubate for 24 hours. To ensure complete reduction, the samples were treated with
hydrazine for 1 hour before the SEM and TEM analyses. Later, the same experiments
were repeated without the reduction step (Figure 2.7). Samples from both experiments
were analyzed by SEM and TEM, which confirmed the presence of both Au and Pt NPs
nucleated on the surface of the RNTs. The size of the Au and Pt NPs were measured by

TEM and reported in Table 2.1.

Figure 2.8: SEM image of K,PdCly/L-LAA (250:50 uM) without the addition of
N>H4.H>0.

Initially, we speculated that the supramolecular organization of the RNT and the
nucleation pockets formed by the lysine side chains play a key role in dictating the
narrow size distribution of metal NPs. To prove this hypothesis, we employed L-lysine

amino acid (L-LAA) instead of RNT. As control experiments, aqueous solutions of lysine
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amino acid were incubated with a 5 and 20 fold excess of PdCly*". After an incubation
period of 24 h, the samples were analyzed by SEM and the images clearly showed that
lysine amino acid was unable to form Pd NPs, but rather produced random large
aggregates (Figure 2.8). This observation suggests that the supramolecular organization
of the RNTs and the subsequent nucleation pocket formation indeed play a vital role in
providing monodispersed Pd NPs.

To confirm the nature and composition of RNT templated M NPs (M = Au, Pd and
Pt), Fenniri and coworkers performed X-ray Photoelectron Spectroscopy (XPS) on M
NPs/RNTs with or without reduction by hydrazine. As expected, the XPS analysis
confirmed the presence of M in M NPs/RNTs samples reduced by hydrazine. Besides
this, the analysis also unambiguously revealed the metallic nature of all three metal NPs
formed without the addition of NoH4.H>O. The metallic nature of M NPs was confirmed
by the corresponding binding energies associated with each M NPs (Au’, 4fs, = 87.7 eV
and 4f7,= 84.0 eV; Pd’, 3ds, = 340.4 and 3ds» = 335.1; and Pt’, 4fs, = 74.5 €V and 4fy;
= 712 ¢V).*'"™* Additionally, these results were also confirmed by Auger Electron
Spectroscopy (AES) analysis. The AES data showed the characteristic peaks correspond
to specific metals (M") such as Au’ (1741 eV, 2011 eV and 2097 eV), Pd’ (325 eV), and
Pt’ (1698 eV, 1960 eV and 2039 ¢V). An excellent match of the peaks of M NPs/RNTs
was observed for the samples treated with or without NoH4.H,O. This observation further
demonstrates that the RNTs are acting as a support in providing highly monodispersed M
NPs as well as contributing to the reduction of corresponding metal salt. Also the energy
dispersive X-ray (EDX) analysis and selective area electron diffraction (SAED) of M

NPs/RNTs support the previous observation.
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2.2.3 Origin of the NP Formation on the Surface of RNTs in the Absence of Hydrazine

Earlier, Fenniri and coworkers have found that RNTs could nucleate and allow the
growth of NPs to a specific size dictated by the nucleation pockets formed by the lysine
side chains in the absence of hydrazine. Hence, it was crucial to investigate the reason for
the NP formation as the system only contains RNTs as a support, water as a solvent and
metal chloride as the precursor of the corresponding M NP. Therefore, I decided to
perform a detail studies to evaluate the origin of the NP formation. It is well established
that a redox reaction is a simultaneous process. This means that when a reduction reaction
takes place, an oxidation reaction also occurs at the same time. Considering this scenario,
if the metal salt is reduced to form the NP then in the system something else has to be
oxidized. For this system, as I do not use any additional reducing agent the possible

suspect could be either RNT or water.
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Figure 2.9: Structure of the GAC base, building block of RNT.
The twin GAC base building block of RNT, used for this studies consists of two
parts- (i) guanine-cytosine fused rings and (ii) a L-lysine dangling side-chain (Figure

2.9). Hence it is possible that either the guanine-cytosine fused ring or lysine undergoing
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oxidation affords the required electrons to reduce the metal ions. It is well documented
that the oxidation of DNA takes place at the guanines.* This is due to the fact that
guanine has a low oxidation potential.*** Since the twin GAC base contains the fused
guanine-cytosine rings, it is possible that the fused ring is responsible for the reduction of
the metal ions. Alternately, the dangling lysine side chains addressed on the surface of
RNT could contribute to the reduction of the metal ions as they contain amines. It has
been reported earlier that the primary and secondary amines can act as reducing agents
and stabilizers after the formation of NPs.***’ Depending on the amines used, the
oxidized product could be imines,* or oligomeric and polymeric species.***’ Similarly, if
RNTs are not involved in the reduction process then alternately, water could be oxidized
and provide the required electrons.” One of the trivial facts of NP formation is the drop
in pH of the solution due to the generation of protons in solution.”' For the current studies
I used PACl,”" as the precursor to Pd NP formation and employed a ten fold excess to that
of the RNTs concentration (Table 2.2). Initially, I measured the pH of a 0.01 mM
aqueous solution of RNTs and found it to be 6.72, while for a 0.1 mM solution of PdCl*
the pH was 4.67 (Figure 2.2). Hence it is expected that upon Pd NP formation the pH of
the PdCl,> /RNT solution would drop below the pH of the individual solution. As
expected, the pH measurement of PdCl,> /RNT solution showed that the pH rapidly
dropped to 4.31 within 1 min of mixing (Table 2.2). This indicates that perhaps the NP
formation followed by the nucleation on the surface of RNT could be a very quick
process. The pH of the solution further continued to drop slowly to 4.18 over a period of
1 h. This observation includes both the possibilities that either RNT or water are involved

in the reduction of metal ions.
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Table 2.2: pH measurement of the RNT, PdC1,*” and PdC1,* /RNT solutions.

Samples | pH
RNT (0.01 mM) 6.72
PACl,* (0.1 mM) 4.67
PAC1,* /RNT (0.1:0.01 mM) 4.31 (1 min)

4.23 (30 min)
4.18 (60 min)

To gain more insight into the process, I carried out cyclic voltammetry (CV)
studies to investigate the redox properties of RNTs and K,PdCl, in water. A detail list of
reduction potentials of water and palladium species is reported in Table 2.3.° Recently,
Chen and coworkers have investigated the CV of an aqueous solution of K,PdCl, (1 mM)

using 0.5 M H,SO; as the supporting electrolyte.”*

They found the reduction potential of
Pd*" in K,PdCly is 0.38 V vs Ag/AgCl.>* As the system does not contain any acid, it is
important evaluate the reduction potential of Pd*" in K,PdCl, in the absence of acid.
Therefore, the CV studies of K,PdCl, in water containing 0.1 M KCI as the supporting
electrolyte, showed a reduction potential of Pd*" in K,PdCly is 0.03 V vs Ag/AgCl
(Figure 2.10a). However, it is expected that the presence of RNT in solution would
influence the reduction potential of Pd*" to form the Pd NPs. If RNTs are involved in the
reduction of Pd**, then they should have an oxidation potential close to the reduction
potential of Pd*". It is crucial that the oxidation potential of a reducing agent is higher
than the reduction potential of the metal precursor in order for a spontaneous redox
reaction to proceed.*® Earlier, I stated that one of the options for RNT to reduce Pd*" is
through the oxidation of the guanine-cytosine ring. Previously, several groups have

investigated the redox properties of guanine. The studies suggested that guanine could be

readily oxidized to a radical cation, which has an oxidation potential of 1.06 V vs
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Ag/AgClL.> As the oxidation potential of guanine is closer and higher than the reduction

potential of Pd*" this makes the guanine-cytosine ring a suitable candidate as a reducing

agent. Considering this, the CV studies were performed in water over a scan rate of 0.1

Vs~ at a temperature of 21£1 °C.

Table 2.3: The standard reduction potentials (E°) of water and palladium species.”

Half-reaction o
Oxidation | Reduction E V)
0, +4H +4e | == |2H,0 1.229¢
Pd* +2e = |Pd’ 0.951°
[PACL] +2¢ | === |Pd"+4CI 0.591°
[PACL]* +2¢ | === |Pd’+4CI 0.380°
[PACL]* +2¢ | == |Pd’+4CI 0.030°

“ F° (V) vs SHE at T = 25 °C, P = 1 atm and acid concentration = 1 M; * E° (V) vs

Ag/AgCl using glassy carbon electrode from 0.5 M H,SO4 containing K,PdCly (1 mM); ©

E° (V) vs Ag/AgCl using glassy carbon electrode from 0.1 M KCI containing K,PdCl, (1

mM).
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Figure 2.10: CV of (a) K,PdCls, and (b) RNT in water (I mM). The potential was first

swept in the negative direction.
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The data showed that the RNTs in water with KCl (0.1 M) as the supporting
electrolyte gave rise to no redox activity within the potential window of £1.5 V (Figure
2.10b). The observed result suggests that perhaps RNT is not involved in providing the
electrons to form Pd’. A careful examination at the oxidation scheme of guanine reveals
that the oxidation reactions are more susceptible on the pentacycle ring leaving the
hexacycle ring undisturbed (Figure 2.11).>> The guanine-cytosine ring of RNT is
composed of the hexacycle portion of the guanine molecule. Hence it is more likely that
the heterocyclic ring of the RNTs will not undergo oxidation supporting the observed CV
results. The second option for the RNTS to reduce Pd*" is by the oxidation of amines of
the lysine. However, the CV studies also ruled out this option as well. Usually, to give
electrons the lone pair of electrons of nitrogen should be available. In the case of the
RNTs, the amines of the lysine exist as ammonium ions, which are already in the
oxidized form. However, ammonium ions could give up protons and be converted back to
the amines and finally contribute to the reduction process.*® This conversion could be

strongly influenced by the pKa value of the amines and the pH of the solution. Earlier,

49



Fenniri and coworkers reported the pKa values of the amines of the lysine, which found
to be very high (Figure 2.9; pKa, ~8.26, pKa, ~7.68 and pKaz ~10.03).* This indicates
that the ammonium ions are very weak acids and there are fewer chances for these
ammonium ions to give up the protons at pH ~4.0. The pH studies also suggest that the
amines will prefer to stay as ammonium ions instead of giving up the protons under
acidic condition (Table 2.2). Hence it is very unlikely that the amines would contribute to
the reduction of Pd*" ions to form Pd NPs.

As discussed earlier, the theoretical calculation showed that the size of the
nucleation pocket formed by four adjacent lysine side chains was 1.6 nm. Hence, each
nucleation pocket could spontaneously accommodate a NP with a particle size of ~1.6
nm. If the NP consists of Pd atoms then by using equation (1) we could calculate the
number of Pd atoms present in a ~1.6 nm size NP. The calculation shows that a ~1.6 nm
size Pd NP contains 132 Pd atoms. The Pd has +2 oxidation state in PdC142_, which
requires 2¢_ to form each Pd’. Hence it requires a total of 264 ¢~ to form 132 Pd atoms in
a single NP. Earlier, from the model studies we found that RNTs contain a total of 188
nucleation pockets within a length of 100 nm. Based on the ~30% loading of the Pd NPs
onto the surface of RNT, Pd NPs could occupy a maximum of 58 nucleation sites within
the length of 100 nm. This indicates that to form 58 NPs with an average particle size of
~1.6 nm, 15,312 ¢ (264x58) are required. The model studies show that each 100 nm
length of RNT consists of 125 rosette stacks formed by the self-assembly of 750 (125x6)
twin GAC bases. Unfortunately, it is quite impossible to afford 20 e (15,312+750) by
each twin GAC base to form 58 NPs within the 100 nm length of RNT. The RNTs could

not provide this large number of electrons either by the oxidation of the guanine-cytosine
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fused ring or amines of the lysine. Both the experimental and theoretical analyses ruled
out the option for RNT to act as a reducing agent. However, perhaps RNT could facilitate
the Pd NP formation because of the supramolecular organization.

N = No. of atoms/NP

n=3.14

p = Density of Pd in a face centered cubic (fcc) unit

np D3 cell = 12.0 g/em’ = 12.0x10 > g/nm’

D = Diameter of the NP = 1.55 nm

N, = Avogadro number = 6.023x 10> atoms/mol

M = Atomic mass of Pd = 106.42 g/mol

Hence this leads the solvent “water” as the potential candidate to act as a reducing

agent to form Pd NPs. As will be discussed below water oxidation may occur in the
presence of Ko,PdCly and RNT. If water is involved in the reduction, then the use of D,O
would display the kinetic isotopic effect on the NP formation. The kinetic isotope effect
originates from the difference in the zero point energy resulting in the different bond
dissociation energies. Usually, heavier isotopes have higher bond dissociation energies
than their lighter isotopes. For H,O, the average bond dissociation energy is 458.9
KJ/mol, while for D,O it is 466.4 KJ/mol. Hence, because of high bond dissociation
energy, the oxidation of D,O would be slower leading to smaller sized NPs compared to
that of in water. To justify this hypothesis, we repeated the synthesis of Pd NPs/RNTs in
D,0 under the identical conditions in water. The size of the NPs were evaluated by TEM

and compared with those from water.
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Figure 2.12: TEM images of Pd NPs/RNTs in H,O (a-c) and D,0 (d-f). Scale bar — 20

nm. The samples incubated for 1 min (a, d), 30 min (b, ) and 60 min (c, f).
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Table 2.4: TEM analysis of Pd NPs/RNTs in H,O and D,0.

Pd NPs/RNTs Incubation time (min)
1 30 60
H,O 1.5+0.1 nm 1.5+0.1 nm 1.6+0.1 nm
D,O 0.6+0.1 nm 1.0£0.1 nm 1.4£0.1 nm

Three samples from the D,O experiment were analyzed by TEM based on the
aging time (1 min, 30 min and 60 min) (Figure 2.12). The results from the analysis are
summarized in Table 2.4. When compared, the TEM measurement showed that the size
of the Pd NP was smaller in D,O than in H,O. This observation indeed supports the
hypothesis of water oxidation causing the Pd NP formation. The TEM analysis revealed
that the NP formation was a very rapid process in water, which was slowed down in D,O.
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Figure 2.13: Kinetics of the Pd NP/RNT formation in D,0O studied by UV-Vis (a), and
CD (b) spectroscopy.

The solution characterization such as the time dependent UV-Vis studies of Pd
NPs/RNTs in D,O also showed slow kinetics (Figure 2.13a) compared to that in water

(Figure 2.23a), which also supported the TEM analysis affording the smaller size NPs.
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The UV spectrum of the D,O sample displayed a slow drop in absorbance at 208, 234 and
289 nm within 1 hour. It is worth noting that the absorption at 208 nm corresponds to the
Pd(D,O)Cl; anion. On the other hand, the water sample showed a rapid drop in
absorbance within the first 10 mins and leveled off after 1 hour (Figure 2.23a). The slow
kinetics was also reflected in the circular dichroism (CD) at a higher wavelength around
300 nm (Figure 2.13b). To gain further insight into the nature of palladium in the D,O
sample, we performed XPS analysis. It should be noted that the Pd NPs/RNTs samples
deposited on the TEM grid or Si wafer, were analyzed without further washing with
water. The spectra showed the presence of Pd” as well as PdO, (X = 1 and 2) in the
samples (Figure 2.14). The spectrum of the TEM grid sample showed a binding energy
(Ev) peak at 335.1 eV (Pd3ds;), which corresponds to the elemental Pd.>* On the other
hand, the peaks at higher binding energies at 335.7 and 337.9 eV (Pd3ds.) correspond to

PdO and PdO,, respectively (Figure 2.14a).>”>’
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Figure 2.14: XPS analysis of Pd NPs/RNTs on the TEM grid (a), and on the Si wafer (b)

in D,O (£}, was calibrated with respect to the Cls peak at 284.8 eV).
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In the case of the Si wafer sample, though there were no significant shifts in £, for
Pd’ (Pd3ds, = 335.2) and PdO, (Pd3ds» = 337.9), the E;, for PdO was not isolable due to
overlapping (Figure 2.14b). The ratio of the % concentration of Pd’, PdO and PdO, was
1:1:4 in TEM grid sample. As expected, the hydrophobic nature of the TEM grid, which
was made of carbon mesh, would prefer the deposition of Pd (Pd”) NPs/RNTs on the
surface of the grid instead of PdOy species after drop casting the solution. On the other
hand, the ratio of the % concentration of Pd’ and PdO, was increased to 1:10 in the Si
wafer sample, which perhaps due to the higher affinity of Si for oxygen. Because of this
affinity, PdOy species were expected to bind strongly on the surface of the Si wafer after
drop casting. The presence of oxide in the sample could also be assigned from the Ols
spectrum. The binding energy peak appeared at 531.6 eV due to water or oxygen

chemisorbed on the surface of the samples (Figure 2.15).>"®
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Figure 2.15: The Ols spectra of Pd NPs/RNTs on the TEM grid (a), and on the Si wafer
(b) in D,O (Ey was calibrated with respect to the Cls peak at 284.8 eV).

The E, of the Ols peak for PdO, is unknown and considering that the Ep of
oxygen for both PdO and PdO, would be closely lying,” we speculate that the additional

peak at higher E, could be attributed to the PdOy species.” As observed earlier, the %
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concentration of the PdOy species was higher in the Si wafer than in the TEM grid
sample. The ratio of the % concentration of Pd and PdOy species was 1:0.4:0.2 in the Si
wafer sample (Figure 2.15 (b)), while it was 1:0.2:0.03 in TEM grid sample (Figure 2.15
(a)). To further understand the process of the Pd NP formation we carried out a detailed
XPS analysis. Earlier we investigated the nature of Pd present in Pd NPs/RNTs sample
synthesized in water by XPS analysis. Initially, the XPS samples were prepared by
depositing 5-6 drops of Pd NPs/RNTs solution followed by washing the surface using
fresh deionized water. The reason for washing the Pd NPs/RNTs sample surface was to
obtain nice and clean binding energy peaks of Pd’. However, cleaning the surface
actually wipes off the evidence of counter side product formation. Hence, this leads to
missing the detail picture of the NP formation, which could provide vital information on
the mechanism of NP formation especially in the absence of a reducing agent. Indeed the
XPS analysis of the sample deposited on TEM grid, washed with water, showed very nice
binding energy peaks, which correspond to the elemental Pd (Pd3ds, = 335.2) as well as
the presence PdO (Pd3ds;, = 335.8) and PdO, (Pd3ds;, = 337.9) peaks (Figure 2.16a).>*>’
As expected, the oxygen spectrum showed the Ey, of the Ols peaks at 531.6 and 533.9 ¢V,
which correspond to the chemisorbed O, or water, and PdOy, respectively. The unwashed
sample also showed the Pd3ds» peaks at 335.2, 335.9 and 338.1 eV for Pd°, PdO and

PdO,, respectively (Figure 2.16¢).
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Figure 2.16: XPS analysis of Pd NPs/RNTs on a TEM grid in H,O. The samples were
washed with H,O (a, b), and unwashed (c, d). The E, of Pd3ds, (a, ¢) and Ols (b, d)
spectra was calibrated with respect to the Cls peak at 284.8 eV.

As the sample surface was not washed with water, it is expected that the spectrum
should provide a detailed status of the reaction medium after the NP formation deposited
on the TEM grid. Therefore, the XPS analysis should afford information about all the Pd
species formed as side products. Similar to that of the washed sample, the unwashed
sample also showed the presence of PdOy species. However, the ratio of the %
concentration of Pd’, PdO and PdO, was higher in the unwashed sample (1:0.3:0.1) than

in the washed sample (1:0.2). As the third peak in the washed sample was not present, we
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surmised that it could be an artifact caused by the charging effect in the sample or a true
peak, which belonged to potassium. As Si has higher binding affinity for oxygen, we
repeated the analysis of the unwashed sample on the Si wafer (Figure 2.17). The Pd3ds,
spectrum showed the Ey, peaks at 336.1 and 337.9 eV for PdO and PdO,, respectively. In
addition, the Ols spectrum contained peaks, which could be attributed to the PdOy
species. Though the analysis confirmed the formation of PdO and PdO, as the side

products, it did not prove how the PdOy species were formed.
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Figure 2.17: XPS analysis of Pd NPs/RNTs on a Si wafer in H,O. The E}, of Pd3ds), (a)
and Ols (b) spectra was calibrated with respect to the Cls peak at 284.8 eV.

There are several possibilities (i) the oxides were formed by the water oxidation
reaction as suspected; (ii) they could form upon exposure of the sample to the air during
sample preparation and (iii) the oxides could also be in the K,PdCl4 solid or formed in
situ when dissolved in water. It is well known that prolonged exposure of metal salt to the
air could facilitate the corresponding oxide formation. Also as the solids of K,PdCls were
dissolved in deionized water, perhaps it might be converted to the PdOy species upon
reacting with the dissolved oxygen already present in water. To rule out the third

possibility of pre-formed PdOy species in the sample, we carried out the XPS analysis of
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K,PdCl, in both water and in the crystalline form. The Pd spectra showed an E}, peak at
338.1 eV, which could be attributed to the Pd*" peak in K,PdCl, (Figure 2.18).° The
spectra also displayed an £}, peak at 336.9 eV, which is higher than the PdO peak
observed in the Pd NPs/RNTs samples. Previously, Bertolini ez al. demonstrated the XPS
analysis of bulk PdO where the E}, peak appeared at 336.8 eV.% Therefore, we suspected
that the peak at 336.9 was due to the PdO in the K,PdCls sample. Beside these peaks
associated with the Pd compounds, there was an additional peak at ~345 eV. We believed
that this peak could be associated with the K satellite. In K,PdCly sample, as the Pd3ds,
peak at 338.1 was close to the PdO; peak (337.9 eV) observed in Pd NPs/RNTs samples,

we performed mass spectroscopic analysis to detect the identity of the Pd species.
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Figure 2.18: The Pd3ds, spectra of K,PdCls in water (a) and crystals (b). The £, was
calibrated with respect to the Cls peak at 284.8 eV.

The ES mass of K,PdCls showed a fragment ion (PdCl; ) peak at m/z 210.8104
(calc. m/z 210.8106) due to the loss of one Cl ion. Hence, the mass spectrometry
confirmed that the E, peak at 338.1 eV belonged to K,PdCls. However, the mass

spectrum did not show any m/z peak associated with PdO. This indicates that PdO,
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observed in the XPS spectrum, was formed in situ inside the XPS analyzer chamber
during the XPS analysis. Alternately, the Pd3ds, peak at 336.9 eV could be associated
with any unknown palladium chloro compound. To further rule out the possibility of air
interruption in forming the PdOy species and prove the concept of water oxidation, we
carried out the Pd NP synthesis under anaerobic condition. To minimize air exposure we
prepared the solutions of RNT and K,PdCly in water properly degassed by bubbling with
ultra pure Ar for 1h.%! The resulting two solutions were then mixed under Ar environment
in a glove bag. The glove bag was initially degassed to create an anaerobic environment
by applying the purge and refill technique with Ar. The XPS analysis was performed on
the Pd NPs/RNTs following the previous protocol. The samples were prepared on both
the TEM grid and Si wafer for a detailed comparison with the previous results and
applied for analysis without further washing with water. Interestingly, the analysis
showed similar results to that of the previous observation. The Pd3ds;, spectrum of the
TEM grid sample displayed the E}, peaks at 335.1, 335.9 and 338.1 eV attributed to the
Pd’, PdO and PdO,, respectively (Figure 2.19a). In addition, the Pd3ds, spectrum of the
Si wafer sample also showed Ey peaks at 336.2 and 337.9 eV for the PdO and PdO,,
respectively (Figure 2.19b). In agreement with the previous observation, the Si wafer
sample also contained the E}, peak (~345 eV) associated with the K satellite. The data
obtained from the glove bag experiment are in good agreement with the aerobic condition
experiments. Hence, this anaerobic experiment strongly suggests that the formation of
PdO and PdO, was not because of the air interruption. Indeed the water oxidation led to
the formation of PdOy species as well as Pd NPs as suspected. To further validate and

support this observation we carried out the isotopic experiment by using H,'*O as a
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solvent instead to water. If water splitting caused the formation of the PdOy species, then
H,'®0 would lead to the formation of the corresponding isotopic compounds (Pd'*0,)

upon oxidation.

—
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Figure 2.19: The Pd3ds,,; spectra of Pd NPs/RNTs on the TEM grid (a), and Si wafer (b)
in H,O under anaerobic condition. The E}, was calibrated with respect to the Cls peak at
284.8 eV.

The XPS analysis was performed on the sample deposited on the Si wafer (Figure
2.20). As expected, the Pd3ds/, spectrum showed an E}, peak at 337.7 eV associated with
PdO, (Figure 2.20a). However, the peak was shifted by 0.2 eV to the lower binding
energy compared to that of the Ey peak previously observed for PdO, (337.9 eV). The
Pd3ds; spectrum also showed an E}, peak at 335.2 eV, which could be assigned to
elemental Pd (Figure 2.20a). As the sample surface was not washed with water, the
Pd3ds;, spectrum also contained an additional peak at ~345 eV due to the K satellite.
Similarly, the Ols spectrum also showed a shift in the PdOx binding energy peak by 0.3
eV from 533.9 eV to 533.6 eV (Figure 2.20b). Other than the shift in the binding energy

peak, there was no discernible change in the Pd3ds, and Ols peak shapes.®’ This
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indicates that the presence of heavier isotope (‘*O) does not affect the peak shapes.
However, it is unclear whether the isotopic effect is responsible for the shift of the PdOy

Ey, peaks in both the Pd3ds/, and Ols spectra.
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Figure 2.20: The Pd3ds;; (a), and Ols (b) spectra of Pd NPs/RNTs on a Si wafer in H,'*O
(E, was calibrated with respect to the Cls peak at 284.8 eV).

The XPS analysis confirmed the formation of PdOy (X = 1, 2) along with Pd NPs.
In addition, both the anaerobic (glove bag) experiment and the isotopic analysis (H,'*O)
showed that the PdOy species were formed by the water oxidation reaction, where the
oxygen came from water. Also we found that the NP formation was a very rapid process
indicating that the counter water oxidation reaction must be fast. The water oxidation
reaction usually produces oxygen and proton, if the electron is being consumed by the
counter species in the system. Hence the oxygen could further react to give oxides or
evolve as molecular oxygen. The XPS analysis already confirmed the formation of
oxides. To further investigate the possibility of molecular oxygen evolution we
performed the dissolved oxygen (DO) content measurement of the system. If the oxygen
evolution reaction takes place, this will lead to the increase in DO of the system and

could be monitored by a DO meter. Under aerobic condition, the DO content of distilled
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or deionized water at ambient temperature is ~8.5 ppm measured with oxygen electrode
where the pH of the solution is close to neutral.®’ Therefore, to rule out the possibility of
air oxygen interruption to the system the whole experiment was carried out in a glove bag
under ultra pure Ar (oxygen content <0.5 ppm). The individual solutions of RNT and
K>PdCly were purged with Ar for 1 h before mixing to remove the dissolved oxygen.'
The DO of the RNT and K,PdCly solutions were measured in a glove bag pre-purged
with Ar, and the values were found to be ~0.29 and ~0.93 ppm respectively. The residual
oxygen contents of the two solutions were stable up to 5 min at 20.9 °C without any
significant change. In a separate blank experiment, the DO content inside the glove bag
was measured as ~0.10 ppm at 20.3 °C after purging with Ar for 1 h and was found to be
stable for 5 min. When the two solutions of RNT and K,PdCl4; were mixed together, the
immediate measurement showed a rapid increase in the dissolved oxygen content of the
mixture solution to above 9.0 ppm and fluctuating between 10 to 14 ppm. The value then
dropped to around 5 ppm within few minutes and continued to fluctuate. As the surface
reaction on the electrode provides the DO measurement, the interaction between the
electrode surface and the oxygen in solution is very important. Hence, we believe that
perhaps the initial rapid production and inhomogeneous mixing of oxygen to the solution
caused the fluctuation. The DO value continued to drop and fluctuate between 0.7 to 2.0
ppm within 30 min and then further dropped to ~0.58 ppm after 60 min. The DO
measurement experiment suggested that the water oxidation reaction was a very fast
process as it leads to an increase in dissolved oxygen content.

Finally, all the experimental data together with the theoretical analysis suggests

that water could act as a reducing agent. While the XPS analysis confirmed the presence
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of Pd” as well as PdO, (x = 1 and 2) in the sample, the DO experiment provided the
evidence of O, evolution. In addition, the pH measurement indicated the generation of
H+ in solution. Therefore, all the experimental evidences agreed to the hypothesis of
facile water oxidation reaction. The formation of Pd NP was followed by the production
of both PdOy and the evolution of O, in solution. Certainly, RNT played a vital role
influencing the overall reaction as no Pd NP formation was observed in the absence of
RNT or in the presence of L-LAA. It was difficult to propose an exact mechanism of the
Pd NP formation on the surface of the RNT due to the complicated nature of the reaction.
However, a number of potential factors that influenced the overall reaction could be
highlighted. The reaction could be facilitated by the auto-catalysis of Pd, where the bond
cleavage in water took place upon coordination to the Pd center. I hypothesize that the
positively charged lysine nucleation pockets on the RNT surface provide a unique
reaction environment where the oxidation potential of water and the corresponding
reduction potential of Pd*" shifted to a value, which favors spontaneous and facile
reaction. Furthermore, the reduction potential of water is reduced from 1.229 V to ~0.82
V at pH = 7 (E° = 1.229 — 0.059pH), thus increasing the driving force for oxidation.”*
Previously, it was reported that the rate of the water dissociation reaction was enhanced
by the presence of Li" in alkaline environment.** In the case of our system, we believe
that water onto the surface of RNT and inside the nucleation pocket will interact with the
ammonium ions of lysine. Due to this interaction (NRy4 ----OH,), water might undergo an
interfacial structural change leading to facile O—H bond cleavage and the presence of KCl

and CF;COOK in solution could also accelerate the process.
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2.2.4 Kinetics of the NP Formation on the Surface of the RNTs in the Absence of

Hydrazine

Previously, we have observed the in-situ nucleation and growth of metal NPs on
the surface of the RNTs without employing any external reducing agents. The stable NPs
were formed by simply mixing the RNTs and metal salts in water at ambient temperature.
In the previous section, I discussed in detail the experimental and theoretical analysis on
the quest to understand the origin of the Pd NP formation. Both the experimental and
theoretical analysis suggested that the Pd NPs were formed by the water oxidation
reaction. As the Pd NPs were formed in-situ upon mixing of the two components, it was
obvious for us to study the kinetics of the NP formation. The simplicity of our system
was an advantage for the kinetics studies. Earlier, I hypothesized that upon mixing of
RNT and PdCly> solutions they would initially undergo complexation through
electrostatic interaction. This interaction maintains the flow of fresh supply of PdCL,*" on
the surface of RNT and facilitates the Pd NP formation. The theoretical model studies
demonstrated that this initial complexation is a very rapid process and indeed supports the
concept of continuous fresh supply of PdCl,>~ on the surface of the RNT. To further
confirm this concept and theoretical observation, I performed the XPS analysis of Pd
NPs/RNTs by depositing the sample aged for 1 min. As RNT contains positively charged
L-lysine side chains on the surface and counter balanced with CF;COO , addition of

PdCl,*” would immediately replace CF3COO™ to form the complex with RNT.
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Figure 2.21: Comparison of the Fls Ey, peak in RNT (blue) and Pd NPs/RNTs (red). The
Ey, was calibrated with respect to the Cls peak at 284.8 eV.

Hence, the analysis of the fluorine E, peak by XPS could further support this
rapid anion exchange reaction. I also carried out the XPS analysis of RNTs as a blank
experiment. The XPS analysis of Pd NPs/RNTs in the region of fluorine binding energy
(688.3 ¢V) showed no peak associated with Fls (Figure 2.21).®> On the other hand, the
spectrum of RNT contained an Ey, peak at 688.2 eV, which could be attributed to Fls
peak (688.3 eV) in CF3CO0 % This proves the concept of rapid complexation of PdCl,*
and RNT in solution. In order to further investigate the nucleation and growth mechanism
of the NP formation, both spectroscopic and microscopic studies were performed. The
formation of the Pd NP was followed by time dependent studies. To gain further insight
into the NP formation, three different ratios of PdCl,> /RNTs were investigated including
10:1, 5:1 and 1:1. As the concentration of PdCl,* could play a vital role in the nucleation
and subsequent NP growth process, I varied the loading concentration of PdCly*~ with
respect to the RNTs concentration. Previously, I have established that the 10:1 fold was
the optimum condition to obtain the maximum loading of the RNTs with highly uniform

sized NPs. Hence, I followed the kinetics of the NP formation starting with 10:1 fold
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PdCl,* /RNTs by UV-Vis and circular dichroism (CD). As the RNT shows
supramolecular chirality and the NP forms onto the RNT surface, I carried out the time
dependent CD studies to understand the RNT surface interaction with the NPs.

Upon addition of K,PdCls (10 fold excess) to an aqueous solution of RNT, the
typical absorption maxima of the RNT at 236 nm and 287 nm showed an initial
hyperchromic shift (1 min), and then a gradual decrease in absorbance up to 60 min
(Figure 2.222).°*%” The drop in absorbance was very rapid within the first 10 min and
then continued to drop slowly and temporarily leveled off within 60 min. Beyond 60 min,
the drop in absorbance was very slow up to 2 h and then finally no significant decrease
till 17 h (Figure 2.22a). The formation of Pd NPs on the surface of RNTs might be
associated with this hypochromic effect. Also I suspect that the initial fast drop in
absorbance could be due to rapid nucleation and growth of the NPs, while the
hyperchromic effect (1 min) is perhaps responsible for the rapid complexation of the
PdCl,*" and the RNTs. As the absorption maxima temporarily leveled off around 60 min,
I believe that most of the NP formation takes place within this 60 min leaving few
nucleation pockets to be occupied. Finally after 60 min, the unoccupied nucleation
pockets get filled up with the NPs as suggested by a very slow drop in absorbance. In
addition, the formation of the Pd NPs was also evident by the gradual increase in
absorbance from 500 nm to 325 nm, which was not seen with the RNT alone. This effect
may be attributed to the electron scattering at the boundaries of the NPs.”*” This
phenomenon was observed even after 1 min, suggesting rapid NP formation followed by
nucleation (Figure 2.22a). The UV spectrum of Pd NPs/RNTs also showed a shoulder

peak at 208 nm which could be assigned to Pd(H,0)Cl;~.”""?
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Figure 2.22: Kinetics of the Pd NPs/RNTs formation studied by UV-Vis spectroscopy.
10:1 fold in H,O (a), and in H,O/MeOH (b), 1:5 fold in H,O (c), and 1:1 fold in H,O (d).
Often alcohols are used to reduce metal salts to form the corresponding NPs.”® As
methanol could undergo facile oxidation to formaldehyde, it is expected that the addition
of methanol to the aqueous solution of PACly*" and RNTs would speed up the kinetics of
the NP formation.” Hence, we repeated the UV studies of Pd NPs/RNTs (10:1 fold) in a
mixture solvent containing 3:1 fold of water and methanol (Figure 2.22b). As expected,
the spectrum showed very fast kinetics for the NP formation and reached the equilibrium
within 30 min followed by slow drop in absorbance up to 60 min. The noticeable

difference in the mixture solvent is the hyperchromic effect of the absorbance at 289 nm
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where the isosbestic point at 248 nm (Figure 2.22b). On the other hand, the similar
absorption band at 289 nm showed a hypochromic effect in water. Earlier I found that the
deuterium isotopic effect slowed down the kinetics of the NP formation when water was
replaced by D,O (Figure 2.13a). This observation once again supports the concept of
water oxidation leading to the formation of Pd NPs. Previously, I demonstrated that 10
fold excess of the metal salt (PdCl,>") is essential for the maximum loading onto the
surface of RNT. Hence, the variation of the salt concentration below 10-fold excess could
provide vital information on the RNT-salt complexation as well as nucleation. The UV
spectra of the Pd NPs/RNTs (5:1 and 1:1 fold) showed an immediate hyperchromic effect
on the RNT absorption bands at 236 and 289 nm (Figure 2.22 (c, d)). Though there was a
little drop in absorbance in 5:1 fold sample (Figure 2.22 (c)), the 1:1 fold sample showed
no drop in absorbance within 60 min (Figure 2.22 (d)). This observation suggests the
formation of fewer smaller sized NPs upon complexation in 5:1 fold sample. However,

the loading onto the surface of RNT would be significantly incomplete.
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Figure 2.23: Kinetics of the Pd NPs/RNTs (10:1 (a), and 1:5 (b) fold) formation studied

by CD spectroscopy in H,O.
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On the other hand, in the case of a 1:1 sample, the NP formation would be
impossible due the lack of a fresh supply of excess PdCly*  to be deposited upon
reduction. As the NP formation takes place on the surface of the RNT, the kinetics studies
by CD could reveal the effect of the nucleation and growth on the supramolecular
chirality. As shown in the corresponding time-dependent CD spectra of the 10:1 fold
sample in Figure 2.23a, a decrease in the intensity of the molar ellipticity at 257 nm and
302 nm was observed during the course of the NP formation, although the exciton-
coupled bisignate cotton effect typical of the RNTs was still maintained.® The change in
the CD pattern below 250 nm may be rationalized by conformational changes of the
lysine side-chains during the growth of the NPs on the RNT surface. The 1:1 fold sample
showed no significant change in the intensity of the molar ellipticity in good agreement
with the corresponding UV-Vis studies (Figure 2.23b). The perturbation of the molar
ellipticity at the lower wavelength was found to be minimum in the 1:1 fold sample as
PdCly* interacts with the positively charged lysine onto the surface of RNT as a counter
1on. To further understand the surface interactions between the RNTs and PdCl42_, and
the subsequent change in the surface properties upon NP formation, the time dependent
zeta potential ({) measurement was carried out. Initially, the zeta potentials of aqueous
solutions of RNTs (0.01 mM) and PdCL* (0.] mM) were measured as a blank
experiment. The zeta potential values of RNT (25.0+4.2 mV, pH 6.72) and PdCl,*
(—23.5+£3.9 mV and pH 4.67) solutions suggested that both species have incipient
instability.”*”> When PdCl,>” was added to the solution of RNTs, the initial { value
dropped from 25.0+4.2 mV to 10.843.8 mV within 1 min. This rapid drop of { value

suggests the formation of Pd NP, which attracts Cl ions to be adsorbed on the surface.
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Table 2.5: Time dependent zeta potential measurement of PANPs/RNTs in water (Dip

cell)*

Time (min) | Zeta potential (mV) | Zeta deviation (+FmV) pH

1 10.8 3.8 431
10 5.04 4.9 4.27
20 6.77 3.6 4.25
30 -11.1 5.7 4.23
40 -11.2 5.5 4.20
50 -12.8 3.7 4.19
60 —-14.5 5.1 4.18
70 -19.3 4.9 4.18
80 —21.1 6.1 4.16
90 -19.9 3.9 4.16
120 —22.4 3.9 4.15

“ Conditions: RNTs = 0.01 mM; K,PdCl, = 0.1 mM; Ambient temperature.

Hence this effect would considerably lower the net positive charges generated by
the lysine side chains. Either the formation of new Pd NPs on the surface of the RNTs or
the growth of the nucleated Pd NPs, both would prefer adsorbing more Cl ions and
finally would replace the positively charged surface to negative one. The time dependent
studies completely supported this hypothesis as we saw the { value switch to negative
charge and reach equilibrium within 70 min (Table 2.5). This { measurement is also in
good agreement with the previously discussed UV-Vis and CD studies. Finally, all of the

solution based characterization methods (UV-Vis, CD and { measurement) suggest that
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the NP formation is a very rapid process with both nucleation and growth of the NP
taking place very quickly. Therefore, the kinetic studies could not isolate the nucleation
and the NP growth steps. Instead it showed the growth of the NP upon rapid nucleation.
To further prove this concept of rapid NP formation we performed the time dependent
UV-Vis and { measurement of a mixture of PdCly> and GAC base. As expected, the
addition of PdCl,*~ caused a hyperchromic effect of the absorption bands of the GAC base
at 237 and 289 nm (Figure 2.25a). This hyperchromic effect is due to the complexation
between PdCly*™ and the GAC base. Although the intensity of the absorption bands then
decreased with time up to 3 h as recorded, I believe that the hypochromic effect would
continue because of further deposition. This trend of hypochromic effect is totally
different from the trend observed for Pd NPs/RNTs (Figure 2.22a). Though the spectrum
also showed an increase in the absorption with decreasing wavelength between 500 to
330 nm, I believe this is due to the scattering effect from the surface of the deposited
PACl,*". The time dependent SEM images of the PdCly* /GAC base were also in good
agreement with the UV-Vis studies (Figure 2.24b,c). Interestingly, the kinetic studies of
the PACly* /GAC base showed no significant change in the zeta potentials within 3 h and
always possess positive zeta potentials. While the zeta potential of the GAC base
(28.3+4.4 mV) initially dropped to 23.6+4.3 mV upon addition of PdCl,*" (Table 2.6),
this was due to the complexation of PdCl,*~ and the GAC base, and subsequent deposition
of PdCl,>". However, the time dependent zeta potential measurement of PdCl,* /GAC
base is totally different from what we observed for Pd NPs/RNTs. The positive zeta
potential of PACly* /GAC base suggests no Pd NP formation. Hence, this indicates that

supramolecular organization of RNT is crucial for the Pd NP formation.
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Figure 2.24: Time dependent UV-Vis (a) and SEM (1 min (b), 3 h (c)) studies of
PdCl,* /GAC base in H,O. Scale bar — 1 um (b), and 2 um (c).
Table 2.6: Time dependent zeta potential measurement of PdCl,> /G~C base in water

(Dip cell)’

Time | Zeta potential (mV) | Zeta deviation (=mV) pH

1 min 23.6 4.3 6.21
lh 22.3 4.0 6.18
2h 21.2 3.6 6.20
3h 18.7 4.0 6.19

“ Conditions: G"C base = 0.01 mM; K,PdCl, = 0.1 mM; Ambient temperature.

Finally, to obtain visual evidence of the kinetics of NP formation, time-dependent
SEM and TEM studies were performed. These studies suggest that once the nucleation
takes place in a few pockets, there is a tendency for the NPs to grow to a given size,
rather than for additional pockets to be nucleated. The growth of the nucleated NPs may
occur through the diffusion of palladium atoms according to the Ostwald ripening
process.”® This indicates that the nucleation and the subsequent NP formation is a

stepwise process. Careful analysis of the SEM and TEM images of the Pd NPs/RNTs
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supports this observation showing the presence of unoccupied RNTs in different areas.
Overall, the Pd NP formation was found to be very rapid and in agreement with the UV-
Vis and CD studies. Importantly, the lysine-side chains, forming the nucleation pockets,
on the surface of the RNTs were able to stabilize and prevent the aggregation of the NPs

over time, and finally dictate the size of the NPs.

Figure 2.25: TEM images of the Pd NPs/RNTs (0 min (a) and 60 min (b)). The arrows
indicate the incomplete loading and the growth of the Pd NPs on RNTs. Scale bar — 20
nm.

Time-dependent TEM studies showed that the size selective synthesis of the NPs
could be achieved by varying the aging time of the solution (Figure 2.12a-c, 1 min —
1.5£0.1 nm; 30 min — 1.5+0.1 nm and 60 min — 1.6+£0.1 nm). However when compared,
the images show that the NP could be nucleated and grown to 1.5£0.1 nm within 1 min
and are consistent with the rapid drop of absorbance in UV (Figure 2.22a). As the
formation of the NP is a stepwise process, more loading of the NPs on the surface of

RNT could be a fast process as well as the Ostwald ripening of the already nucleated NPs
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to the maximum size of 1.6+0.1 nm (Figure 2.25). Also the TEM images of the
deuterated sample showed that the kinetics of the NP formation was slowed down due to
the deuterium isotopic effect as the O—H/D bond activation leads to the reduction of
metal salt.

2.2.5 Size Tuning of NPs on the Surface of RNT by Surface Modification

Previously I have demonstrated that tunable sized NPs could be synthesized by
varying the aging time of the Pd NPs/RNTs. However, the kinetic studies suggest that the
nucleation and the subsequent growth of the Pd NPs is a very fast process in water. The
growth of the NP could be accelerated either by adding methanol or slowed down by
using D,0. The important finding of this kinetic study is that even though the NP
formation is a faster process, the size of the NP is finally dictated by the nucleation
pocket affording highly monodispersed quantum dots. Hence this observation encouraged
us to investigate the effect of the surface modification of the RNT on the size of the NP.
As the dangling side chains such as lysines form the nucleation pockets, the surface
modification with different functionalities could offer further opportunity to tune the NP
size. Considering this, we modified the surface of RNT with a different number of lysines
on the side chain (note: the surface modifications were performed by two of our former
group members — Mounir E. Bakkari and Alaaeddin Alsbaiee). Initially we attached the
lysine through different functional groups and then increased the chain length with three
or five additional lysine units. Then we applied the resulting RNTs for synthesizing the
NPs and investigated the effects of the increased chain length on the size of the NPs. We
found that the NP size could be tuned by varying the length of the lysine side-chain on

the surface of the RNTs (Figure 2.26). For example, the sizes of the Pd NPs formed after
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60 min for RNTs (called twin K;, K3 and Ks) 1, 2 and 3 (Figure 2.26) were 1.4+£0.3 nm,
1.8+£0.3 nm and 1.8+0.2 nm, respectively. Interestingly, we found that the size of the NP
increases with increasing chain length up to three lysines. This suggests that the presence
of three lysines could offer the optimum condition to obtain maximum size NP. We
believe that when the chains possess more lysines, they tend to constrain the growth of

the NP as they have less space into the nucleation pockets.

2 CF;CO0O- 4 CF;C00° 6 CF;COO"

Figure 2.26. (A-C) TEM analysis of Pd NPs/RNTs aged for 60 minutes, in which the

RNTs express lysine residues of different lengths on their outer surface.

Chapter 2 summarized that RNT could be successfully applied as a versatile
template for synthesizing M NPs (M = Au, Pd and Pt). The nucleation pocket formed by
the lysine side chains controlled the growth of the NP followed by the nucleation. The
water soluble RNT improved the solubility and stability of the resulting NPs. While the
kinetic studies suggested faster NP formation, the studies on the origin of the NP

formation suggested that they were formed by water oxidation.

76



Experimental

Materials.

KoPdCly and H,'®O (enriched with 97% '®0) were purchased from Aldrich
Chemical Co. Inc. and used without further purification. D,O was purchased from
Cambridge Isotope Laboratories, Inc. Ultra dry argon (oxygen content <0.5 ppm) was
purchased from Praxair, Canada. Twin GAC bases were synthesized by Dr. Andrew J.
Myles (GO0), Dr. Mounir E. Bakkari (K3 and K5) and Dr. Alaaeddin Alsbaiee (K1). All
the solutions were prepared by using deionized (DI) water. The experiments were carried
out at ambient temperature and atmospheric condition without purging the solutions with

nitrogen unless otherwise noted.
Instrumentation.

Spectroscopic studies. UV-Vis spectra were recorded on an Agilent 8453 and
CD spectra were recorded on a JASCO J-810 spectropolarimeter. Samples for CD studies
were scanned from 400-200 nm at a rate of 100 nm/min. The XPS measurements were
performed on an AXIS ULTRA spectrometer (Kratos Analytical) at the Alberta Centre
for Surface Engineering and Science (ACSES), University of Alberta. The base pressure
in the sample analytical chamber (SAC) was lower than 1 x 10” torr. A monochromatized
Al Ka source (hv=1486.6 ev) was used at 210 W. Survey scans spanned from binding
energy of 1100 to 0 eV, collecting with analyzer pass energy of 160 eV and a step of 0.3
eV. For high resolution spectra, the pass energy was 20 eV and the step was 0.1 eV, with
a dwell time of 200 ms. The number of scans for high resolution spectra were determined
according to the spectrum intensities of the elements to be analyzed. Charge

neutralization was applied to stabilize the spectra during collection, as the sample was an
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insulator. The high-resolution ES mass spectra were obtained on an orthogonal
acceleration TOF (0aTOF) spectrometer.

CV was obtained on a CHI420A Time-Resolved Electrochemical Quartz Crystal
Microbalance potentiostat at 21+1 °C in DI water containing 0.1 M KCI as a supporting
electrolyte. Solutions of RNT (1 mM) and K,PdCly4 (I mM) were purged with dry argon
(Ar) for 10 min directly before use, and were kept under a blanket of Ar during all
experiments. The CV was obtained over a scan rate of 0.1 Vs ' and a 3.0 mm BASi
glassy carbon (GC) electrode was used as a working electrode. The GC electrode was
polished by using a BAS polishing kit and aqueous slurries of alumina powder (0.05 pm)
followed by ultra sonication for 20 sec in water before use.

Microscopy. All samples were deposited on carbon-coated 400-mesh copper
grids for SEM/TEM characterizations. 5 uL of the sample was dropped on a grid and left
to adsorb for 1 minute. Excess sample was removed by filter paper and the grid was then
dried in vacuum for 30 minutes at 110 °C. The samples for SEM images were obtained
by using a Hitachi S-4800 (with a field-emission gun) instrument working at 10 kV at
NINT. TEM images were obtained with a JEOL 2200 FS TEM Schottky field emission
instrument equipped with an in-column omega filter working at 200 kV (by Dr. Jae-
Young Cho). The electron diffraction data were collected using a JEOL 3000F
transmission electron microscope working at 300 kV, equipped with a post column
energy filter. The electron diffraction patterns were collected using a 1024 x 1024 pixel
slow scan camera with 14 bit dynamic range, mounted directly below the viewing screen
of the microscope. For the AFM measurements, samples were prepared by placing 5 pL

of the RNTs on freshly cleaved mica surfaces and left to adsorb for 2 minutes. The excess
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sample was removed using a clean piece of filter paper. The nanotubes were then imaged
using a Digital Instruments/Veeco Instruments MultiMode Nanoscope IV AFM equipped
with an E scanner. Silicon cantilevers (MikroMasch USA, Inc.) with low spring constants
of 4.5 N/m were used in tapping mode (TM-AFM). To obtain a clear image with high
resolution, a low scan rate (0.5-1 Hz) and amplitude set point (1 V) were chosen during
the measurement.

Glove bag experiments. To investigate the origin of the NP formation some of
the experiments (XPS and DO measurement) were conducted in a glove bag under
anaerobic condition. The glove bag was purged with ultra dry Ar to create the anaerobic
condition. In brief, initially the glove bag was purged with slow Ar flow for 45 min.
Finally, the glove bag was filled with Ar and then pushed all the way to remove Ar, and
then refilled with Ar. This step was repeated 10 times to confirm the proper inert gas
condition. All of the samples were properly degassed by bubbling with Ar and then
placed into the glove bag for further analysis.

Synthetic methods.

Synthesis of RNTs. RNTs were synthesized following the same protocol as
described previously.*' In brief, the RNTs were self-assembled by dissolving the
corresponding twin GAC base (2 mg) in DI water (1 mL) and heated to 90 °C for 10
minutes in an oil bath. The solution was then allowed to cool at ambient temperature and
aged for 24 hours. The formation of the RNTs (10 uM) was confirmed by scanning

electron microscopy (SEM) before using them for the synthesis of the NP.
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Preparation of a solution of K,PdCly. The stock solution of K,PdCly was
prepared by dissolving 3.26 mg of K,PdCly in 1 mL of DI water to afford the final
solution concentration of 10 mM.

Synthesis of Pd NPs/RNTs. RNT supported Pd NPs were synthesized by mixing
1:10 fold of RNTs and K,PdCl, in DI water in a small glass vial [Stock solution: RNTs =
50 uM (28.6 uL; 1.75 uM); K,PdCly = 500 uM (50 uL; 10 mM); Total volume of H,O =
I mL]. The reaction mixture was sonicated for 1 min for uniform distribution of the
RNTs and K,;PdCly in solution. The resulting mixture solution was then left undisturbed
and aged for 1 h at ambient temperature under aerobic condition to complete the Pd NPs
formation. The formation of the Pd NPs on the surface of the RNTs was confirmed by
high res. SEM and TEM analysis. The samples of Pd NPs/RNTs (500:50 uM) were used
for CD, XPS and DO measurements. On the other hand, for UV-Vis and microscopic
analyses, the samples of Pd NPs/RNTs with a concentration of 100:10 uM were used.

Preparation of a solution of twin GAC base. The stock solution of twin GAC
base was prepared by dissolving 2 mg in 1 mL of DI water at ambient temperature

affording the final solution concentration of 1.75 mM.
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Chapter 3

Hydrogenation Catalysis

3.1 Introduction

The catalytic hydrogenation of unsaturated hydrocarbons is one of the most
important and valuable chemical processes applied for the production of commodity
chemicals including for both industry and academia.'” To perform such reactions, a wide
variety of homogeneous transition metal catalysts, derived from Rh, Ir, Pd, Pt and Ru,
have been intensively investigated and successfully employed.” In the 1960s, a rhodium
based catalyst, known as Wilkinson’s catalyst [RhCI(PPhs);], was discovered and
successfully employed for hydrogenation on a large scale because of its high activity and
robust stability (Figure 3.1A).> Twenty years later, Noyori and co-workers developed a
ruthenium-based catalyst for the enantioselective hydrogenation of polar unsaturated

organic compunds including ketones, aldehydes and imines (Figure 3.1B).”

A
R? R3 R? R3
_ [RhCI(PPh3)s] — \ /
H + VAR
R2 R4 R? R4
R'4 =H, Alkyl and Aryl
i —~<
I
/Rus
TsN NH
R! R!
Ph Ph
H, + >=X . >—X\
R2 R2 H
X =0 and NR3 R'-3 =H, Alkyl and Aryl

Figure 3.1: Examples of the catalytic hydrogenation of unsaturated hydrocarbons.
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In addition to these traditional molecular catalysts, supported transition metal NPs
for catalysis have received considerable interest in recent years and have been
successfully employed in a variety of organic transformations.’ This is because supported
metal NPs possess several important and interesting features such as: (i) high surface-to-
volume ratio, (ii) very reactive surface atoms, (iii) recyclability, and (iii) the potential for
high turnover, which make them superior catalysts over molecular catalysts.” Though the
homogeneous catalysts are very efficient and selective, they possess limited thermal
stability and catalyst recyclability.” As heterogeneous catalysts are less reactive than their
homogeneous counterparts and due to the inherent heterogeneity associated with metal
NPs, it is crucial to develop new support nanomaterials. These supports should impart
stability to the metal NPs in aqueous media and help catalyze the reaction at the interface
between homogeneous and heterogeneous conditions. In addition, it should allow the
synthesis of monodispersed metal NPs for uniform reactivity.

I designed water-soluble and biocompatible rosette nanotubes (RNTs) supported
metal NPs composite nanomaterials for catalysis. As discussed in chapter 2, RNTs can be
used for the in-situ formation and stabilization of metal NPs upon mixing with the
corresponding metal salt at ambient temperature and without applying any reducing
agent. Upon establishing the synthetic procedure for the preparation of the M NPs/RNTs
(M = Au, Pd and Pt) catalysts, I decided to investigate their utility and the catalytic
activity towards the hydrogenation of C=C double bonds under environmentally benign
conditions. In this chapter, I will discuss the details of the hydrogenation using M

NPs/RNTs (M = Au, Pd and Pt) catalysts and their characterization.
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3.2 Results and Discussion

3.2.1 Optimization of the Catalytic Hydrogenation Reaction

For the catalysis studies, 3-methylstyrene (3.1a) was initially selected to optimize
the conditions for the catalytic hydrogenation reaction (Table 3.1, scheme). Also, I
employed Pd NPs for this initial study due to their known ability to act as a good
hydrogenation catalyst.>* As the dangling lysine side chains on the surface of the RNTs
contain positively charged amines (in the form of ammonium ions), I envisioned that
these chains could act as a source of H" ions. Therefore, an external hydrogen source
would not be required. Considering this, I carried out a first control experiment by using
5 mol% of Pd NPs/RNTs catalyst loaded with 3.1a in water under nitrogen atmosphere
(Table 3.1, entry 2). Unfortunately, the hydrogenation reaction did not proceed and only
starting material was observed after 18 h. In a second control experiment, I repeated the
similar reaction by using only 5 mol% of the RNTs as a catalyst instead of the Pd
NPs/RNTs catalyst under hydrogen. This reaction also did not result in the hydrogenated
product (Table 3.1, entry 1). This indicated that I would need to explore the catalytic
reaction in the presence of hydrogen. Indeed, when the reaction was repeated using 5
mol% of the Pd NPs/RNTs catalyst under hydrogen, the expected product 3-ethyltoluene
(3.2a) was observed but with a % conversion of only 26% (Table 3.1, entry 3). Previously
in chapter 2, I discussed that the nucleation pocket on the surface of the RNT formed by
the four adjacent lysine side chains, passivate the nucleation and growth of the NP.
Therefore, it is possible that most of the active surface of the NP is protected by the
lysine side chains, which prevents the interactions between the catalyst and the reactants.

Keeping this in mind, I synthesized the Pd NPs/RNTs catalyst by reducing PdCl,*~ with
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hydrogen in the presence of the RNTs for 5 mins prior to the catalytic reaction. The new
catalyst was then employed in the similar hydrogenation reaction of 3.1a in water under
hydrogen for 18 h. The reaction gave an improved conversion of 48%, indicating that the
NPs might have more available catalytically active surfaces (Table 3.1, entry 4).
Similarly, El-Sayed et al. also observed that when the surface of the NP is less protected
by the stabilizer, the NP catalyst possesses high catalytic activity.™® I also carried out
another experiment by repeating the similar reaction by using 5 mol% of Pd NPs in the
absence of the RNTs (Table 3.1, entry 5). Interestingly, the reaction afforded only 22%
conversion of 3.1a. Importantly, the Pd NPs underwent rapid agglomeration to form Pd

black, indicating their poor stability in the absence of the RNTs.°

X PdNPs/RNTs
MeOH, H, (1 atm),
RT, 5h

. L I 1 min || I

s
o A~ 1h A " A - }-I\ e
Y N Y 3h s J i 8
- I
o o 4h PR | i
P 5h - 'y L 8
T 1 T T T T | T T T T '| L4 T T T | T !
7 6 5 2 ppm

Figure 3.2: Stacked 'H NMR spectra of the hydrogenation of 3.1a in CDCls.

To further enhance the product conversion I chose methanol as a solvent instead
of water. I expected that 3.1a would have higher solubility in methanol and give high
product conversion upon interaction with the Pd NPs/RNTs catalyst. This is also

supported by the Horiuti-Polanyi mechanism, where the hydrogenation occurs by
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dissociative adsorption of H, onto the catalyst surface, followed by the stepwise
hydrogenation of the C=C double bond.” This suggests that the interaction of the
reactants on the surface of the catalyst is crucial for the product formation. When I
performed the reaction in methanol using 5 mol% of the Pd NPs/RNTs catalyst, the
reaction afforded 100% conversion of 3.1a in 5 h (Table 3.1, entry 6; Figure 3.2). Other
solvent experiments showed that the reaction in ethanol or in a mixture of solvents
(water/methanol - 50:50 v/v) could lead to 100% conversion of 3.1a in 5 and 9 h,
respectively (Table 3.1, entry 10 and 11). However, the reaction in neat methanol or
ethanol was found to be faster than in the solvent mixture, indicating that solubility plays
an important role in the kinetic of the hydrogenation reaction by improving the
interaction between 3.1a and the catalyst. As the reaction in methanol gave 100%
conversion of 3.1a and to compare the reactivity with the Pd NPs/RNTs catalyst, I
investigated the catalytic activity of naked Pd NPs and Pd NPs/L-LAA (L-lysine amino
acid) in methanol. The Pd NPs and Pd NPs/L-LAA were synthesized by reducing with
hydrogen before the catalytic reaction under the optimized condition of Pd NPs/RNTs
catalyst. Under the optimized conditions, both the reactions gave very poor product
conversion such as only 2 and 17% (Table 3.1, entry 6 and 8). These results again suggest
that the stability of the Pd NPs is very important for high product conversion.
Importantly, the LAA molecules did not act as a stabilizer of the Pd NPs in methanol.
This supports the role of the supramolecular organization of the RNTs and the lysine side
chains in stabilizing the Pd NPs in solution and providing high catalytic activity. This is
because the presence of nucleation pockets could control the Pd NP size, which was not

available in naked Pd NPs and Pd NPs/L-LLAA catalysts.
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Table 3.1: Optimization for the hydrogenation of 3-methylstyrene (3.1a).

Z
Catalyst
Hz * Solvent (1 mL), RT
3.1a, 3-methylstyrene 3.2a, 3-ethyltoluene
Entry Catalyst Pd loading Solvent Reaction Convn.” (%)
(%) duration (h)

1 RNTs - H,0 18 0
2 Pd NPs/RNTs** 5 H,0 18 0
3 PdNPs/RNTs’ 5 H,0 18 26
4 PdNPs/RNTs’ 5 H,0 18 48
5 Pd NPs“ 5 H,0 18 22
6  PdNPs/RNTs’ 5 MeOH 5 100
7 Pd NPs“ 5 MeOH 5 6
8  PdNPs/LAA** 5 MeOH 5 17
9  PdNPs/RNTs’ 3 MeOH 5 5
10  Pd NPs/RNTs" 5 EtOH 5 100
11 Pd NPs/RNTs" 5 H,0:MeOH 9 100

(50:50)

“ Determined by '"H NMR. ° Catalyst was synthesized by overnight incubation as
mentioned in chapter 2. ¢ Under nitrogen. ¢ Catalyst was synthesized by reducing with H,
for 5 mins prior to the catalytic reaction. © LAA = Lysine amino acid. All reactions were

carried out under hydrogen (1 atm) at ambient temperature unless otherwise noted.
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Finally, to investigate the effect of the catalyst loading on the product conversion,
I performed a similar reaction with 3 mol% of the Pd NPs/RNTs catalyst loading.
However, the decrease in catalyst loading resulted in a significant drop in reactivity
affording only 5% product conversion in 5 h (Table 3.1, entry 9).® This finding suggests
that 5 mol% of the catalyst loading is the optimal condition to obtain high product
conversion.

In summary of the optimization process, the best condition was found when the
reaction was carried out using 5 mol% of the palladium loading in methanol, where the
Pd NPs/RNTs catalyst was synthesized by reducing with hydrogen before the catalytic
reaction. It should be noted that the mol% of Pd loading refers to the concentration of the
Pd atoms (equivalent to the PdC1y* ions) present in solution, and not the concentration of
palladium nanoparticles in solution.

3.2.2 Exploration of the Catalytic Hydrogenation Reaction

Under the optimized condition, initially a variety of styrene derivatives containing
both electron donating and withdrawing substituents at the 3- and 4-positions of the
aromatic rings (Scheme 3.1a), 4-vinylpyridine (3.3, Scheme 3.1b), and 1-vinylpyrrolidin-
2-one (3.5, Scheme 3.1¢) were hydrogenated smoothly with full conversion except for 3-
trifluoromethylstyrene (3.1b, 9%) due to the high electron withdrawing effect (Table 3.2).
As the hydrogenation reaction proceeds through an initial coordination of the olefin
double bond to the metal center, the ability of this coordination is highly influenced by
the substituents present in the benzene ring of the styrenes. Therefore, an electron
withdrawing substituent such as trifluromethyl group would decrease the coordination

ability of 3-trifluoromethylstyrene to Pd center. Previously, Uozumi and co-workers
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demonstrated the hydrogenation of styrene derivatives in water using polymer supported

Pd NPs.*

Although they obtained high yields of the hydrogenated products, the reaction

duration was 24 h, which is longer than required in our system. Moreover, they used a

special shaking instrument instead of stirring.’

Z R = 3-methyl; a
3-trifluoromethyl; b
A Pd NPs/RNTs A-methyl: ¢
| MeOH, Hy (1 atm), || 4-tert-butyl; d
// RT, 5h / 4-fluoro; e
R R 4-chloro; f
4-(chloromethyl);
3.1a-g 3.2a-g ( yl); 9
(b) =
N Pd NPs/RNTs
| MeOH, H, (1 atm), |
N7 RT, 5h
3.3 34
(c)
&o Pd NPs/RNTs &
N N

MeOH, H, (1 atm)
k\ RT, 5h k

3.5
Scheme 3.1: Catalytic hydrogenation of different olefins using Pd NPs/RNTs catalyst (5
mol% Pd loading).

To investigate the selectivity of our catalyst towards olefins, I performed the
hydrogenation of 3.5 containing both olefin and carbonyl groups (Scheme 3.1¢). Upon
hydrogenation, 3.5 was selectively hydrogenated to give 1-ethylpyrrolidin-2-one (3.6)
without accompanying any side products (1-ethylpyrrolidin-2-o0l) as observed previously

(Table 3.2, entry 9).” On the other hand, 4-(chloromethyl)styrene (3.1g) upon catalysis
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afforded both the hydrogenated (4-(chloromethyl)ethylbenzene (3.2g), 85%), as well as
the hydrogenated and hydrodechlorinated (4-ethyltoluene (3.2¢), 15%) product (Table
3.2, entry 7).

Table 3.2: Hydrogenation of different styrene derivatives using the Pd NPs/RNTs

catalyst.
Entry Substrate Product Convn.” (%)

1 3-methylstyrene 3-Ethyltoluene 100
2 3-trifluoromethylstyrene 3-trifluoromethylethylbenzene 9

3 4-methylstyrene 4-ethyltoluene 100
4 4-tert-butylstyrene 4-tert-butylethylbenzene 100
5 4-fluorostyrene 4-fluoroethylbenzene 100
6 4-chlorostyrene 4-chloroethylbenzene 100
7 4-(Chloromethyl)styrene  4-(chloromethyl)ethylbenzene:4- 85:15

ethyltoluene

8 4-vinylpyridine 4-ethylpyridine 100
9 1-vinylpyrrolidin-2-one 1-ethylpyrrolidin-2-one 100

“Determined by 'H NMR. All reactions were carried out in the presence of 5 mol% of Pd
NPs/RNTs catalyst (synthesized by reducing with hydrogen prior to the catalytic
reaction) in MeOH (1 mL) under hydrogen (1 atm) at ambient temperature for 5 h.

3.2.3 Catalyst reactivity and recyclability

After screening the catalytic activity of Pd NPs/RNTs catalyst towards the
hydrogenation of different styrene derivatives, I were interested in investigating the

catalytic activity of different metal NPs such as Pt and Au NPs. Therefore, to compare the
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catalytic activity of M NPs/RNTs (M = Pt and Au) with Pd NPs/RNTs, the hydrogenation
of 3.1a was carried out by using 5 mol% of M NPs/RNTs (M = Pt and Au) under the
identical conditions to that of the Pd NPs/RNTs catalyzed reaction. Whereas the Pt
NPs/RNTs catalyst resulted in 65% conversion of 3.1a to 3.2a, the Au NPs/RNTs catalyst
had no catalytic activity (Scheme 3.2). Previously, Knecht et al. studied the catalytic
hydrogenation of allyl alcohol by using peptide supported M NPs (M = Pd and Pt). They
also reported the similar trend of poor reactivity of Pt NPs catalyst compared to the Pd
NPs catalyst.'” The different catalytic activity arises from the differences in the electronic
density of the external d orbitals of the Pd (d'’) and the Pt (d°) metals. As the Pt metal has
less d electrons, they are less active towards interacting with the substrate through n
backbonding, hence providing poor reactivity due to poor Pt and the olefin double bond
interaction.'"'> While the non-catalytic activity of the Au NPs/RNTs catalyst can be
attributed to the weak adsorption and dissociation of H, molecule, which is the rate-

limiting step in the hydrogenation reaction."

Z
5 mol% M NPs/RNTs
MeOH (1 mL); H, (1 atm)
RT,5h
3.1a 3.2a
M =Pt, 65%
AU, 0%

Scheme 3.2: Hydrogenation of 3.1a using M NPs/RNTs (M = Pt and Au) catalyst.
Finally, I also compared the reactivity of our Pd NPs/RNTs catalyst with a

commercially available catalyst. For comparison, I performed the catalytic hydrogenation

of 3.1¢ by using 5 mol% of the Pd/Al,O3 (1 wt % Pd) catalyst (courtesy by Dr. Natalia

Semagina, Department of Chemical and Materials Engineering, University of Alberta)
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under the identical condition to that of the Pd NPs/RNTs catalyst. The reaction afforded
almost 100% product conversion after 5 h (Scheme 3.3).

Commercial Catalyst

Va
5 mol% Pd/Al,O;
(1 wt % Pd)
MeOH (2 mL); H; (1 atm)
RT,5h
3.1c 3.2¢c

>99% Conv.

Our Catalyst

5 mol% Pd NPs/RNTs

MeOH (1 mL); H, (1 atm)
RT,5h

3.2c
100% Conv.

Scheme 3.3: Comparison of the catalytic activity between our Pd NPs/RNTs and
Pd/Al,05 (1 wt % Pd) catalyst.

Later, I also performed the catalyst recycling studies, which were examined for
the hydrogenation of 3.1¢. As the hydrogenation reaction completes in 5 h, equal amounts
(132 pL) of 3.1¢ were charged each time using a syringe under hydrogen (1 atm) up to
10th cycle. The studies showed that the catalyst could be reused at least ten times without
the loss of any significant catalytic activity. The high catalytic activity of the Pd
NPs/RNTs catalyst was perhaps due to the high stability of the Pd NPs in solution.
Hence, these experiments indicate that the RNTs are acting as an effective reservoir by

improving the solubility and the stability of the NPs in solution.
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3.2.4 Catalyst Characterization

3.2.4.1 Microscopic (SEM and TEM) Analysis

Earlier as discussed in Chapter 2, the microscopic images of the Pd NPs/RNTs
catalyst, synthesized by overnight incubation, showed that the Pd NPs are evenly
organized in a zigzag fashion into the nucleation pockets and most of the active surface of
the NPs are protected by the lysine side chains. Because of this surface protection, the
catalyst showed poor catalytic activity. However, when I employed the Pd NPs/RNTs
catalyst for hydrogenation, synthesized by reducing with hydrogen prior to the catalytic
reaction, I observed 100% product conversion. Hence, to gain more insight into these two
very different catalytic activities of the Pd NPs/RNTs catalyst synthesized by over night
incubation and by hydrogen reduction, I carried out SEM and TEM studies. As methanol
is less polar than water and the mechanical stirring assists with mass transportation, I
expected that the RNTs would form bundles in solution, which would result in the NPs
having a bimodal distribution."* This means that the NPs can be located into the
nucleation pocket on the surface of the RNT as observed earlier, and onto the surface of
the bundle. To support this hypothesis, a methanol solution of the Pd NPs/RNTs catalyst,
synthesized by reducing with hydrogen, was drop casted on a carbon grid before the
catalytic reaction for the SEM and TEM analysis. The SEM image confirmed that the
RNTs formed bundles in methanol (Figure 3.3a). Though the bimodal distribution of the
NPs could not be conclusively determined from the SEM image, it showed the presence

of some larger NPs on the surface of the RNTs bundle (Figure 3.3a).
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Figure 3.3: SEM images of the Pd NPs/RNTs before catalysis (a), and after catalysis (b).
Scale bar 1 ym.

The SEM image of the Pd NPs/RNTs catalyst after the first cycle of the catalytic reaction
also showed the formation of the RNTs bundle and the presence of some larger sized Pd
NPs on the surface of the bundle (Figure 3.3b). It should be noted that most of the Pd NPs
are located within a close vicinity of the RNTs bundle before and after the catalytic
reaction. This indicates that the RNTs are effectively acting as a support as well as a
reservoir for stabilizing the Pd NPs. Perhaps the high recyclability of our catalyst up to
the 10th cycle could be rationalized from this affinity between the RNTs and the Pd NPs,
which facilitates the initial formation of Pd NPs on the surface of the RNTs and their re-
deposition after catalysis. To understand the nature of the Pd NPs distribution on the
surface of the RNT and onto the bundle, I performed TEM analysis of the Pd NPs/RNTs

catalyst before and after the catalytic reaction.
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Figure 3.4: TEM images of the Pd NPs/RNTs before catalysis (a, b), and after catalysis

(c, d). Scale bar — 50 nm.

Analysis of the TEM images of the Pd NPs/RNTs catalyst before and after the
catalytic reaction, also confirmed the presence of the Pd NPs on the surface of the RNT
and onto its bundle. Before the catalytic reaction, the average size of the Pd NPs, located
into the nucleation pocket, is 1.3+0.2 nm. On the other hand, the Pd NPs on the surface of

the RNTs bundle have an average particle size of 3.9+0.7 nm. The average size of the Pd
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NP was calculated by averaging the size of 20 individual Pd NPs, where the Pd NP size
was measured visually by using image] software from the TEM images. In contrast, the
TEM analysis of the catalyst revealed an increase in the Pd NPs size after the catalytic
reaction. The average Pd NPs sizes, positioned into the nucleation pocket and on the
surface of the RNTs bundle, are 1.5+0.2 and 6.4+1.7 nm respectively. The higher
standard deviations suggest the polydispersity of the Pd NPs on the surface of the RNTs
bundle. This indicates that though the Pd NPs exist on the surface of the bundle, the size
of the Pd NPs is poorly controlled by the RNTs outside the nucleation pocket. However,
the cause of the increase in the Pd NPs size is still unclear, which could be either because
of the leaching and the re-deposition of the Pd atoms after catalysis or the influence of the
mechanical stirring during catalysis.'* As the Pd NPs, located into the nucleation pocket
show poor catalytic activity, I believe that most of the high catalytic activity resulted
from the Pd NPs located on the surface of the bundle.’

3.2.4.2 Spectroscopic (UV, CD and XPS) Analysis

To understand the properties and the behavior of the M NPs/RNTs (M = Pd, Pt
and Au) catalyst in solution I carried out detailed characterization by UV-Vis and CD
spectroscopy. As the catalytic reaction was performed in water and methanol, I initially
studied the properties of the RNTs in these two solvents. The UV spectrum of the RNT
showed a hyperchromic shift of the typical absorption bands (237 and 288 nm) of the
RNT by switching the solvent from water to methanol (Figure 3.5a)."° This
hyperchromicity of the absorption bands could be attributed to the shorter tube formation,
which is significantly affected by the solution aging time. Usually, the prolonged

incubation of the RNTs solution results in longer nanotube formation, which cause
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hypochromic shift of the absorption bands compared to the shorter nanotubes. Similarly,

it has been reported previously that the stacking of the base pairs in a double helical

16-18

strand in DNAs showed hypochromicity of the absorption bands. When compared,

the RNTs displayed a typical strong exciton-coupled bisignate CD spectrum with a
couplet centered at ~247 nm in both water and methanol (Figure 3.5b)."> This strong CD

effect is associated with the 7—n transition of the stacked GAC bases,"” and attributed to

15,20,21

the supramolecular helical organization of the RNTs. The resulting helicity of the

RNTSs occurs in two steps - (i) hierarchical assembly of the G*C bases through H-bonding

(hexameric rosette formation) and the stacking of the rosettes to form a tubular

20,21

architecture, and (ii) the enhanced crystallinity (well-defined organization) of the

chiral lysine side chains, which induce the supramolecular helicity of the RNTs.*'*?
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Figure 3.5: UV-Vis (a) and CD (b) spectra of the RNTs in H,O and MeOH.

Previously, Fenniri and co-workers reported that the RNTs became CD silent in
the absence of the crystallinity of the side chains. On the other hand, the induction of the
helicity amplified the chirality of the RNTs when the chiral side chains were introduced

20,21

showing the crystallinity. This is known as the sergeants and soldiers principle.* The
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observed non-conservative nature of the spectrum could arise from the non-degenerate
couplings of the n—n transition of the stacked GAC bases with the other transitions
involved in the GAC bases™ or by the influence of the n—n~ and/or n—" transition in the
lysine amide bond (Figure 3.5b).> The bisignate CD effect in the spectrum resulted from
the exciton coupling of the stacked G*C bases in the helical superstructure. Typically, the
bisignate CD effect originates from the two close-lying states (n-—1") resulting from
aggregation. However, they should have identical rotational strengths of the opposite sign
and their dipole strengths should vary with respect to their relative orientation.'”** The
decrease in the molar ellipticity of the RNT in methanol could be attributed to the
bundling effect.

The UV spectrum of the Pd NPs/RNTs catalyst in water also showed the
absorption bands at 237 and 288 nm, which could be assigned to the G"C base
chromophores (Figure 3.6a)."” Interestingly, the formation of the Pd NPs did not cause
any shift in the absorption maxima. The addition of PdCl,* to the solution of RNTs
exhibited two immediate effects: (i) hyperchromic shift of the absorption bands, and (ii)
an increase in the absorbance with decreasing wavelength between 330 to 600 nm (red
spectrum, Figure 3.6 a). The hyperchromic effect of the absorption bands could be due to
the Plasmon excitation in the Pd NPs on the surface of the RNTs. The chromophore (G*C
base) experiences an enhanced electric field near the Pd NP due to this Plasmon
excitation.”” In general, the absorbance is proportional to the square of the dot product of
the dipole transition moment and the field. Therefore, if the field is enhanced, then the
absorbance is also enhanced. This enhancement factor varies with the distance from the

NPs to the chromophore. In the Pd NPs/RNTs catalyst, the Pd NPs are located into the
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nucleation pocket as well as on the surface of the RNTs bundle, as confirmed by the TEM
analysis (Figure 3.4). Therefore, the distance between the NP and the G*C base is close

enough to contribute to the electric field enhancement causing the hyperchromic shift.
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Figure 3.6: Detailed characterization of the Pd NPs/RNTs in H,O by UV-Vis (a) and CD
(b) spectroscopy.

On the other hand, the gradual increase in absorbance with decreasing wavelength could
be attributed to the rapid Pd NP formation and the electrostatic interaction between the
PdCl,*” and the RNTs (red and blue spectra, Figure 3.6a).>” As discussed in chapter 2, the
kinetic studies suggest that the Pd NP formation is a very rapid process, which takes
place within 1 min upon mixing of the PdC1,>” and the RNT solution. The presence of the
Pd NPs in solution causes electron scattering at the boundaries of the NPs leading to the
gradual increase in the absorbance with decreasing wavelength. This result is in
agreement with the literature reported UV analysis, which corresponds to the solution
containing M NPs.***° The reduction of the PdCly® ions by hydrogen resulted in
hypochromic shift of the absorption bands with respect to that of the initial PdC1,* /RNTs

complex. This is because the complete Pd NP formation eliminates the hyperchromic
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effect due to the initial PAC1;*~ and RNTs complexation (blue spectrum, Figure 3.6 a). To
evaluate the interaction between the Pd NPs and the RNTs, and the formation of any Pd
NPs outside the RNT surface, I filtered a solution of Pd NPs/RNTs catalyst after
reduction with H,. The filtration was carried out on a 20 nm pore size inorganic
membrane filter. The UV spectrum of the filtered solution did not display an increase in
the absorbance with decreasing wavelength between 330 to 600 nm (pink spectrum,
Figure 3.6a). The UV spectrum of the Pd NPs/RNTs catalyst in methanol also showed
similar features as observed in water such as (i) hyperchromic shift of the absorption
bands upon addition of PACl;*" to the RNTs solution, (ii) increase in the absorbance with
decreasing wavelength between 330 to 600 nm, and (iii) hypochromic shift of the
absorption bands upon complete conversion of the PdCl,*” to Pd NPs (Figure 3.7a).

The CD spectra of the Pd NPs/RNTs catalyst in both water and methanol
exhibited a similar CD profile as the RNTs alone (blue spectrum, Figure 3.6b and Figure
3.7b). This indicates that the formation of the Pd NPs onto the surface of the RNTs has no
observable effect on the supramolecular helicity of the RNTs. However, the intensity of
the molar ellipticity of the Pd NPs/RNTs catalyst in methanol was very low compared to
that of the RNTs. This is perhaps due to the bundling of the Pd NPs/RNTs catalyst in
methanol. Although the CD spectra of the initial PdCl,> /RNTs mixture displayed a
similar CD pattern at a higher wavelength as the RNTs and the Pd NPs/RNTs catalyst,
the spectra showed a different pattern at lower wavelength. This is perhaps due to the
conformational bias of the lysine side chains influenced by the nucleation and growth of
the Pd NPs."””! The UV and CD spectra of M NPs/RNTs (M = Pt and Au) catalysts also

showed similar features as observed for the Pd NPs/RNTs catalyst.
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Figure 3.7: UV-Vis and CD spectra of M NPs/RNTs in MeOH (M = Pd (a, b); Pt (c, d)

and Au (e, 1)).
To gain further insight into the nature of the Pd NPs/RNTs catalyst in water and

methanol, I performed XPS analysis on a TEM grid. The spectra showed the presence of
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Pd’ as well as PdO, (X = 1 and 2) species in the sample (Figure 3.8). In general, both the
water and methanol samples exhibited E, peaks associated with the elemental Pd’
(Pd3ds, = 335.2 eV), PdO (Pd3ds;, = 336.0 eV), and PdO, (Pd3ds, = 337.9 eV) (Figure
3.8a,c).”>> The Pd NPs/RNTs catalyst was synthesized by reducing with hydrogen,
which confirms the complete reduction of the PdCl,* ions. The presence of the PdO,
species in the samples could be perhaps due to the surface oxidation upon air exposure or
solvent (water and methanol) during the sample preparation. The ratio of the %
concentration of Pd’, PdO and PdO, was 1:1.5:6, which indicated that the Pd NPs were
highly reactive and were oxidized rapidly upon exposure to oxygen. The Ols spectrum of
the water sample showed two Ejy, peaks at 531.6 and 534.1 eV, which could be attributed
to the chemisorbed oxygen on the surface of the sample and the PdOy species (Figure
3.8b).%>

I also investigated the stability of the Pd NPs/RNTs catalyst in solution. To
address this issue, I aged a methanol solution of the Pd NPs/RNTs catalyst for 7 days, and
then carried out the XPS analysis. The Pd3ds, spectrum of the 7 days aged catalyst
displayed similar £}, peaks at 335.2, 336.0 and 338.1 eV, which could be assigned to the
Pd’, PdO and PdO,, respectively (Figure 3.8d).”*> This result indicates that the Pd
NPs/RNTs catalyst is stable in solution for as least 7 days. Interestingly, the Pd3ds),
spectrum also showed an E}, peak at 345.7 eV for the K satellite (Figure 3.8d). This is
perhaps due to the deposition of the K salt on the surface of the Pd NPs/RNTs catalyst
caused by the solution aging for 7 days (Chapter 2). The ratio of the % concentration of
Pd’, PdO and PdO, in methanol was found to be higher (1:0.8:5) for the 7 days stored

sample than for the freshly prepared catalyst (1:0.4:4). It is expected that the prolonged
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storage of the catalyst can facilitate the formation of more PdOy species by the reaction of

the Pd NPs and dissolved oxygen.
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Figure 3.8: The Pd3ds), (a, ¢ and d), and Ols (b) spectra of the Pd NPs/RNTs in H,O (a,
b), and in MeOH (c, d). The catalyst was aged for 7 days (d). The E, was calibrated with
respect to the Cls peak at 284.8 eV.

3.2.5 Reaction Mechanism and Turnover Frequency (TOF) Calculation

It is widely accepted that the alkene hydrogenation occurs via the Horiuti-Polanyi

103739 This involves the

mechanism on the surface of a heterogeneous catalyst.
dissociative adsorption of H, on to the catalyst surface (Figure 3.9). The hydrogenation of

the C=C double bond then takes place in a stepwise fashion. Therefore, it is crucial that
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both the H; and the C=C double bond co-adsorb on the surface of the NP. However, there
is still debate on the nature of the catalysis whether it proceeds via the heterogeneous
surface mechanism, or the homogeneous mechanism following the leaching of the metal
atoms upon oxidative addition.’® Earlier, I found that the TEM analysis of the Pd
NPs/RNTs catalyst displayed the formation of larger sized NPs after catalysis (Figure
3.4c, d). The increase in the NP size could be due to the aggregation of the smaller sized
NPs, influenced by the mechanical stirring during the catalysis. Alternately, the re-
deposition of the leached Pd atoms could lead to the increase in the size of the NPs.
However, I speculate that it is also possible that both the processes cooperatively

influence in the NP size increase after the catalytic event.

Figure 3.9: Schematic representation of the hydrogenation reaction mechanism driven by

the Pd NPs/RNTs.
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The attempt to calculate the TOF of the reaction was unsuccessful as the bundling
of the Pd NPs/RNTs catalyst caused an unavoidable complication in determining the
distribution of the NPs. Because of the bundling effect it is impossible to count the
number of NPs present in the system, where a large number of the NPs could be buried
under the envelop of the thick layers of the RNTs. In addition, the bimodal distribution of
the NPs creates complication in determining the percent contribution of each type of the
NPs towards catalysis. However, as discussed in section 3.2.3, I compared the reactivity
of our catalyst with a commercially available catalyst, and concluded that our catalyst is
as active as the commercial catalyst.

In conclusion, I have demonstrated that Pd NPs/RNTs catalyst could be applied
for smooth hydrogenation of styrenes in methanol, methanol/water (50:50 v/v) and
ethanol at ambient temperature with a very high conversion. The use of RNT as a support
has several advantages: (i) solubility and stability of the Pd NPs in water, therefore allows
catalysis in environmentally benign and aqueous solvents, (ii) affords smaller Pd NPs,
and (iii) high catalyst recyclability. However, the use of water soluble RNT limits the
catalytic application of the Pd NPs/RNTs catalyst in organic solvent. In addition, the

stability of the RNT up to 70 °C also limits the reaction temperature below 70 °C.
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Experimental

Materials.

3-Methylstyrene, 3-trifluoromethylstyrene, 4-methylstyrene, 4-tert-butylstyrene,
4-fluorostyrene, 4-chlorostyrene, 4-benzylchlorostyrene, 4-vinylpyridine and 1-
vinylpyrrolidin-2-one were purchased from Sigma-Aldrich.

Instrumentation.

The '"H NMR spectra were measured on a Varian Direct Drive 600 MHz NMR
spectrometer in the specified deuterated solvents. The NMR data are presented as
follows: chemical shift, peak assignment, multiplicity, coupling constant and integration.
The following abbreviations were used to explain the multiplicities (s = singlet, d =
doublet, t = triplet, m = multiplet) referenced to the protonated NMR solvent peaks that
occur as impurities.

Methods.

Stock solutions of RNTs and K;PdCl,. The stock solutions of the RNTs and the
K,PdCly were prepared following to the similar procedure under the optimized condition
as mentioned in chapter 2.

Catalyst synthesis: Procedure 1. The M NPs/RNTs catalyst (M = Pd, Pt and Au)
was prepared prior to the catalytic reaction following the similar procedure as discussed
in chapter 2. Procedure 2. A mixture of the RNTs (5.0 umol) and the K,PdCls (50.0
umol) in methanol (1 mL) was stirred at ambient temperature. The resulting solution was
then degassed under vacuum and purged with hydrogen (1 atm) for 5 mins to reduce the
PdCl,*" ions. The Pd NPs/RNTs catalyst was characterized by microscopy (SEM and

TEM) as well as spectroscopy (UV, CD and XPS) techniques.
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Catalytic reaction: General Procedure. To a methanol solution (1 mL) of the Pd
NPs/RNTs catalyst (5 mol%, based on Pd concentration) was added 3-methylstyrene
(132.0 pL, 1.0 mmol) with a syringe. The reaction mixture was then continued to stir at
ambient temperature under hydrogen (1 atm) for 5 h. The hydrogenated products were in
the liquid form and had a very low solubility in methanol. Therefore, upon completion of
the reaction an aliquot (top product layer) was carefully collected by a syringe and
analyzed by 'H NMR spectroscopy in CDCls, which showed 100% product conversion.

All the reactions were carried out following the similar procedure as mentioned above.

Spectroscopic data.

3-Ethyltoluene™ (3.2a) from the catalytic hydrogenation of 3-methylstyrene
(132.0 uL, 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCl): & 7.28 (m, 1H),

7.11 (m, 3H), 2.72 (q, J = 7.8 Hz, 2H), 2.44 (s, 3H), 1.34 (t, J = 7.8 Hz, 3H).

CF;

3-(Trifluoromethyl)ethylbenzene*' (3.2b) from the catalytic hydrogenation of 3-
trifluoromethylstyrene (148.0 pL, 1.0 mmol): 9% conversion; 'H NMR (600 MHz,

CDCly): § 7.32 (m, 1H), 7.28 (m, 3H), 2.60 (q, J = 7.8 Hz, 2H), 1.15 (t, J = 7.8 Hz, 3H).
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4-Ethyltoluene™* (3.2¢) from the Catalytic hydrogenation of 4-methylstyrene
(132.0 pL, 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCl;): & 7.01 (s, SH),

2.53(q,J= 7.8 Hz, 2H), 2.24 (s, 3H), 1.14 (t, J = 7.8 Hz, 3H).

u',,”,

4-Tert-butylethylbenzene*'*

(3.2d) from the catalytic hydrogenation of 4-tert-
butylstyrene (105.0 pL, 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCls): &
7.18 (d, J=7.8 Hz, 2H), 7.01 (d, J = 7.8 Hz, 2H), 2.50 (q, J = 7.8 Hz, 2H), 1.18 (s, 9H),

1.10 (t, J= 7.8 Hz, 3H).

4-Fluoroethylbenzene™ (3.2¢) from the catalytic hydrogenation of 4-fluorostyrene
(120.0 pL, 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCls): & 7.03 (dd, J =6

Hz, 2H), 6.84 (dd, J = 8.4 Hz, 2H), 2.50 (q, /= 7.8 Hz, 2H), 1.10 (t, /= 7.8 Hz, 3H).
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Cl
4-Chloroethylbenzene*' (3.2f) from the catalytic hydrogenation of 4-chlorostyrene
(128.0 pL, 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCls): § 7.10 (d, J = 8.4

Hz, 2H), 2.50 (q, J = 7.8 Hz, 2H), 1.10 (t, J = 7.8 Hz, 3H).

Cl

4-(Chloromethyl)ethylbenzene™ (3.2g) from the catalytic hydrogenation of 4-
(Chloromethyl)styrene (141.0 pL, 1.0 mmol): 85% conversion; 'H NMR (600 MHz,
CDCls): 6 7.20 (d, J = 7.2 Hz, 2H), 7.09 (d, J = 7.2 Hz, 2H), 2.54 (q, J = 7.8 Hz, 2H),

1.13 (t,J= 7.8 Hz, 3H); (3.2¢): 15% conversion.

\

4

4-Ethylpyridine* (3.4) from the catalytic hydrogenation of 4-vinylpyridine (106.0
uL, 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCls): & 8.26 (d, J = 5.4 Hz,

2H), 7.05 (d, J = 5.4 Hz, 2H), 2.54 (q, J = 7.8 Hz, 2H), 1.12 (t, J = 7.8 Hz, 3H).
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(e

N

\

1-Ethylpyrrolidin-2-one™ (3.6) from the catalytic hydrogenation of 1-
vinylpyrrolidin-2-one (110.0 pL, 1.0 mmol): 100% conversion; '"H NMR (600 MHz,
CDCl): 0 3.29 (q, J = 7.8 Hz, 2H), 3.18 (quintet, 2H), 2.26 (t, J = 7.8 Hz, 2H), 1.91

(quintet, 2H), 1.00 (t, J = 7.8 Hz, 2H).
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Chapter 4

Cross-coupling Catalysis

4.1 Introduction

In recent years, the NPs emerged as an attractive alternative to the molecular
catalysts for a wide variety of organic reactions because of their high surface-to-volume
ratio and very reactive surface atoms.'” In particular, compared to other transition metal
nanoparticles, Pd NPs have been extensively studied in catalysis. Therefore, the catalytic
activity of the Pd NPs towards the hydrogenation and the C—C bond formation reactions
is well documented.""” Though a variety of different cross-coupling reactions are
available in the literature, the Suzuki-Miyaura cross-coupling reaction is one of the most

effective methods for synthesizing biaryl precursors suitable for the production of drugs,

agrochemicals, fine chemicals, ionic liquids and polymers.lz’lg'23
X Y
z N Catalyst, Base Rq \_ —
| * | > \
\\ x/ Solvent, Temperature \ 7/ \ R,
R4 R,

R4 =R, = Functional groups
X =1, Br and CI
Y = Boronic acid and acid esters

Figure 4.1: An example of a Suzuki-Miyaura cross-coupling reaction.

Recently, numerous techniques have been demonstrated for the synthesis of
catalytic Pd NPs supported on oxides such as silicas, aluminas and other metal oxides, or
in the forms of carbon supports including carbon nanotubes.'” However, the reaction

. . . . 16 . . 6-1
was either carried out in organic solvents'® or aqueous solutions at high temperature®'”’
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and suffered from high catalytic recyclability.”'” In contrast, only a few examples of the
biosupported Pd NPs for catalysis have been documented, which further provides a
medium for phosphine free catalysis in the aspects of the Green Chemistry.”® Very
recently, Knecht and coworkers demonstrated an aqueous Stille cross-coupling reaction
by using peptide-functionalized Pd NPs and could obtain a very good turnover frequency

(TOF) for the reaction.”

X SnCl;
zZ Pd NP i R(—
| . s/Peptide . N
\\ H,0, KOH, 25 °C \ /
R

R = OH and COOH
X=1,Br and CI

Figure 4.2: Stille cross-coupling reactions demonstrated by Knecht and coworkers.”

Detailed reaction mechanism studies suggested that the coupling reaction
occurred via the Pd atom leaching upon oxidative addition of the aryl halides.® In
addition, they also found that the modification of the peptide chains had significant
impact on the size and the catalytic activity of the Pd NPs catalysts.”**’ Later, Knecht and
coworkers also investigated the reactivity of their catalyst towards the Suzuki-Miyaura
cross-coupling reaction.”® They found that the nature of the base and their concentration
plays a vital role in the product yield.*®

To this end, I developed RNT supported M NPs (M = Au, Pd and Pt), which are
water-soluble.” Because of their stability and solubility in water, they could catalyze the
reaction at the interface between homogeneous and heterogeneous condition. As
discussed in chapter 3, I successfully employed our M NPs/RNTs (M = Au, Pd and Pt)
catalyst towards olefin hydrogenation. The results suggest that our catalyst is very active

for olefin hydrogenation and their catalytic activity is comparable with the leading
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commercial catalysts. Following our previous success on the hydrogenation catalysis,
herein this chapter, I report the scope of our M NPs/RNTs (M = Au, Pd and Pt) catalyst
for the Suzuki-Miyaura cross-coupling reaction of different halide and boronic acid
substrates. In addition, the utility of this catalyst for producing drug and agrochemical
intermediates as well as organic materials (solar cell, OLED and sensor) by the cross-
coupling reaction is also investigated.

4.2 Results and Discussion

4.2.1 Optimization of the Suzuki Coupling Reaction

Initially for the reaction optimization, I employed 1 mol% of the Pd NPs/RNTs
catalyst for the coupling reaction of 1-iodo-4-nitrobenzene and phenylboronic acid (Table
4.1, scheme). Previously, it was observed that the catalytic activity of a catalyst for the
Suzuki coupling reaction was strongly dependent on the nature of the base and the

substrate ratio.?®%3!

Though the most commonly used bases include K,COs, K;POy,,
KOH and KF, the choice of the base is still empirical and no specific selection is
established to date.’’ The key role of the base is to facilitate the slow transmetalation step
either by — forming a more reactive boronate species, which can interact with the Pd
center, or replacing the halide in the coordination sphere of the palladium complex prior
to the intramolecular transmetalation.”’ Therefore, to probe the reactivity of the Pd
NPs/RNTs catalyst for the Suzuki coupling, three different bases such as KOH, K,CO;
and K;PO,4 were selected, and the concentration of phenylboronic acid was varied with
respect to the concentration of 1-iodo-4-nitrobenzene. The Pd NPs/RNTs catalyst was

synthesized by following the same protocol as discussed in chapter 3. In brief, the Pd

NPs/RNTSs catalyst was prepared either by the reduction of the PACl,* ions with H, in the
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presence of the RNTs prior to the catalytic reaction, or by the overnight incubation of the
RNTs and the PdCl,* solutions. Although the use of KOH led to the formation of the
desired coupling products for other catalytic systems, the reaction did not occur for the
RNTs/Pd-NPs catalyst (Table 4.1, entry 1 and 2).”*** On the other hand, the reaction was
found to be very efficient leading to the quantitative conversion of the coupling product
in the presence of both K,CO; and K3PO4 (Table 4.1, entry 3 and 4). Very recently,
Knecht et al. also reported that the Suzuki coupling reaction did not occur at higher KOH
concentrations (>0.75 M) in presence of the Pd NPs/Peptide catalyst. They suggested that
perhaps KOH was significantly influencing the overall reaction especially at the
transmetalation step.”® Though the reaction gave quantitative conversion of the coupling
product in the presence of both K,COs; and K;3PO,, I decided to use KsPOy to further
optimize the reaction condition. Later, I investigated the effect of the phenylboronic acid
concentration on the coupling product yield. The studies suggested that the conversion of
the corresponding biaryl product increased with increasing the substrate ratio and a
minimum substrate ratio of 1:2 was required to obtain 100% coupling product conversion
in 4 h at ambient temperature (Table 4.1, entries 4-7).° I also observed that the coupling
reaction was faster for a substrate ratio of 1:2.5, which completed in 2 h (Table 4.1, entry
7). It is well documented that often excess arylboronic acid is required in the Suzuki
coupling reaction because of protodeboronation under hydroxylic conditions such as in
aqueous solutions. However, I did not observe any protodeboronation of the
phenylboronic acid in our system. Therefore, I hypothesize that the excess amount of the

phenylboronic acid perhaps facilitates the transmetalation step.
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To compare the reactivity with the Pd NPs/RNTs catalyst, I investigated the
catalytic activity of the Pd NPs in the absence of the RNTs. Under optimized conditions,
the Pd NPs (1 mol%) catalyzed reaction afforded less than 5% coupling product
conversion (Table 4.1, entry 8). This result indicates that the stability of the Pd NPs in
solution is crucial for high product conversion, and agrees well with the earlier
observation regarding the hydrogenation reaction discussed in chapter 3. Interestingly,
the Pd NPs/RNTs catalyst, synthesized by overnight incubation- was determined to be as
active as the catalyst prepared by the hydrogen reduction prior to the catalytic reaction
(Table 4.1, entry 9). This observation is contrary to the hydrogenation reaction as
discussed in chapter 3. I hypothesize that the presence of K3PO, in the solution could
enhance the leaching of the Pd species from the surface of the RNTs. The TEM images of
the Pd NPs/RNTs catalyst discussed in section 4.3.3, which was synthesized by the
hydrogen reduction showed bimodal distribution of the Pd NPs (Figure 4.8d). Because of
this bimodal distribution, it is hard to predict the reactivity of the Pd NPs located into the
nucleation pockets with respect to the Pd NPs formed on the surface of the RNTs bundle.
Previously, the model studies of the Au NPs/RNTs composite suggested that a maximum
of 30% loading of the Au NPs is possible on the surface of the RNTs.”” However, I use
10-fold excess of the PACl,* ions with respect to the RNTs concentration to synthesize
the Pd NPs/RNTs catalyst. Therefore upon reduction with hydrogen, the excess PdCl,*
ions form larger sized Pd NPs on the surface of the RNTs bundle after completion of the
30% loading. Considering this, I carried out a reaction by using the Pd NPs/RNTs
catalyst, where the ratio of the RNTs and the PdCl,* ions was adjusted based on the 30%

loading of the Pd NPs (Table 4.1, entry 10).
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Table 4.1: Optimization of the Suzuki-Miyaura cross coupling reaction’

I B(OH),
Catalyst -
* EtOH/H,0 (2:1 mL),= @_Q_Noz
KsPO,, RT
NO,
Entry Catalyst Substrate ratio | Base | Reaction duration | Convn.”
(h) (%0)
1 Pd NPs/RNTs 1:1.5 KOH 24 0
2 Pd NPs/RNTs 1:2 KOH 4 0
3 Pd NPs/RNTs 1:3 K,CO; 24 100
4 Pd NPs/RNTs 1:3 K3POy4 24 100
5 Pd NPs/RNTs 1:2 K;3POy4 4 100
6 Pd NPs/RNTs 1:1.5 K3PO4 4 56
7 Pd NPs/RNTs 1:2.5 K;3POy4 2 100
8 Pd NPs 1:2 K;3POy4 4 <5
9 Pd NPs/RNTs* 1:2 K;3POy4 4 100
10 Pd NPs/RNTs* 1:2 K;PO, 4 100
115 Pd NPs/RNTs’ 1:2 K;3POy4 14 100
12" Pd NPs/RNTS 1:2 K;PO, 24 68

“Reaction conditions: 1 mol% of catalyst (prepared by H, reduction) in ethanol/H,O (2:1
mL), Base (KOH = 112 mg; K,CO; = 276 mg; and K3;PO4 = 425 mg) under N, unless
otherwise noted. ” Determined by 'H NMR. ¢ Prepared by overnight incubation. ¢ Based
on the 30% loading of the Pd NPs onto the RNTs. ¢ 0.1 mol% of catalyst.” 0.01 mol% of

catalyst.
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The ratio adjustment greatly reduced the possibility of the Pd NPs formation on
the surface of the RNTs bundle. Though I increased the concentration of the RNTs, the
Pd loading was maintained 1 mol% with respect to the substrate. Finally, the Pd
NPs/RNTs catalyst was reduced by hydrogen prior to the catalytic reaction after the
overnight incubation. The reaction resulted in quantitative biaryl product conversion.
This suggested that the Pd NPs located into the nucleation pockets on the surface of the
RNTs are equally active as the Pd NPs present on the surface of the RNTs bundle. As
speculated earlier, perhaps the K3PO4 plays a vital role in unloading and/or leaching of
the Pd species from the nucleation pocket of the RNTs. In addition, I also investigated the
effect of the Pd NPs/RNTs catalyst loading on the coupling reaction. Under the optimized
conditions, the coupling reaction of 1-iodo-4-nitrobenzene and phenylboronic acid gave
quantitative product conversion in 14 h for a catalyst loading of 0.1 mol% (Table 4.1,
entry 11). The result suggested that though I could achieve quantitative conversion, the
reaction took longer time for completion. Later, I further reduced the catalyst loading to
0.01 mol% for the same reaction, which gave 68% of the coupling product conversion in
24 h (Table 4.1, entry 12). The studies concluded that our catalyst is very active where
the loading could be reduced to as low as 0.01 mol% with increased reaction time.

4.2.2 Exploration of the Suzuki Coupling Reaction

4.2.2.1 Reactivity of the Aryl lodides

Under the optimized reaction conditions, a variety of different aryl iodides
containing electron withdrawing groups- and arylboronic acids were employed for the
cross-coupling reaction using 1 mol% Pd NPs/RNTs catalyst in a EtOH/H,O (2:1 mL)

solvent mixture at ambient temperature under N, (Scheme 4.1). In general, the aryl iodide
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substrates readily underwent the coupling reaction leading to high product conversion
(87-100%). Though 2-iodobenzonitrile gave quantitative coupling product conversion, 1-
iodo-2-nitrobenzene did not react with the corresponding arylboronic acid at ambient
temperature. However, the same reaction of 1-iodo-2-nitrobenzene was found to be very
efficient at 40 °C. leading to 100% product conversion in 24 h. I investigated the electron
withdrawing inductive effect of the 4-NO, and 4-CN groups on the reactivity of the aryl
iodides with arylboronic acids containing 4-H, 4-SiMes; and 4-CMes; groups.
Interestingly, though it is well accepted that the NO, group is more electron withdrawing
than the CN group, I found quantitative coupling product conversion in all cases for 4-
iodobenzonitrile. Whereas for 1-iodo-4-nitrobenzene, the coupling product conversion

varied with different arylboronic acids (4-H, 100%; 4-SiMes, 87%; and 4-CMes, 92%).

R4
| B(OH), 7 / |
=z | 1 mol% Pd NPs/RNTs N
+ >
\\ EtOH/H,0 (2:1 mL),

Ry K3PO,, Temperature,
R, 4h, N,

R, = 2/4-NO, and 2/4-CN R
R, = H, CH3, CMes, SiMe; and Cl 2

Scheme 4.1: The Suzuki-Miyaura cross coupling reactions of aryl iodides and
arylboronic acids at ambient temperature in 4 h (except the reaction of 1-iodo-2-
nitrobenzene and 4-chloro benzene boronic acid at 40 °C in 24 h). The % conversions are

listed in Table 4.2.
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Table 4.2: The Suzuki-Miyaura cross coupling of aryl iodides and arylboronic acids®’

Entry Aryl iodides Arylboronic acids Convn.” (%)

1 /@/l ©/B(0H)z 100
O,N

2 : | : B(OH), 100
NC

| o O A
02N Me3Si

4 I B(OH), 100
NC ~ : Me3Si~ :

5 /©/| Q/B(OH)z 92
02N Me3C

6 : | : _B(OH), 100
NC M93C

8 : | : _B(OH), 100

CN H;C
9 I Z | B(OH). 100
X

NO,

Cl

“ Reaction conditions: Aryl iodides (0.5 mmol), arylboronic acids (1.0 mmol), 1 mol% of

Pd NPs/RNTs catalyst in EtOH/H,O (2:1 mL), K;POs (425 mg), 4 h, ambient

temperature and under N,. * Catalyst was prepared by H, reduction prior to the reaction. ¢

Determined by '"H NMR. ¢ 24 h and 40 °C.
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4.2.2.2 Reactivity of the Aryl Bromides

Later, I explored the scope of the Suzuki coupling reaction for a wide variety of
aryl bromides and arylboronic acids (Scheme 4.2 and Table 4.3). Under the optimized
conditions for aryl iodides, an initial reaction of 4-bromobenzaldehyde and phenylboronic
acid did not afford any coupled product (not listed in Table 4.3). Therefore, as aryl
bromides are less reactive than aryl iodides, I raised the reaction temperature to 50 °C to
facilitate the reaction.”® Fortunately, this modification resulted in quantitative coupling
product conversion in 24 h. Following this newly optimized condition, I continued
performing coupling reactions of different aryl bromides and arylboronic acids (Scheme
4.2 and Table 4.3). In general, the reactions showed a wide tolerance of the functional

groups on the reactivity of both the aryl bromides and arylboronic acids.

Rq
Br B(OH); 7Y |
= | (i 1mol% Pd NPSIRNTs
+ >
\\ RING EtOH/H,0 (2:1 mL),

K3PO,, 50 °C, 4h, N,

R2

R4 = 4-CHO, 4-COCHj;, 4-NO,, 4-CF; R,
2-CN, 2,3-Cl, 3-CH3;-4-COOH and
3,4-18Crown6

R, =H, CMe; and SiMe;

Scheme 4.2: The Suzuki-Miyaura cross coupling reactions of aryl bromides and
arylboronic acids at 50 °C in 24 h. The % conversions are listed in Table 4.3.

The reactions of 4-bromobenzaldehyde with different arylboronic acids
containing 4-H, 4-SiMes; and 4-CMe; groups, revealed that the reactivity of the
arylboronic acid decreased in the order of 4-H>4-SiMe;>4-C(Me); (Table 4.3, entries 1-

3). To study the effect of the steric hindrance of the naphthalene ring, I performed the
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reactions of 1-bromo-4-nitrobenzene with 1-naphthylboronic acid and 2-naphthylboronic
acid. Interestingly, both the reactions gave 100% coupling product conversion in 24 h
(Table 4.3, entry 6 and 7). This result suggested that the reactivity is independent of the
position of the boronic acid in the naphthalene ring. It should be noted that the aryl
bromides were equally active in the presence of both 4-CHO and 4-COCHj; groups,
which afforded quantitative coupling product conversion (Table 4.3, entries 1-4). In
addition, the ortho substituted aryl bromides smoothly underwent coupling reaction with
the corresponding arylboronic acids leading to 100% product conversion (Table 4.3, entry
11 and 12). To achieve chemoselective Suzuki cross-coupling of bromochloro-benzene, a
reaction of 1-bromo-2,3-dichlorobenzene and phenylboronic acid was carried out. The
reaction resulted in only the mono-coupling product through the selective C-Br bond

activation under the optimized conditions at 50 °C (Table 4.3, entry 11).%*%
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Table 4.3: The Suzuki-Miyaura cross coupling of aryl bromides and arylboronic acids®”

Entry | Aryl bromides Arylboronic acids Convn.” (%)

1 : Br : 'B(OH), 96
OHC

2 Br B(OH) 36
OHC~ : Me,C

3 Br B(OH): 77
OHC”~ : MeSi~ :

4 Br B(OH), 100
H,COC ~ i :

5 : _Br : _B(OH); 100
O,N

6 /©/ Br B(OH), 100

7 J@/Br B(OH), 100

O,N

a

“ Reaction conditions: Aryl bromides (0.5 mmol), arylboronic acids (1.0 mmol), 1 mol%

of Pd NPs/RNTs catalyst in EtOH/H,O (2:1 mL), K3PO4 (425 mg), 24 h, 50 °C and under

N,. ° Catalyst was prepared by H, reduction prior to the reaction. ¢ Determined by 'H

NMR.
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Table 4.3: Continued®’

Entry Aryl bromides Arylboronic acids Convn.” (%)

B(OH) 100

B(OH) 56

&
Q Q

C0
0 o~
(o
10 Br ©/B(0H)2 84
HOOC
CH,
1 Br ©/B(0H)2 100
cl

Cl
12 ©:Br
CN Me;C

“ Reaction conditions: Aryl bromides (0.5 mmol), arylboronic acids (1.0 mmol), 1 mol%

B(OH), 100

Q

of Pd NPs/RNTs catalyst in EtOH/H,O (2:1 mL), K5PO4 (425 mg), 24 h, 50 °C and under
N,. ° Catalyst was prepared by H, reduction prior to the reaction. ¢ Determined by 'H

NMR.
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4.2.2.3 Reactivity of the Aryl Dihalides

In recent years, a sequential double C-C cross-coupling of aryl dihalides attracted
much attention for the synthesis of unsymmetrically substituted arenes due to their
potential applications in the pharmaceutical, fungicide and materials industries.’**
Achieving selectivity in mono-coupling over bis-coupling product formation is important
for many of its applications.”' Considering this, I performed the reactions of 1-bromo-4-
iodobenzene with phenylboronic acid at ambient temperature and 50 °C for 4 h (Scheme
4.3a, Table 4.4, entry 1). Previously, several authors reported that the coupling reactions
of bromoiodoarenes took place in a stepwise fashion because of the two very different

reactivities of the C-I and C-Br bonds towards the oxidative addition reaction.*®®

Hence,
as the mechanism of the reaction was realized, our focus was to investigate the
temperature effect on the mono- vs bis-coupling product distribution. While the reaction
at ambient temperature gave a mono- vs bis-coupling product distribution of 58:42, the
reaction at 50 °C afforded a product distribution of 18:82 (Table 4.4, entry 1). These
results suggested that the temperature increase favoured the bis-coupling over the mono-
coupling product formation.

Later, I studied the reactivity of different arylboronic acids with 2,6-
dibromonaphthalene (Scheme 4.3b, Table 4.4, entries 2-6).*** Towards the bis-
coupling product formation, the reactivity of different arylboronic acid decreased in the
order of 4-H>4-SiMe;>4-C(Me); leading to 100%, 86% and 67% conversion,
respectively (Table 4.4, entries 2-4). These findings are in good agreement with our

previous observations (Table 4.3, entries 1-3). However, I only investigated the bis-

coupling product formation for those reactions.
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X
1 mol% Pd NPs/RNTs
+ >
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Ph

K3P04, Temp., 4h, N2

X=Br and Ph

Br X
1 mol% Pd NPs/RNTs
+ Ar-B(OH), >
Br EtOH/H,0 (2:1 mlL), Ar

K3POy, 50 °C, 24h, N,

(b)

Ar = Ph, 4-CMe;C¢H,, 4-SiMe;CgHy, X=Brand Ar

1-naphthyl and 2-naphthyl

()

| 1 mol% Pd NPs/RNTs =

« + Ar-B(OH), > |

Br N~ D Br EtOH/H,0 (2:1 mL), N\ 7Ny
K3PO,, 50 °C, 24h, N,

Ar = Ph, 1-naphthyl and 2-naphthy| X=Brand Ar

Scheme 4.3: The Suzuki-Miyaura cross coupling reactions of aryl dihalides and
arylboronic acids (a-c) at ambient temperature and 50 °C (a). The % conversions are
listed in Table 4.4.

Another study showed that the position of the boronic acid in the naphthalene ring
played a vital role in dictating the mono- vs bis-coupling product distribution with 2,6-
dibromonaphthalene. Therefore, the reaction of 1-naphthalene boronic acid and 2,6-
dibromonaphthalene gave a product distribution of 57:43 (Table 4.4, entry 5). On the
other hand, the reaction of 2-naphthalene boronic acid and 2,6-dibromonaphthalene
afforded the mono-coupling product in almost quantitative conversion (Table 4.4, entry
6). As pyridine is found at the core of many industrially important compounds including
pharmaceuticals and materials, I also investigated the reactivity of 2,6-dibromopyridine
with different arylboronic acids (Scheme 4.3c, Table 4.4, entries 7-9).45 While the

reaction of 2,6-dibromopyridine and phenylboronic acid gave quantitative bis-coupling

134



product conversion, the reactions with 1-naphthalene boronic acid and 2-naphthalene

boronic acid yielded a product distributions of 33:5 and 86:14, respectively (Table 4.4,

entries 7-9).

Table 4.4: The Suzuki-Miyaura cross coupling of aryl dihalides and arylboronic acids®”

Entry Aryl dihalides Arylboronic acids convn.” (%)
MC BC
Br B(OH), 58¢ 42°
1 | /O/ ©/ 18° 82°
Br
Br Me;C
4 Br B(OH), ; 86
Br~ ' 'l Me;Si~ :
5 Br B(OH), 57 43
Br

as

“ Reaction conditions: Aryl dihalides (0.5 mmol), arylboronic acids (1.5 mmol), 1 mol%

of Pd NPs/RNTs catalyst in EtOH/H,O (2:1 mL), K5PO4 (425 mg), 24 h, 50 °C and under

N,. ° Catalyst was prepared by H, reduction prior to the reaction. ¢ Determined by 'H

NMR. ¢ At ambient temperature. ¢ At 50 °C. MC = mono coupled, BC = bis coupled.
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Table 4.4: Continued®”

Entry | Aryl dihalides Arylboronic acids convn.” (%)
MC BC
6 Br B(OH), >98 Trace
T
7 =z | B(OH), - 100
Br \N Br ©/
8 =z | B(OH), 33 5
Br \N Br
9 a B(OH), 86 14
9

Br N Br

“ Reaction conditions: Aryl dihalides (0.5 mmol), arylboronic acids (1.5 mmol), 1 mol%
of Pd NPs/RNTs catalyst in EtOH/H,O (2:1 mL), K3PO4 (425 mg), 24 h, 50 °C and under

N,. ° Catalyst was prepared by H, reduction prior to the reaction. ¢ Determined by 'H

NMR. MC = mono coupled, BC = bis coupled.

4.2.2.4 Catalyst Recycling, Scale up Reaction and Reactivity Comparison

The feasibility of recycling the Pd NPs/RNTs catalyst was examined on the model
reaction of 1-iodo-4-nitrobenzene and phenylboronic acid. To accomplish that, after each
cycle of the completed reaction, the product was extracted with diethylether. Then the
next cycle was loaded with the original aqueous layer containing the catalyst and the
base, fresh ethanol and the reactants under the optimized conditions. The recycling

experiments were repeated up to the 10th cycle, and interestingly, each cycle showed
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quantitative coupling product conversion. These results suggested that our catalyst could
be reused at least ten times without apparent loss of any catalytic activity. The high
activity of the Pd NPs/RNTs catalyst could be rationalized from the fact of efficient re-
deposition of the leached Pd species onto the surface of RNTs after the event of catalysis
(Figure 4.3).* This indicates that the RNTs play a vital role in stabilizing the Pd NPs in
solution and preventing the precipitation of the leached Pd species as Pd black after the

catalytic event.*

ArX

Ar
Leaching

@ ArX
Qpae
Redeposition

Pd NPs/RNTs Ar-Ar'

Figure 4.3: Schematic representation of the leaching and re-deposition of Pd species on
the surface of the RNTs.

I also evaluated the compatibility of our catalyst for the large-scale production of
the coupling product. For the scale-up reaction, again I loaded the reaction with 1-iodo-4-
nitrobenzene and phenylboronic acid. Initially, I scaled up the reaction by 5 times and
performed the reaction under the optimized conditions. Unfortunately, the reaction gave
the coupling product in 17% isolated yield. As the reactivity of a catalyst could vary from
the laboratory scale to the mass production, I modified the conditions by (i) increasing the

reaction temperature to 40 °C, and (ii) reducing the ratio of the ethanol/water mixture to
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1:1 (v/v). Fortunately, the modification led to quantitative coupling product conversion
with an isolated product yield of 96%. Under the modified conditions, the reaction was
further scaled up to 50 times, which afforded the expected coupling product in 95% yield.

For comparative studies, I also investigated the reactivity of the Pt NPs/RNTs and
Au NPs/RNTs catalysts for the cross-coupling reaction under the optimized conditions to
that of the Pd NPs/RNTs catalyst. In both cases, the Pt NPs/RNTs and Au NPs/RNTs

catalysts remained catalytically inactive towards the coupling reaction.
4.3 Applied Suzuki Coupling Reaction

4.3.1 Drug and Agrochemical Intermediates

The utility of the Pd NPs/RNTs catalyst was also investigated for the synthesis of
the drug intermediates of sartan (Scheme 4.4a) and NPY-5 (Scheme 4.4c) receptor
antagonist, and an agrochemical intermediate of boscalid fungicide (Scheme 4.4b).*’
Initial attempts to synthesize the sartan intermediate from the reaction of 2-
bromobenzonitrile and p-tolylboronic acid at ambient temperature as well as prolonged
heating at 50 °C were unsuccessful. When 2-iodobenzonitrile was used for the similar
reaction, it gave 100% coupling product conversion at ambient temperature and the
isolated yield was 82% (Scheme 4.4a; Table 4.2, entry 8). Previously, the same sartan
intermediate was synthesized from high temperature catalytic reaction either by
microwave or conventional heating method. ***"*** On the other hand, in attempt to
synthesize the boscalid intermediate, 2-chloronitrobenzene did not undergo the coupling
reaction with 4-chlorophenylboronic acid because of the steric effect and less reactivity.
Even 2-iodonitrobenzene, which should be the most reactive, did not afford the coupling

product at ambient temperature due to the steric effect of the nitro group at the 2-position.
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Fortunately the coupling reaction of 2-iodonitrobenzene and 4-chlorophenylboronic acid
occurred smoothly when the temperature was increased to 40 °C in 24 h, with an isolated
yield of 86% (Scheme 4.4b; Table 4.2, entry 9).'™'" However, attempts to synthesize the
NPY-5 receptor antagonist intermediate from the coupling of 2-amino-5-bromopyrazine
and phenylboronic acid were unsuccessful even at 50 °C (Scheme 4.4c).*’
a)
| B(OH)
q /©/ * 1 mol% Pd NPS/RNTS ‘
+ >
X CN HyC EtOH/H,0 (2:1 mL), O
K3POy, 25 °C, 4h, N, N

100% Conv.
82% Yield

cl
o) [ B(OH),
(I /©/ 1 mol% Pd NPs/RNTs
+ -
X-"Nno, c EtOH/H,0 (2:1 mL), ‘
K3PO,, 40 °C, 24h, N, NO,

100% Conv.
86% Yield

©) N_ _Br B(OH),
=z 1 mol% Pd NPsIRNTs
NS | +
H,N N EtOHlH20 (2:1 mL),

K4PO,, 50 °C, 24h, N,

0% Conv.
Scheme 4.4: Attempts to synthesize (a) the sartan intermediate, (b) the boscalid fungicide
intermediate, and (c) the NPY-5 receptor antagonist intermediate.

4.3.2 Benzothiadiazole Based Materials

4.3.2.1 Reaction Optimization and Exploration

In recent years, 2,1,3-benzothiadiazole based m-conjugated systems showing
redox-active and luminescent properties have attracted much attention due to their

electronic, optical and optoelectronic function.” " The 2,1,3-benzothiadiazole core has
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tunable high reduction potential and electron affinity. More importantly the 2,1,3-
benzothiadiazole derivatives are efficient fluorophores and form well-defined crystal
structures, which are necessary for organic light emitting diode (OLED) applications.”*”!
However, the synthesis of such materials is limited to high temperature reactions using

. . 48-72
toxic organic reactants and solvents.**”’

Unfortunately, the authors mainly paid attention
to obtain the customized molecules rather than exploring the scope of the reaction in the
aspects of catalysis such as solvent, temperature and environmentally benign conditions.
Therefore, because of the increasing demand for the 2,1,3-benzothiadiazole based organic
materials, I explored the scope of the reaction using our catalyst under environmentally
benign optimized conditions for the first time.

Under the optimized conditions for the aryl bromides, the initial reaction of 4,7-
dibromobenzothiadiazole and phenylboronic acid pinacol ester did not afford the
expected bis-coupling product (Scheme 4.5). Similarly, another reaction of 4,7-dibromo-
benzothiadiazole and 4-(N-Boc-amino)phenylboronic acid pinacol ester was also found to
be unreactive. Although the results were unfortunate, the reason was unclear and not
further investigated. Later, I replaced the bromo and boronic acid pinacol ester functional
groups between the two reactants. Fortunately, this functional group exchange worked
perfectly for the Suzuki double cross-coupling reaction. Hence, the reaction of
bromobenzene and 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (4.1) gave
the expected bis-coupling product in 75% yield in 5 h (Scheme 4.5). The newly
optimized protocol enabled for the synthesis of a series of 2,1,3-benzothiadiazole

derivatives incorporating both electron withdrawing and electron donating substituents

under environmentally benign conditions (Scheme 4.6). In general, the reactions of the

140



aryl bromides containing electron withdrawing substituents were found to be faster than

electron donating substituents (Table 4.5).

e C

Br B
© /N\S 1 mol% Catalyst =N 1 mol% Catalyst
' SN EtOHH,0 (24 mL) <~ =
B

N EtOH/Hzo @21 mL)
K3PO4, 50 °C, 5h, N,

. KsPO,, 50 °C, 24h,N, By
04 C

Conv. =100%
4.1

Yield = 75%

Scheme 4.5: Attempts to synthesize 4,7-diphenyl-2,1,3-benzothiadiazole under the

previously optimized conditions.

Ar
Br 1 mol% Catalyst /N\
| + 41 > /S
Ar EtOH/H,0 (2:1 mL) =N
K3POy, 50 °C, N,
Ar

Ar = 2/4-NO,-C¢H 4, 2/4-CN-CgH,, 3/4-CHO-CgH ,
4-COCH3-CgHy, 4-CF3-CgHy, 4-F-CgHy, 2,3-Clp-CeH3,
4-CH;-CgH,, 4-OCH3-CgHy, 3,4,5-(OCH3)3-CeHo,
2,3,4-(OCH3)3-C¢H,, 4-SCH3-CgHy, 3,4-18C6-CgHs,

CIS -

J\ S CeH1s

S \ I

Scheme 4.6: The catalytic reactions of 4.1 with a variety of aryl bromides containing

both electron withdrawing and donating substituents except 1-iodo-2-nitrobenzene. The

yields (%) are listed in Table 4.5.
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Table 4.5: The Suzuki-Miyaura double cross-coupling of aryl bromides and 4.1

Entry Aryl halides Reaction duration (h) Yield. (%)

MC BC
1 /©/ 0.5 - 81
2 C( 1.0 35¢ 38
3 : B 0.5 - 84
4 Oi 1.0 - 48
5 J@/ Br 0.5 - 84
6 Q/ 0.5 - 86

7 /©/ 0.5 - 86
H;COC

“ Reaction conditions: Aryl halides (0.5 mmol), 4.1 (0.25 mmol), 1 mol% of Pd

NPs/RNTs catalyst in EtOH/H,O (2:1 mL), KsPO4 (425 mg), 50 °C and under N,. °
Catalyst was prepared by H, reduction prior to the reaction. “ Deboronated product. MC =

mono coupled, BC = bis coupled.
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Table 4.5: Continued®”

Entry Aryl halides Reaction duration (h) Yield. (%)
MC BC
8 z | Br 0.5 - 90
F3C X

10 Br 0.5 - 76
; Cl

Cl
11 /©/Br 1.0 - 89
12 / | Br 1.0 - 84
MeO X
13 /©/Br 4 30
MeS
14 MeO Br 1.0 - 88

MeO

e

OMe

“ Reaction conditions: Aryl halides (0.5 mmol), 4.1 (0.25 mmol), 1 mol% of Pd
NPs/RNTs catalyst in EtOH/H,O (2:1 mL), KsPO,4 (425 mg), 50 °C and under N,. °
Catalyst was prepared by H, reduction prior to the reaction. MC = mono coupled, BC =

bis coupled.
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Table 4.5: Continued®”

Entry Aryl halides Reaction duration (h) Yield. (%)
MC BC
15 = Br 23 - 19
MeO N OMe
OMe
16 ‘ Br 2.0 - 63
H,N
17 X —Br 2.0 - 14
\ S
S
CGH13 \ \
18 Z _Br 2.0 - 58

L o
o

“ Reaction conditions: Aryl halides (0.5 mmol), 4.1 (0.25 mmol), 1 mol% of Pd
NPs/RNTs catalyst in EtOH/H,O (2:1 mL), KsPO,4 (425 mg), 50 °C and under N,. °

Catalyst was prepared by H, reduction prior to the reaction. MC = mono coupled, BC =

bis coupled.

The poor yields from the
bromobenzonitrile with 4.1 can be rationalized from the steric effect of the ortho

substituents (Table 4.5, entry 2 and 4). Interestingly, the reaction of 1-iodo-2-

reactions of 1-iodo-2-nitrobenzene and 2-
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nitrobenzene with 4.1 resulted in the expected bis-coupling product as well as the mono-
coupling and deboronated products in 38% and 35% yields, respectively (Scheme 4.7;
Table 4.5, entry 2). Similar products were formed from the reaction of 2-
bromobenzothiazole and 4.1. However, though the product yields were very low (<5%),
only a few miligrams were obtained (not listed in Table 4.5), I were able to fully

characterize the compounds by spectroscopy and mass spectrometry (Scheme 4.7).

Ar Ar
Br 1 mol% Catalyst /N\ /N\
[+ 44 > S+ s
Ar EtOH/H,0 (2:1 mL) =N =N
Ar

K3PO,, 50 °C, N,

=5 <0

O,N

Scheme 4.7: The mono-coupling and deboronated product formation along with the
expected bis-coupling product.
Other reactions of 2-bromopyridine and 2-bromopyrimidine with 4.1 were

unsuccessful (not listed in Table 4.5).*~°

In addition, the reaction of 5-bromo-5"-hexyl-
2,2'-bithiophene and 4.1 gave the bis-coupling product in only 14% yield (Table 4.5,
entry 17). Hence, this general trend of the poor reactivity of the heterocyclic bromides
could be due to the catalyst poisoning by the surface capping and/or chelation of the
initial coupling product under aqueous condition. Previously, it was reported that even
the use of toluene as a solvent for such reactions led to <50% product yield.*>*° Poor

reactivity was also observed when 1-bromo-3,4,5-trimethoxybenzene was replaced by 1-

bromo-2,3,4-trimethoxybenzene (Table 4.5, entry 14 and 15).
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4.3.2.2 Unsymmetrical Bis-coupling Product Synthesis

After successfully exploring the bis-coupling reactions of 4.1, I planned to study
the scope for preparing unsymmetrically substituted 2,1,3-benzothiadiazole derivatives.’*
* Incorporation of the two different functionalities allows for the opportunity for further
modification, which can be beneficial for device fabrication.*® Considering this, I set up a
one-pot reaction employing 4.1 (0.25 mmol) together with 1-bromo-4-nitrobenzene (0.25
mmol) and 4-bromobenzaldehyde (0.25 mmol). Under the optimized conditions, the
reaction gave 4,7-(bis-4-nitrophenyl)-2,1,3-benzothiadiazole, 4,7-(bis-4-formylphenyl)-
2,1,3-benzothiadiazole and the expected 4-(4-nitrophenyl)-7-(4-formylphenyl)-2,1,3-
benzothiadiazole in 30%, 17% and 49%, respectively (Scheme 4.8). The lower yield of
4,7-(bis-4-formylphenyl)-2,1,3-benzothiadiazole compared to the corresponding bis-nitro
compound was because of the poor reactivity of 4-bromobenzaldehyde. This result
suggested that our catalyst could be successfully applied for the synthesis of

unsymmetrically substituted arenes.

NO, CHO CHO

Br Br I I |
1 mol% Catalyst /N\ /N\ /N\
+ 41 + > /S + /S + /S

EtOH/H,0 (2:1 mL) =N =N =N

K3PO,, 50 °C, N,
NO, CHO l l l

NO, CHO NO,
Yield = 30% 17% 49%

Scheme 4.8: The synthesis of  4-(4-nitrophenyl)-7-(4-formylphenyl)-2,1,3-

benzothiadiazole.
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4.3.2.3 Oligomer Synthesis

Finally, I also explored the utility of our catalyst for the synthesis of 2,1,3-
benzothiadiazole based polymeric materials for their potential optoelectronic
application.”””> Our goals were to demonstrate and establish an effective and industrially
viable green synthetic protocol. Towards these efforts, I initially performed a reaction
containing 4.1 and 9,9-dioctyl-2,7-dibromofluorene under the optimized conditions. The
reaction resulted in an oligomer with an average M, of 700-2000 in 20 h (Table 4.6, entry
1). The observed precipitation of the coupling product from the solution due to poor
solubility and/or capping of the active Pd species could be rationalized by the low M,
oligomer formation. Therefore, to improve the solubility and to increase the oligomer
average M,, I replaced the ethanol/water mixture with THF/water. I hypothesized that the
introduction of THF would increase the solubility of the initial coupling product and
enhance the subsequent coupling with the monomers. In addition, the improved solubility
would increase the dispersion of the active Pd species in solution. Indeed, the
modification helped to improve the average M, of the oligomer to 1300-5000 in 9 h
(Table 4.6, entry 2). Unfortunately, another reaction with prolonged reaction duration of
18 h did not further increase the average M, of the oligomer (Table 4.6, entry 2). Later, to
further escalate the average M,, I increased the catalyst loading to 5 and 10 mol% leading
to the average M, of 1300-7000 and 1300-9300, respectively in 18 h (Table 4.6, entry 3
and 4). To evaluate the thermal stability of the oligomer (M, 1300-5000), I performed the
TGA analysis (Figure 4.4). The TGA results showed that the oligomer underwent thermal
degradation beginning at 409 °C and with a mass loss of 58.3%. The decomposed

material was then further burned off at 660 °C (Figure 4.4).
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Table 4.6: The synthesis of 2,1,3-benzothiadiazole based oligomer®”

oA s
oL ) ' o
. a1 Catalyst o
Solvent, 50 °C
KsPO,
| _In
n=1.3-18
Entry Catalyst Solvent Reaction duration Av. M,*
loading (%) (2:1 mL, v/v) (h)
1 1 EtOH/H,O 20 700-2000
2 1 9 1300-5000
THF/H,O
18
3 5 THF/H,O 18 1300-7000
4 10 THF/H,O 18 1300-9300

“ Reaction conditions: Aryl dibromide (0.5 mmol), 4.1 (0.5 mmol), Pd NPs/RNTs
catalyst, KsPO, (425 mg), 50 °C and under N,. ” Catalyst was prepared by H, reduction

prior to the reaction. © Determined by GPC analysis.
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Figure 4.4: TGA analysis of the oligomer (M, 1300-5000) under N,.

4.3.3 Suzuki Coupling Catalyst Characterization

To gain more insight into the properties and the behavior of the Pd NPs/RNTs
catalyst, I carried out detailed characterization by spectroscopy and microscopy. The
spectrum (black solid line) in the UV-Vis representing the RNTs in ethanol/water (50:50
v/v), displayed a profile typical of the DNA bases with two maxima at 237 nm and 287
nm, respectively (Figure 4.5a).”° Similarly to that of the hydrogenation catalyst, the
formation of the Pd NPs did not cause any shift in the absorption maxima. The presence
of Pd NPs in solution could be assigned from the gradual increase in the absorbance with
decreasing wavelength phenomenon, which is characteristic to the presence of NP in
solution and was consistent with the previous observation in chapter 3 (Figure 4.5, red
and blue solid lines). The CD spectra also were in good agreement with the previous
findings. As observed earlier in chapter 3, the formation of Pd NPs on the surface of the

RNTs did not alter the CD profile (Figure 4.5a).
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Figure 4.5: Detailed characterization of the Pd NPs/RNTs by UV-Vis (a) and CD (b)
spectroscopy.

As the Suzuki coupling reaction uses base, I also studied the effect of the base on
the Pd NPs/RNTs catalyst. For detail comparison, I investigated the properties of the
RNTs and the Pd NPs/RNTs catalyst by UV and CD in the presence of different
concentrations of the Ks3POj. In general, the addition of K3;PO4 to the RNTs and Pd
NPs/RNTs catalyst did not cause any significant shift in the absorption maxima.
However, the presence of 1 M Ks;PO4 (212.5 mg), based on 1 mL of water, caused a
hyperchromic shift of the RNTs absorption bands. On the other hand, for the Pd
NPs/RNTs catalyst, there was a hypochromic shift of the absorption bands. The effect of
the K;PO, concentration on the CD profile of the RNTs was very large. Only 10-fold
excess of KsPOy led to a dramatic drop in the molar ellipticity of the RNTs causing them
to be almost CD silent. Previously, it was observed that the tubular architecture of the
RNTs with or without the presence of chiral side chains did not lead to the CD effect.””"®

This is due to the (i) racemic nanotube formation upon stacking of the hierarchically self-

assembled rosettes and, (ii) the lack of induced helicity resulted from the crystallinity of
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the side chains.”””” Hence, I hypothesize that the complexation of the RNTs and K;PO,
greatly reduced the induced helicity of the lysine side chains, which resulted in racemic

RNTs in solution. The increase in the K;PO4 concentration to 1 M gave completely

different CD profile.
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Figure 4.6: UV-Vis and CD spectra of the RNTs (a, b), and Pd NPs/RNTs (c, d) in the
presence of K;POs,.

Interestingly, though the molar ellipticity of the Pd NPs/RNTs catalyst dropped in
the presence of K3;PO,, the catalyst maintained the similar CD profile. Perhaps, the
formation of the Pd NPs on the surface of the RNTs preserved the induced crystallinity of

the lysine side chains. As I studied the Suzuki coupling reaction at 50 °C, I investigated
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the effect of the temperature on the CD profile of both the RNTs and the Pd NPs/RNTs
catalyst. The intensity of the molar ellipticity of the RNTs dropped gradually with
increasing the temperature, which became almost CD silent. Alternatively, in the
presence of the Pd NPs, the intensity dropped slightly up to 45 °C and then by almost
50% at 55 °C. Finally, the intensity almost became zero at 95 °C similar to the RNTs.
Usually, RNTs have a reversible CD profile, where the intensity of the molar ellipticity
decreases with increasing temperature and retains to its original state after cooling back to

ambient temperature.”””’®
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Figure 4.7: VT-CD spectra and vortex effect on the ellipticity of the RNTs (a, b) and Pd

NPs/RNTs catalyst (c, d).
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This is because of the reversible assembly and disassembly of the RNTs at
ambient temperature and higher temperature, respectively.”””® Unfortunately, the RNTs
did not retain its original molar ellipticity intensity in ethanol/water as observed in pure
water.”’ 1 also homogenized the RNTs solution by using a vortex but it did not help
regaining the intensity. Interestingly, though the catalyst initially had almost zero
intensity, upon vortex the CD intensity reverted back to the original state. This result
suggested that the Pd NPs somehow helped preserving the nano-tubular structure of the
RNTs in solution. I hypothesize that the drop in CD intensity with increasing temperature
resulted form the bundling of the Pd NPs/RNTs, which separates upon vortex. To prove
this hypothesis I performed the time-dependent vortex studies. As expected, I found zero
CD intensity for the undisturbed Pd NPs/RNTs solution, while the intensity reverted back
to the original state upon vortex. As I performed the Suzuki coupling reactions at the
maximum temperature of 50 °C, the CD studies suggested that the catalyst should
preserve its original supramolecular chirality under the reaction conditions.

The SEM and TEM images displayed that the Pd NPs/RNTs catalyst also formed
bundles in ethanol/water (2:1 mL, v/v) similar to that in methanol (Figure 4.8a, b). The
TEM images of the Pd NPs/RNTs catalyst reduced with hydrogen, showed the presence
of random and polydispersed Pd NPs on the surface of the RNTs bundles (Figure 4.8, d).
The average size of the Pd NPs on the surface of the RNTs bundles was found to be
2.140.7 nm (Figure 4.8, d). I hypothesize that the stirring facilitated the random
distribution of the Pd NPs on the surface of the RNTs bundle. However, several attempts
to locate the Pd NPs on the surface of the RNTs bundle after the addition of K;PO4 was

unsuccessful because of the high K;PO4 concentration.
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Figure 4.8: SEM (a, c) and TEM (b, d) images of the Pd NPs/RNTs before (a, d) and

after (c, d) reducing with H». Scale bar — 1 pm (a), 500 nm (c) and 50 nm (b, d).

In conclusion, I have demonstrated that Pd NPs/RNTs catalyst can be successfully
applied to the Suzuki-Miyaura cross-coupling reaction. The results showed that aryl
iodides and bromides could readily be coupled to aryl boronic acids with a wide tolerance
of functional groups on the aryl groups. However, the solubility of the catalyst in water

limits the catalysis in organic solvents.
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Experimental

Materials.

All chemicals were purchased from Sigma-Aldrich and TCI America. They were
used for catalysis as received without further purification. Ethanol and THF were used as

mixture solvents with water without further drying.
Instrumentation.

The >C NMR spectra were measured on a Varian Direct Drive 600 MHz NMR
spectrometer in the specified deuterated solvents. All mass spectrometric analyses were
performed by the staff at the University of Alberta Mass Spectrometry Facility. Samples
requiring high-resolution electron impact (EI) mass spectrometry were obtained on a
Kratos MS50G spectrometer. Samples requiring low-resolution MALDI-TOF mass
spectrometry were obtained on a Bruker Ultraflextreme MALDI TOF/TOF spectrometer.
The high-resolution MALDI-TOF mass spectra were obtained on a Bruker 9.4T Apex-Qe
FTICR spectrometer. The GPC analysis was performed using a Agilent 1100 HPLC
instrument with phenogel column (particle size 10 um and diameter 300x7.8 mm) with
Sedex 75 ELSD detection. THF was used a solvent and the flow rate was 1 mL/min.

Methods.

Stock solutions of RNTs and K;PdCl,. The stock solutions of the RNTs and the
K,PdCly were prepared following the similar procedure under the optimized condition as
mentioned in chapter 2.

Catalyst synthesis: The Pd NPs/RNTs catalyst was synthesized either by
following the incubation protocol or by reducing with hydrogen in water prior to the

catalytic reaction as mentioned in chapter 3.
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Catalytic reaction: General Procedure. Though a variety of different halides
and boronic acids were employed for the Suzuki cross-coupling reaction, the coupling
reaction of 1-iodo-4-nitrobenzene and phenyl boronic acid was presented as the model
procedure for this studies. An ethanol/water solution (2:1 mL, v/v) of the Pd NPs/RNTs
(5.0/0.5 umol, 1 mol% based on Pd concentration) catalyst was treated with 1-iodo-4-
nitrobenzene (124.5 mg; 0.5 mmol) and phenyl boronic acid (121.9 mg; 1.0 mmol), and
K;3;PO4 (425 mg; 2.0 mmol) under nitrogen atmosphere. The reaction mixture was
degassed under vacuum for 2 min and then back filled with N, and stirred at ambient
temperature for 4 h under N,. An aliquot of the reaction mixture was taken into a glass
vial and the product was extracted with diethylether (2 mL) and dried over anhydrous
MgSO4 and filtered. The solvent was then removed under reduced pressure and the
residue was analyzed by "H NMR to determine the product conversion. When necessary,
the resulting mixture was extracted with diethylether (4 x 5 mL) followed by quenching
with brine after completion of the reaction. The extract was dried over anhydrous MgSO4
and filtered. The solvent was removed under reduced pressure and the residue was
chromatographed on a silica column by using appropriate solvent mixtures as an eluent.

Catalyst recycling. The experiment was performed by following the above-
mentioned procedure using 1-iodo-4-nitrobenzene and phenyl nicnic acid as the coupling
partners. However, the experiment was repeated up to the tenth successive cycle. In each
cycle, after completion of the reaction, the product was extracted with diethylether (4 % 5
mL) and the catalyst was reloaded followed by the addition of ethanol (2 mL) and the

reactants.
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Scale up reaction. The scale up reaction was conducted by increasing the loading
of the catalyst (1 mol%, based on Pd concentration), base (21.3 g, 100.0 mmol) and
reactants (1-iodo-4-nitrobenzene (6.2 g, 25.0 mmol) and phenyl boronic acid (6.1 g, 50.0
mmol)) by 50 times under the newly modified conditions (EtOH/H,O (50:50 mL, v/v)
and 40 °C) in 4 h. The reaction resulted in 100% conversion of the coupling product with

95% isolated yield.

Spectroscopic data.

4-Nitrobiphenyl® from 1-iodo-4-nitrobenzene (124.5 mg, 0.5 mmol) and phenyl
boronic acid (121.9 mg; 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCls) &
8.30 (d, /= 9.0 Hz, 2H), 7.74 (d, J = 9.0 Hz, 2H), 7.63 (d, J = 7.2 Hz, 2H), 7.50 (t, J =
7.2 Hz, 2H), 7.45 (t, J= 7.2 Hz, 1H).

4-Nitrobiphenyl® from 1-bromo-4-nitrobenzene (101.0 mg, 0.5 mmol) and phenyl

boronic acid (121.9 mg; 1.0 mmol): 100% conversion.

4-Nitro-4'-tert-butylbiphenyl®'

from 1-iodo-4-nitrobenzene (124.5 mg, 0.5 mmol)
and 4-tert-butylphenyl boronic acid (178.0 mg; 1.0 mmol): 92% conversion; 'H NMR
(600 MHz, CDCl3) ¢ 8.29 (d, J=9.0 Hz, 2H), 7.73 (d, J = 9.0 Hz, 2H), 7.58 (d, J = 7.8

Hz, 2H), 7.52 (d, J = 9.0 Hz, 2H), 1.38 (s, 9 H).
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4-Nitro-4'-tri-methylsilylbiphenyl® from 1-iodo-4-nitrobenzene (124.5 mg, 0.5
mmol) and 4-tri-methylsilylphenyl boronic acid (194.0 mg; 1.0 mmol): 87% conversion;
'H NMR (600 MHz, CDCl;) & 8.30 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 9.0 Hz, 2H), 7.65 (d,

J=17.2Hz, 2H), 7.61 (d, J = 7.8 Hz, 2H), 0.31 (s, 9H).

DWW

4-Cyanobiphenyl® from 4-Todobenzonitrile (114.5 mg, 0.5 mmol) and phenyl
boronic acid (121.9 mg; 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCls) &
7.66 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 7.8 Hz, 2H), 7.52 (d, J = 7.8 Hz, 2H), 7.40 (t, J =

7.8 Hz, 2H), 7.35 (t, J = 7.8 Hz, 1H).

woc— )—( )~

4-Cyano-4'-tert-butylbipheny

1** from 4-Iodobenzonitrile (114.5 mg, 0.5 mmol)

and 4-tert-butylphenyl boronic acid (178.0 mg; 1.0 mmol): 100% conversion; 'H NMR
(600 MHz, CDCls3) 6 7.71 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 9.0 Hz, 2H), 7.54 (d, J = 8.4

Hz, 2H), 7.51 (d, J = 9.0 Hz, 2H), 1.37 (s, 9H).

NC

2-Cyano-4'-tert-butylbiphenyl from 2-bromobenzonitrile (91.0 mg, 0.5 mmol) and
4-tert-butylphenyl boronic acid (178.0 mg; 1.0 mmol): 100% conversion; 'H NMR (600

MHz, CDClL) 6 7.76 (d, J = 9.0 Hz, 1H), 7.63 (dt, J = 1.2, 7.8 Hz, 1H), 7.53-7.52 (m,
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5H), 7.42 (dt, J = 1.2, 7.8 Hz, 1H). >C NMR (150 MHz, CDCl3): § 151.9, 145.5, 135.3,
133.9, 132.9, 130.2, 128.6, 127.4, 125.8, 119.1, 111.3, 34.8, 31.4. EI-MS (m/z): M"
235.13624, Caled. 235.13609 for Ci7H7N; [M — CH3]" 220.11291, Caled. 220.11263 for

CicHiaN.

Br I

O L

2,4-Bis-(2-bromophenyl)-6-(4'-tert-butyl-2-biphenyl)triazine ~ from  2-bromo-

CM93

benzonitrile (91.0 mg, 0.5 mmol) and 4-tert-butylphenyl boronic acid (178.0 mg; 1.0
mmol): 5% yield; '"H NMR (600 MHz, CDCls) § 7.74 (d, J = 6.6 Hz, 1H), 7.69-7.61 (m,
5H), 7.52-7.51 (m, 5H), 7.47-7.40 (m, 5H). >C NMR (150 MHz, CDCl;): & 151.9, 145.5,
135.3, 134.5, 134.1, 133.9, 133.3, 132.9, 130.2, 128.6, 127.8, 127.4, 125.8, 125.4, 119.1,

117.3, 116.0, 111.2. ESI-MS (m/z): [C17H;7N + Na]* 258.1.

4-Cyano-4'-tri-methylsilylbiphenyl from 4-lodobenzonitrile (114.5 mg, 0.5 mmol)
and 4-tri-methylsilylphenyl boronic acid (194.0 mg; 1.0 mmol): 100% conversion; 'H
NMR (600 MHz, CDCl3) 6 7.72 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.64 (d, J =
8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H). °C NMR (150 MHz, CDCL): & 145.7, 141.4,

139.5, 134.2, 132.7, 127.8, 126.6, 119.0, 111.1, — 1.1. EI-MS (m/z): M" 251.11251,
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Caled. 251.11302 for Ci¢HisNSi; [M — CH;]" 236.08916, Caled. 236.08955 for

C15H14NSi.

D UaW,

4-Phenylbiphenyl® from 1-bromo-4-iodobenzene (142.0 mg; 0.5 mmol) and
phenyl boronic acid (121.9 mg; 1.0 mmol): 42 and 82% conversions at ambient and 50
°C, respectively; "H NMR (600 MHz, CDCl;) 6 7.70 (s, 4H), 7.67 (d, J = 7.2 Hz, 4H),
7.48 (t, J= 7.8 Hz, 4H), 7.38 (t, J = 7.8 Hz, 2H). °C NMR (150 MHz, CDCl;): & 140.8,

140.2, 128.9, 127.6, 127.4, 127.2.

W

4-Bromobiphenyl® from 1-bromo-4-iodobenzene (142.0 mg; 0.5 mmol) and
phenyl boronic acid (121.9 mg; 1.0 mmol): 58 and 18% conversions at ambient and 50

°C, respectively; 7.57-7.55 (m, 4H), 7.47-7.43 (m, 4H), 7.37 (t, J = 7.8 Hz, 1H).

NC
2-Tolylbenzonitrile®”® from 2-Iodobenzonitrile (114.5 mg, 0.5 mmol) and p-tolyl
boronic acid (135.0 mg; 1.0 mmol): 100% conversion; 'H NMR (600 MHz, CDCls) &
7.75 (d, J = 7.8 Hz, 1H), 7.63 (t, J = 7.8 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 7.47 (d, J =
7.8 Hz, 2H), 7.42 (t, J = 7.8 Hz, 1H), 7.31 (d, J = 7.8 Hz, 2H), 2.43 (s, 3H). °C NMR
(150 MHz, CDCl3): & 145.5, 138.7, 135.3, 133.7, 132.8, 123.0, 129.4, 128.6, 127.3,
118.9, 111.2, 21.3. EI-MS (m/z): M" 193.08868, Calcd. 193.08914 for CisH;N; [M —

CH,N]" 165.07028, Calcd. 165.07042 for Cy3Hs.
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2-(4-Chlorophenyl)nitrobenzene®” from 2-iodonitrobenzene (124.5 mg, 0.5 mmol)
and 4-chlorophenyl boronic acid (156.0 mg; 1.0 mmol): 100% conversion and 86% yield;
'"H NMR (600 MHz, CDCl3) § 7.88 (d, J = 8.4 Hz, 1H), 7.63 (t, J= 7.8 Hz, 1H), 7.51 (t,J
= 7.8 Hz, 1H), 7.42-7.39 (m, 3H), 7.25 (d, J = 8.4 Hz, 2H). >*C NMR (150 MHz, CDCl;):
§ 149.1, 135.9, 135.2, 134.5, 132.5, 131.8, 129.3, 128.9, 128.6, 124.3. EI-MS (m/z): M"
235.02101, Caled. 235.02141 for Cj;,HgNO,’'Cl; 233.02388, Caled. 233.02435 for

C,HgNO, CL.

4-Phenylbenzaldehyde® from 4-bromobenzaldehyde (92.5 mg; 0.5 mmol) and
phenyl boronic acid (121.9 mg; 1.0 mmol): 96% conversion; 'H NMR (600 MHz,
CDCls): 6 10.06 (s, 1H), 7.95 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 7.63 (d, J =

7.8 Hz, 2H), 7.48 (t, J = 7.8 Hz, 2H), 7.41 (t, J = 7.2 Hz, 1H).

4-Carbaldehyde-4'-tert-butylbiphenyl from 4-bromobenzaldehyde (92.5 mg; 0.5
mmol) and 4-tert-butylphenyl boronic acid (178.0 mg; 1.0 mmol): 36% conversion; 'H
NMR (600 MHz, CDCl;): 6 10.05 (s, 1H), 7.94 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 7.8 Hz,
2H), 7.59 (d, J= 9.0 Hz, 2H), 7.51 (d, J= 7.8 Hz, 2H), 1.38 (s, 9H). °C NMR (150 MHz,

CDCls): 6 191.9, 151.8, 147.0, 136.8, 135.0, 130.3, 127.4, 127.0, 126.0, 31.3. EI-MS
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(m/z): M" 238.13537, Calcd. 238.13577 for C17H;30; [M — CH;]" 223.11227, Calcd.

223.11229 for C16H150.

wesi—( ) )—oro

4-Carbaldehyde-4'-trimethylsilylbiphenyl from 4-bromobenzaldehyde (92.5 mg;
0.5 mmol) and 4-tri-methylsilylphenyl boronic acid (194.0 mg; 1.0 mmol): 77%
conversion; 'H NMR (600 MHz, CDCls): 6 10.05 (s, 1H), 7.95 (d, J = 8.4 Hz, 2H), 7.76
(d, J = 8.4 Hz, 2H), 7.63 (m, 4H), 0.31 (s, 9H). °C NMR (150 MHz, CDCls): 5 193.0,
148.3,142.2, 141.2, 136.4, 135.2, 131.4, 128.8, 127.8, 0.0. EI-MS (m/z): M" 254.11279,
Caled. 254.11269 for Ci¢HisOSi; [M — CHs]" 239.08853, Caled. 239.08922 for

C15H15OSi.

4'-Acetylbiphenyl” from 4'-bromoacetophenone (99.5 mg; 0.5 mmol) and phenyl
boronic acid (121.9 mg; 1.0 mmol): 100% conversion; '"H NMR (600 MHz, CDCl;): &
8.03 (d, J=9.0 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 7.8 Hz, 2H), 7.47 (t, J =
7.8 Hz, 2H), 7.41 (t, J = 7.8 Hz, 1H). °C NMR (150 MHz, CDCls): § 197.8, 145.9,

140.0, 136.0, 129.1, 129.0, 128.4, 127.4, 127.3, 26.8.

4-Trifluoromethylbiphenyl’' from 4-bromobenzotrifluoride (114.1 mg; 0.5 mmol)
and phenyl boronic acid (121.9 mg; 1.0 mmol): 100% conversion; 'H NMR (600 MHz,
CDCl): 6 7.70 (s, 4H), 7.61 (d, J = 8.4 Hz, 2H), 7.49 (t, J = 8.4 Hz, 2H), 7.42 (t, J = 6.0,

7.8 Hz, 1H).
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1-(4-Nitrophenyl)naphthalene®' from 1-bromo-4-nitrobenzene (101.0 mg, 0.5
mmol) and 1-naphthalene boronic acid (172.0 mg; 1.0 mmol): 100% conversion; 'H
NMR (600 MHz, CDCl;): 6 8.35 (d, J = 9.0 Hz, 2H), 7.95 (m, 2H), 7.78 (d, J = 9.0 Hz,
1H), 7.67 (d, J = 9.0 Hz, 2H), 7.583-7.537 (m, 2H), 7.49 (t, /= 7.8 Hz, 1H), 7.44 (d, J =
6.6 Hz, 1H). °C NMR (150 MHz, CDCly): & 147.7, 147.2, 137.8, 133.8, 130.9, 129.0,

128.6, 127.1, 126.8, 126.2, 125.3, 125, 1, 123.6. LC-MS (m/z): [M + H]" 250.2.

/Noz

2-(4-Nitrophenyl)naphthalene®' from 1-bromo-4-nitrobenzene (101.0 mg, 0.5
mmol) and 2-naphthalene boronic acid (172.0 mg; 1.0 mmol): 100% conversion; 'H
NMR (600 MHz, CDCls): 6 8.33 (d, J = 9.0 Hz, 2H), 8.09 (d, /= 1.2 Hz, 1H), 7.97 (d, J
= 8.4 Hz, 1H), 7.94 (t, J = 5.4 Hz, 1H), 7.90 (t, J = 5.4 Hz, 1H), 7.85 (d, /= 9.0 Hz, 1H),
7.74 (dd, J = 2.4, 9.0 Hz, 1H), 7.57-7.54 (m, 2H). >C NMR (150 MHz, CDCL;): & 147.5,

147.1, 136.0, 133.5, 133.3, 129.0, 128.4, 128.0, 127.7, 126.9, 126.8, 124.9, 124.2.

N

N

2,6-Diphenylpyridine”® from 2,6-dibromopyridine (118.5 mg; 0.5 mmol) and
phenylpy

phenyl boronic acid (181.5 mg; 1.5 mmol): 100% conversion; 'H NMR (600 MHz,

163



CDCl): 6 8.18 (d, J=9.0 Hz, 4H), 7.81 (t, J = 7.8 Hz, 1H), 7.70 (d, J = 7.8 Hz, 2H), 7.52
(dd, J=7.2, 7.8 Hz, 4H), 7.45 (t, J= 7.2 Hz, 2H). >C NMR (150 MHz, CDCl3): § 156.8,

139.5, 137.5, 129.0, 128.7, 127.0, 118.6. LC-MS (m/z): [M + H]" 232.1.

Biphenyl-3-methyl-4-carboxylic acid from 4-bromo-2-methylbenzoic acid (107.5
mg; 0.5 mmol) and phenyl boronic acid (121.9 mg; 1.0 mmol): 84% conversion; 'H NMR
(600 MHz, CDCl3): 6 8.17 (d, J = 9.0 Hz, 1H), 7.64 (d, J = 7.2 Hz, 2H), 7.53-7.51 (m,
2H), 7.47 (t,J = 7.2 Hz, 2H), 7.40 (t, J= 7.2 Hz, 1H), 2.76 (s, 3H). °C NMR (150 MHz,
CDCly): & 173.2, 145.7, 142.1, 140.0, 132.4, 130.7, 129.0, 128.3, 127.4, 127.0, 124.6,

22.5. ESI-MS (m/z): [M — H] 211.0762, Caled. 211.0765 for [C14H;10,]".

D

cl o]

2,3-Dichlorobiphenyl®® from 1-bromo-2,3-dichlorobenzene (113.0 mg; 0.5 mmol)
and phenyl boronic acid (121.9 mg; 1.0 mmol): 100% conversion; 'H NMR (600 MHz,
CDCls): & 7.48-7.44 (m, 3H), 7.42-7.40 (m, 3H), 7.27-7.24 (m, 2H). °C NMR (150 MHz,

CDCl3): 6 142.9, 139.3, 133.6, 131.2, 129.5, 129.4, 129.3, 128.1, 127.9, 127.1.

2,6-Diphenylnaphthalene® from 2,6-dibromonaphthalene (143 mg; 0.5 mmol)

and phenyl boronic acid (181.5 mg; 1.5 mmol): 100% conversion; 'H NMR (600 MHz,

164



CDCls): 6 8.07 (d, J = 2.4 Hz, 2H), 7.98 (d, J = 8.4 Hz, 2H), 7.79 (dd, J = 1.8, 8.4 Hz,

2H), 7.75 (d, J = 8.4 Hz, 4H), 7.50 (t, J = 7.8 Hz, 4H), 7.39 (t, J = 7.2 Hz, 2H).

2,6-Bis(4-tert-butylphenyl)naphthalene from 2,6-dibromonaphthalene (143 mg;
0.5 mmol) and 4-tert-butylphenyl boronic acid (267.0 mg; 1.5 mmol): 67% conversion;
'H NMR (600 MHz, CDCl;): & 8.05 (d, J = 1.2 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.77
(dd, J = 1.8, 9.0 Hz, 2H), 7.69 (d, J = 8.4 Hz, 4H), 7.52 (d, J = 7.8 Hz, 4H). °C NMR
(150 MHz, CDCls): 6 150.7, 138.6, 138.5, 133.1, 128.9, 127.3, 126.2, 126.1, 125.5, 31.7.
EI-MS (m/z): M 392.24999, Caled. 292.25040 for CsoHs; [M — CH3]™ 377.22700,

Calcd. 377.22693 for C19H29.

2,6-Bis(4-tri-methylsilylphenyl)naphthalene from 2,6-dibromonaphthalene (143
mg; 0.5 mmol) and 4-fri-methylsilylphenyl boronic acid (291.0 mg; 1.5 mmol): 86%
conversion; 'H NMR (600 MHz, CDCls): 6 8.08 (d, J = 1.2 Hz, 2H), 7.97 (d, J = 8.4 Hz,
2H), 7.79 (dd, J= 1.8, 9.0 Hz, 2H), 7.74 (d, J = 7.8 Hz, 4H), 7.66 (d, J = 7.8 Hz, 4H). °C
NMR (150 MHz, CDCl): 6 141.6, 139.7, 138.8, 134.1, 133.1, 128.9, 126.9, 126.2, 125.7,
— 0.9. EI-MS (m/z): M" 42420360, Calcd. 424.20425 for C,sHs3,Sip; [M — CH;]

409.18077, Calcd. 409.18079 for C,7H29Si.
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4-Phenylbenzo-18-crown-6 from 4-bromobenzo-18-crown-6 (195.6 mg; 0.5
mmol) and phenyl boronic acid (121.9 mg; 1.0 mmol): 56% conversion; 'H NMR (600
MHz, CDCls): 6 7.53 (d, J = 8.4 Hz, 2H), 7.41 (t, J = 8.4 Hz, 2H), 7.30 (t, J = 7.8 Hz,
1H), 7.14-7.12 (m, 2H), 6.94 (d, d, J = 8.4 Hz, 1H), 4.25 (m, 4H), 3.96-3.95 (m, 4H),
3.79-3.78 (m, 4H), 3.73-3.72 (m, 4H), 3.69 (s, 4H). °C NMR (150 MHz, CDCL): &
141.0, 134.8, 128.8, 126.9, 120.1, 114.2, 113.2, 70.8, 69.7, 69.1. ESI-MS (m/z): [M +

NH,]" 406.2225, Calcd. 406.2224 for C»H3,NOg; [M + Na]" 411.1771, Calcd. 411.1778

for CyH,sNaOg; [M + K]" 427.1513, Caled. 427.1517 for C2,HagKOg.

2-Bromo-6-(1-naphthyl)pyridine” from 2,6-dibromopyridine (118.5 mg; 0.5
mmol) and 1-naphthalene boronic acid (258.0 mg; 1.5 mmol): 33% conversion; 'H NMR
(600 MHz, CDCls): 6 8.08-8.06 (m, 1H), 7.93-7.90 (m, 2H), 7.68 (t, = 7.8 Hz, 1H), 7.62-
7.60 (m, 1H), 7.55-7.49 (m, 5H). °C NMR (150 MHz, CDCl;): & 160.5, 142.0, 138.8,
137.0, 134.1, 131.1, 129.7, 128.6, 128.0, 127.0, 126.6, 126.2, 125.4, 125.4, 124.1. EI-MS
(m/z): M" 284.99685, Calcd. 284.99762 for CsHo* BrN; 283.99083, Calcd. 283.98978

for CysH,o" BrN; [M — Br]" 204.08093, Calcd. 204.08133 for C;sH;oN.
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2,6-Bis-(1-naphthyl)pyridine™ from 2,6-dibromopyridine (118.5 mg; 0.5 mmol)
and 1-naphthalene boronic acid (258.0 mg; 1.5 mmol): 5% conversion; 'H NMR (600
MHz, CDClL): 6 8.24-8.22 (m, 2H), 7.97 (t, J = 7.2 Hz, 1H), 7.91 (d, J = 9.0 Hz, 4H),
7.72 (dd, J = 1.2, 7.2 Hz, 2H), 7.64 (d, J = 7.2 Hz, 2H), 7.57 (dd, J = 7.2, 8.4 Hz, 2H),
7.52-7.49 (m, 4H). ’C NMR (150 MHz, CDCls): § 159.3, 138.9, 136.8, 134.2, 131.5,
129.0, 128.6, 127.9, 126.6, 126.0, 125.9, 125.6, 123.6. ESI-MS (m/z): [M + H]"
332.1425, Caled. 332.1434 for C,sHigN; [M + Na]® 354.1248, Caled. 354.1253 for

C25H17NNa.

2-Bromo-6-(2-naphthyl)pyridine from 2,6-dibromopyridine (118.5 mg; 0.5 mmol)
and 2-naphthalene boronic acid (258.0 mg; 1.5 mmol): 86% conversion; 'H NMR (600
MHz, CDCls): 6 8.50 (s, 1H), 8.11 (dd, J= 1.8, 9.0 Hz, 1H), 7.96-7.92 (m, 2H), 7.88-7.86
(m, 1H), 7.82 (d, J=7.2 Hz, 1H), 7.63 (t, J= 7.8 Hz, 1H), 7.53-7.51 (m, 2H), 7.44 (d, J =
8.4 Hz, 1H). °C NMR (150 MHz, CDClL3): & 158.7, 142.5, 139.2, 135.1, 134.1, 133.6,
129.0, 128.8, 127.9, 127.1, 126.9, 126.6 (2C), 124.5, 119.4. ESI-MS (m/z): [M + H]
284.0068, Calcd. 284.0069 for C;sH;;BrN; [M + Na]™ 305.9885, Calcd. 305.9889 for

C15H10BrNNa.

167



2,6-Bis-(2-naphthyl)pyridine” from 2,6-dibromopyridine (118.5 mg; 0.5 mmol)
and 2-naphthalene boronic acid (258.0 mg; 1.5 mmol): 14% conversion; 'H NMR (600
MHz, CDCl): 6 8.65 (s, 2H), 8.38 (dd, J = 1.8, 9.0 Hz, 2H), 8.02-7.99 (m, 4H), 7.93-7.87
(m, 5H), 7.55-7.52 (m, 4H). °C NMR (150 MHz, CDCL): § 157.1, 137.8, 137.1, 134.0,
133.7, 129.0, 128.6, 127.9, 126.7, 126.6, 126.4, 125.0, 119.2. ESI-MS (m/z): [M + H]"
332.1426, Caled. 332.1434 for C,sHigN; [M + Na]™ 354.1246, Calcd. 354.1253 for

C25H17NNa.

) OQ 8

2-Bromo-6-(1-naphthyl)naphthalene from 2,6-dibromonaphthalene (143 mg; 0.5
mmol) and 1-naphthalene boronic acid (258.0 mg; 1.5 mmol): 57% conversion; 'H NMR
(600 MHz, CDCl;): 6 8.11 (d, J = 1.8 Hz, 1H), 7.96-7.90 (m, 4H), 7.87 (d, J = 7.8 Hz,
1H), 7.76 (d, J = 8.4 Hz, 1H), 7.67 (dd, J = 1.8, 8.4 Hz, 1H), 7.62 (dd, J = 1.8, 9.0 Hz,
1H), 7.58 (t, J = 7.8 Hz, 1H), 7.54-7.51 (m, 2H), 7.47-7.44 (m, 1H). >C NMR (150 MHz,
CDCls): 6 139.9, 139.0, 134.0, 133.8, 132.0, 131.8, 130.0, 129.9, 129.7, 128.9, 128.6,
128.2, 127.4, 127.0, 126.4, 126.1(2C), 125.6, 120.2. EI-MS (m/z): M" 334.01946, Calcd.
334.01801 for CaoH;3*'Br; 332.02027, Caled. 332.02005 for CaHjs Br; [M — Br]”

253.09874, Calcd. 253.10173 for CyoHis.
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2,6-Bis-(1-naphthyl)naphthalene from 2,6-dibromonaphthalene (143 mg; 0.5
mmol) and 1-naphthalene boronic acid (258.0 mg; 1.5 mmol): 43% conversion; 'H NMR
(600 MHz, CDCls): 6 8.08 (s, 2H), 8.04-8.02 (m, 4H), 7.98 (d, /= 8.4 Hz, 2H), 7.94 (d, J
= 7.8 Hz, 2H), 7.73 (d, J = 7.8 Hz, 2H), 7.63-7.59 (m, 4H), 7.55 (t, /= 7.2 Hz, 2H), 7.55
(t, J = 7.2 Hz, 2H) >C NMR (150 MHz, CDCl;): & 140.4, 138.8, 134.1, 132.8, 132.0,
129.2, 128.8, 128.6, 128.1, 128.0, 127.5, 126.4, 126.3, 126.1, 125.7. EI-MS (m/z): M"

380.15724, Calcd. 380.15649 for CsoHao.

e UaWe

2-Bromo-6-(2-naphthyl)naphthalene from 2,6-dibromonaphthalene (143 mg; 0.5
mmol) and 2-naphthalene boronic acid (258.0 mg; 1.5 mmol): >98% conversion; 'H
NMR (600 MHz, CDCls): 6 8.16 (s, 1H), 8.13 (s, 1H), 8.05 (d, /= 1.2 Hz, 1H), 7.97-7.81
(m, 6H), 7.80 (d, J = 9.0 Hz, 1H), 7.60 (dd, J = 1.8, 8.4 Hz, 1H), 7.55-7.50 (m, 2H). "°C
NMR (150 MHz, CDCl3): & 139.11, 138.13, 133.9 (2C), 132.9, 132.4, 130.1, 129.9,
128.8, 128.4, 127.9, 127.8, 127.0, 126.6, 126.4, 126.2, 125.7, 120.1. EI-MS (m/z): M"

334.01862, Calcd. 334.01801 for CyH;3*'Br; 332.02038, Caled. 332.02005 for

CaoH13”'Br; [M — HBr]" 252.09392, Caled. 252.09390 for CaoH».
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4,7-Biphenyl-2,1,3-benzothiadiazole’' from bromobenzene (78.5 mg, 0.5 mmol)
and 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (4.1; 97.0 mg; 0.25 mmol):
75% yield; "H NMR (600 MHz, CDCls): § 7.97 (d, J = 7.2 Hz, 4H), 7.80 (s, 2H), 7.57-
7.55 (m, 4H), 7.48-7.46 (m, 4H). °C NMR (150 MHz, CDCL): & 154.3, 137.7, 133.6,
129.5, 128.9, 128.6, 128.4. High res. MALDI-MS (m/z): 288.07131 (Calcd. 288.07211

fOI‘ C 1 ngzst (M+)) .
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4,7-Bis-(4-nitrophenyl)-2,1,3-benzothiadiazole =~ from 1-bromo-4-nitrobenzene
(101.0 mg, 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 81% yield; 'H NMR (600 MHz,
CDCL): & 8.43 (d, J = 8.4 Hz, 4H), 8.19 (d, J = 8.4 Hz, 4H), 7.93 (s, 2H). >C NMR (150
MHz, CDCls): 6 153.8, 148.0, 143.3, 132.6, 130.4, 129.0, 124.1. High res. MALDI-MS

(m/z): 378.04189 (Calcd. 378.04227 for C1sH;004N4S (M)).

O,N
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s

4-(2-Nitrophenyl)-2,1,3-benzothiadiazole from 2-iodonitrobenzene (124.5 mg, 0.5
mmol) and 4.1 (97.0 mg; 0.25 mmol): 35% yield; "H NMR (600 MHz, CDCls): & 8.16 (d,

J =7.8 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 7.76-7.69 (m, 2H), 7.65-7.58 (m, 3H). "°C
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NMR (150 MHz, CDCls): 6 154.8, 153.4, 149.5, 133.4, 132.8, 132.7, 132.0, 129.7, 129.6,
128.1, 125.1, 121.9. High res. MALDI-MS (m/z): 257.02573 (Caled. 257.02591 for

C1,H;0,N3S (M))).

NO, O,N
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S
4,7-Bis-(2-nitrophenyl)-2,1,3-benzothiadiazole™ from 2-iodonitrobenzene (124.5
mg, 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 38% yield; '"H NMR (600 MHz, CDCls): &
8.18 (d, J = 9.0 Hz, 2H), 7.79-7.77 (m, 2H), 7.71 (s, 2H), 7.67-7.65 (m, 4H). *C NMR
(150 MHz, CDCL): 6 153.2, 149.5, 133.5, 132.9, 132.4, 132.0, 129.8, 128.3, 125.1. High

res. MALDI-MS (m/z): 378.04239 (Calcd. 378.04227 for CisH;004NsS (M").
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738 from  4-bromobenzonitrile

4,7-Bis-(4-cyanophenyl)-2,1,3-benzothiadiazole
(91.0 mg, 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 84% yield; '"H NMR (600 MHz,
CDCl;): & 8.12 (d, J = 8.4 Hz, 4H), 7.88 (s, 2H), 7.85 (d, J = 8.4 Hz, 4H). >C NMR (150

MHz, CDCls): 6 153.8, 141.5, 132.8, 132.7, 130.1, 128.8, 118.9, 112.5.

CN NC
/ N\
N\S,N

4,7-Bis-(2-cyanophenyl)-2,1,3-benzothiadiazole from 2-bromobenzonitrile (91.0

mg, 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 48% yield; '"H NMR (600 MHz, CDCls): &
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7.90-7.89 (m, 4H), 7.86 (d, J = 7.2 Hz, 2H), 7.81-7.78 (m, 2H), 7.62-7.59 (m, 2H). "°C
NMR (150 MHz, CDCLy): § 153.7, 140.8, 133.9, 133.0, 131.9, 131.7, 130.0, 129.1, 118.5,
112.8. Low res. MALDI-MS (m/z): 339.0 (M+H)". High res. MALDI-MS (m/z):
339.06989 (Caled. 339.06971 for CoH NS (M+H)™; 356.09644 (Calcd. 356.09653 for

Cy0H14N5S (M+NH,4)'; 361.05184 (Calcd. 361.05170 for Ca0H oN4NaS (M+Na)").

\
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2,1,3-Benzothiadiazolyl-4,7-bis-(phenyl-4-carbaldehyde)’*~* from 4-bromobenz-
aldehyde (92.5 mg, 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 84% yield; "H NMR (600
MHz, CDCls): 6 10.13 (s, 2H), 8.17 (d, J = 8.4 Hz, 4H), 8.07 (d, J = 8.4 Hz, 4H), 7.91 (s,

2H). >C NMR (150 MHz, CDCl): & 192.0, 154.0, 143.1, 136.3, 133.2, 130.2, 130.1,

128.9.
OHC N/\ }N CHO
S

2,1,3-Benzothiadiazolyl-4,7-bis-(phenyl-3-carbaldehyde) from 3-bromobenz-
aldehyde (92.5 mg, 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 86% yield; "H NMR (600
MHz, CDCls): 6 10.16 (s, 2H), 8.51 (s, 2H), 8.30 (d, J = 7.8 Hz, 2H), 8.00 (d, /= 7.8 Hz,
2H), 7.90 (s, 2H), 7.75 (t, J = 7.8 Hz, 2H). °C NMR (150 MHz, CDCl;): & 192.3, 154.0,
138.3,137.1, 135.3, 132.8, 130.6, 129.9, 129.6, 128.6. Low res. MALDI-MS (m/z): 345.0
(M+H)". High res. MALDI-MS (m/z): 345.06922 (Calcd. 345.06914 for CyoH;30,N,S

(M+H)").
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4,7-Bis-(4'-acetylphenyl)-2,1,3-benzothiadiazole ~ from 4'-bromoacetophenone
(99.5 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 86% yield; '"H NMR (600 MHz,
CDCl;): 6 8.15 (d, J = 8.4 Hz, 4H), 8.09 (d, J = 8.4 Hz, 4H), 7.88 (s, 2H), 2.69 (s, 6H).
C NMR (150 MHz, CDCLs): § 197.9, 154.0, 141.9, 137.0, 133.2, 129.7, 128.9, 128.7,
27.0. Low res. MALDI-MS (m/z): 372.0 (M"). High res. MALDI-MS (m/z): 372.09267

(Calcd. 372.09275 for C22H1602st (M+))
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4,7-Bis-(4-trifluoromethylphenyl)-2,1,3-benzothiadiazole’’ from 4-bromobenzo-
trifluoride (114.1 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 90% yield; 'H NMR
(600 MHz, CDCL3): & 8.10 (d, J = 7.8 Hz, 4H), 7.86 (s, 2H), 7.82 (d, J = 7.8 Hz, 4H). °C
NMR (150 MHz, CDCl;): & 154.0, 140.8, 133.0, 130.7 (q, J = 32.3 Hz), 129.9, 128.7,
125.8 (q, J = 3.5 Hz), 124.4 (q, J = 271.4 Hz). ”’F NMR (564 MHz, CDCl;): 8 —62.6 (s,
6F). High res. MALDI-MS (m/z): 425.05428 (Calcd. 425.05440 for Cy0H;iFsN,S

(M+H)").

aUaGaWs
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4,7-Bis-(4-ﬂu0rophenyl)-2,1,3-benzothiadiazole58 from 4-bromofluorobenzene

(87.5 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 92% yield; '"H NMR (600 MHz,
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CDCL): & 7.97-7.94 (m, 4H), 7.75 (s, 2H), 7.26-7.23 (m, 4H). °C NMR (150 MHz,
CDCls): 8 163.2 (d, J = 247.2 Hz), 154.2, 133.6 (d, J = 2.3 Hz), 132.6, 131.2 (d, J = 8.1

Hz), 128.1, 115.9 (d, J = 21.8 Hz). '°F NMR (564 MHz, CDCls): 5 —113.3-113.4 (m, 2F).

Ci Cl Cl Cl
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4,7-Bis-(2,3-dichlorophenyl)-2,1,3-benzothiadiazole from 1-bromo-2,3-dichloro-
benzene (113.0 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 76% yield; "H NMR (600
MHz, CDCl): 6 7.68 (s, 2H), 7.61 (dd, J = 1.2, 7.8 Hz, 2H), 7.46 (dd, J = 1.2, 7.8 Hz,
2H), 7.38 (t, J = 7.2, 7.8 Hz, 2H). >C NMR (150 MHz, CDCL): & 153.7, 138.5, 134.1,

132.6, 132.3, 130.9, 130.2, 129.7, 127.5. Low res. MALDI-MS (m/z): 424.9 (M+H)".

High res. MALDI-MS (m/z): 424.92346 (Calcd. 424.92351 for CisHoCLN,S (M+H)Y).

SNaQ”

s
4,7-Bis-(4-tolyl)-2,1,3-benzothiadiazole52 from 4-bromotoluene (85.5 mg; 0.5
mmol) and 4.1 (97.0 mg; 0.25 mmol): 89% yield; "H NMR (600 MHz, CDCls): & 7.87 (d,
J=8.4 Hz, 4H), 7.76 (s, 2H), 7.37 (d, J = 8.4 Hz, 4H), 2.46 (s, 6H). *C NMR (150 MHz,

CDCls): 6 154.4, 138.5, 134.9, 133.3, 129.6, 129.3, 128.0, 21.5.

ol Ao
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4,7-Bis-(4-methoxyphenyl)-2,1,3-benzothiadiazole®”** from 4-bromoanisole (93.5

mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 84% yield; '"H NMR (600 MHz, CDCls): &
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7.93 (d, J = 8.4 Hz, 4H), 7.72 (s, 2H), 7.09 (d, J = 8.4 Hz, 4H), 3.90 (s, 6H). °C NMR

(150 MHz, CDCl): 6 160.0, 154.4, 132.6, 130.6, 130.2, 127.6, 114.3, 55.6.
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3962 from  4-bromo-

4,7-Bis-(4-(mercaptomethyl)phenyl)-2,1,3-benzothiadiazole

thioanisole (101.6 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 30% yield; '"H NMR
(600 MHz, CDCls): 6 7.92 (d, J = 8.4 Hz, 4H), 7.76 (s, 2H), 7.43 (d, J = 8.4 Hz, 4H),
2.57 (s, 6H). °C NMR (150 MHz, CDCly): § 154.3, 139.4, 134.3, 132.8, 129.7, 127.9,
126.7, 15.9. Low res. MALDI-MS (m/z): 379.9 (M"). High res. MALDI-MS (m/z):
380.04673 (Calcd. 380.04681 for CaoH6N,S3 (M")).

MeO\ _/OMe
oY I o

MeO/ N// \\N \OMe

NaQ”

S

4,7-Bis-(3,4,5-trimethoxyphenyl)-2,1,3-benzothiadiazole from 1-bromo-3,4,5-
trimethoxybenzene (123.5 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 88% yield; 'H
NMR (600 MHz, CDCL): & 7.77 (s, 2H), 7.21 (s, 4H), 3.97 (s, 12H), 3.95 (s, 6H). °C
NMR (150 MHz, CDCl3): 6 154.3, 153.6, 138.8, 133.4, 133.1, 128.0, 106.9, 61.2, 56.5.
Low res. MALDI-MS (m/z): 468.0 (M"). High res. MALDI-MS (m/z): 468.13496 (Calcd.

468.13503 for C24H2406st (M+))
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4,7-Bis-(2,3,4-trimethoxyphenyl)-2,1,3-benzothiadiazole from 1-bromo-2,3,4-
trimethoxybenzene (123.5 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 19% yield; 'H
NMR (600 MHz, CDCls): 6 7.69 (s, 2H), 7.31 (d, J = 9.0 Hz, 2H), 6.85 (d, J = 9.0 Hz,
2H), 3.96 (s, 6H), 3.95 (s, 6H) 3.78 (s, 6H). °C NMR (150 MHz, CDCL): § 154.8, 154.2,
152.2, 142.6, 130.3, 129.9, 126.2, 124.4, 107.4, 61.5, 61.1, 56.3. High res. MALDI-MS

(m/z): 468.13613 (Calcd. 468.13550 for Co4H2406N2S (M)).

OQO Yoo W

4,7-Bis-(2-amino-7-fluoryl)-2,1,3-benzothiadiazole =~ from  2-Amino-7-bromo-
fluorene (130.1 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 63% yield; "H NMR (600
MHz, DMSO): ¢ 8.14 (s, 2H), 7.97-7.96 (m, 4H), 7.76 (d, J = 7.8 Hz, 2H), 7.76 (d, J =
8.4 Hz, 2H), 6.81 (s, 2H), 6.64-6.63 (m, 2H), 5.31 (s, 4H), 3.87 (s, 4H). °C NMR (150
MHz, DMSO): ¢ 153.6, 148.8, 145.3, 142.5, 141.8, 132.9, 132.2, 129.1, 127.8, 127.7,
125.3, 120.9, 117.9, 112.9, 110.3, 36.3. Low res. MALDI-MS (m/z): 494.0 (M"). High

res. MALDI-MS (m/z): 494.15590 (Calcd. 494.15599 for C3H2N4S (M))).

4,7-Bis-(5-(5'-hexyl-2,2"-bithienyl))-2,1,3-benzothiadiazole ~ from 5-Bromo-5'-

hexyl-2,2'-bithiophene (164.7 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 14% yield;
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"H NMR (600 MHz, CDCL): 5 8.03 (d, J = 3.6 Hz, 2H), 7.83 (s, 2H), 7.19 (d, J = 3.6 Hz,
2H), 7.11 (d, J = 3.6 Hz, 2H), 6.73 (d, J = 3.6 Hz, 2H), 2.82 (1, J = 7.2 Hz, 4H), 1.73-1.68
(m, 4H), 1.42-1.38 (m, 4H), 1.34-1.32 (m, 8H), 0.91 (m, 6H). *C NMR (150 MHz,
CDCLy): & 152.8, 146.3, 139.6, 137.7, 134.9, 128.5, 125.8, 125.3, 125.2, 124.1, 124.0,
31.8, 30.5, 29.0, 22.8, 14.3. Low res. MALDI-MS (m/z): 631.9 (M"). High res. MALDI-

MS (m/z): 632.14764 (Calcd. 632.14773 for C34H36N2Ss (M)).

A A
(—O (0] (0] 0—>
O o N/ N o] o
T S
(o) 0] (0] 0]
\_/ _/
4,7-Bis-(4'-(benzo-18-crown-6))-2,1,3-benzothiadiazole from 4-bromobenzo-18-
crown-6 (195.6 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): 58% yield; "H NMR (600
MHz, CDCl): 6 7.72 (s, 2H), 7.58 (d, J = 1.8 Hz, 2H), 7.55 (dd, J = 1.8, 8.4 Hz, 2H),
7.04 (d, J = 8.4 Hz, 2H), 4.30-4.25 (m, 8H), 3.99 (s, 8H), 3.82-3.80 (m, 8H), 3.75-3.71
(m, 16H). °C NMR (150 MHz, CDCl;): § 154.4, 149.4, 149.0, 132.6, 130.9, 127.7,
122.6, 115.6, 114.2, 70.9, 69.8, 69.7, 69.4, 54.0, 31.9, 29.9, 29.5, 22.9, 14.3. Low res.
MALDI-MS (m/z): 756.0 (M"); 779.0 (M+Na)"; 795.0 (M+K)". ESI-MS (m/z): [M +
NH,4]" 774.3252, Caled. 774.3266 for CisHs:N3;015S; [M + Na]™ 779.2809, Calcd.
779.2820 for C3gH4gN2NaOIZS; [M + K]+ 7952570, Calcd. 795.2583 for C38H48N2K0128.
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4-(2-Benzothiazolyl)-2,1,3-benzothiadiazole from 2-bromobenzothiazole (107.0

mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): <5% yield; '"H NMR (600 MHz, CDCls): &
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8.79 (d, J = 7.2 Hz, 1H), 8.17 (t, J = 8.4 Hz, 2H), 8.02 (d, J = 7.8 Hz, 1H), 7.79 (dd, J =
7.2,9.0 Hz, 1H), 7.55 (t, J= 7.2 Hz, 1H), 7.45 (t, J = 7.2 Hz, 1H). >C NMR (150 MHz,
CDCl): & 162.8, 155.5, 153.0, 152.3, 137.0, 129.7, 129.1, 126.7, 126.5, 125.6, 123.8,

123.6, 121.9. High res. MALDI-MS (m/z): 269.00753 (Calcd. 269.00815 for Ci3H7N;S,

(M)

4,7-Bis-(2-benzothiazolyl)-2,1,3-benzothiadiazole from 2-bromobenzothiazole
(107.0 mg; 0.5 mmol) and 4.1 (97.0 mg; 0.25 mmol): <5% yield; '"H NMR (600 MHz,
CDCl3): 6 8.99 (s, 2H), 8.21 (d, /= 7.8 Hz, 2H), 8.04 (d, J = 7.8 Hz, 2H), 7.58 (t, J = 7.8
Hz, 2H), 7.47 (t, J = 7.8 Hz, 2H). °C NMR (150 MHz, CDClL3): & 162.2, 153.1, 152.8,
137.3, 129.1, 127.8, 126.9, 126.0, 123.9, 122.0. High res. MALDI-MS (m/z): 402.00647

(Calcd. 402.00677 for C20H10N4S3 (M+))

one—( Q Q_NOZ
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4-(4-Nitrophenyl)-7-(phenyl-4-carbaldehyde)-2,1,3-benzothiadiazole ~ from 1-
bromo-4-nitrobenzene (50.5 mg, 0.25 mmol), 4-bromobenzaldehyde (46.3 mg, 0.25
mmol) and 4.1 (97.0 mg; 0.25 mmol): 49% yield; "H NMR (600 MHz, CDCl3): § 10.13
(s, 1H), 8.41 (d, J = 9.0 Hz, 2H), 8.20-8.17 (m, 4H), 8.08 (d, J = 8.4 Hz, 2H), 7.92 (s,
2H). °C NMR (150 MHz, CDCl): & 192.0, 154.0, 153.8, 147.9, 143.5, 142.9, 136.4,

133.7,132.1, 130.3, 130.2, 130.1, 129.1, 128.8, 124.1. Low res. MALDI-MS (m/z): 361.9
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(M+H)". High res. MALDI-MS (m/z): 362.05939 (Calcd. 362.05967 for CoH,03N3S
(M+H)").

Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] from
2,7-Dibromo-9,9-di-n-octylfluorene (274.2 mg; 0.5 mmol) and 4.1 (194.1 mg; 0.5 mmol):
51% yield; '"H NMR (600 MHz, CDCls): & 8.09-7.80 (m, 6H), 7.52-7.49 (m, 1H), 2.14-

1.96 (m, 4H), 1.22-1.11 (m, 24H), 0.95 (s, 2H), 0.83-0.77 (m, 9H). Average M, 1300-
5000 (GPC).
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Chapter 5

Supramolecular Asymmetric Catalysis

5.1 Introduction

Asymmetric catalysis with transition metals is one of the most important and
general strategies to produce chiral products, whereby achiral starting materials are
directly converted to enantioenriched products.™ Over the last few decades, intensive
research in this area has broadened the scope of performing several asymmetric reactions
routinely to produce chiral building blocks or fine chemicals used in pharmaceutical,
agrochemical and perfume industries.”> The catalyst used in asymmetric catalysis
typically comprises a chiral ligand coordinated to a metal (Figure 5.1a). The structural
and electronic properties of the chiral ligand play a vital role in the catalytic activity as
well as chirality induction to the product formed.® Very recently, a new concept of using

chiral ion pair catalysts has been explored where the catalyst consists of cationic

transition metals with chiral anions (Figure 5.1p).5M
(@) (b)
Cw ML (L™
M = Metal Cation
M = Metal Centre L, =Ligand

L, = Chiral Anion
n =m = No. of Charge

C = Chelating Chiral Ligand
Figure 5.1: Design of the asymmetric catalysts using (a) chiral ligand-metal complex and
(b) metal cation containing chiral anion.

In parallel to the impressive developments of small transition metal complex and

organometallic catalysts for asymmetric catalysis, supramolecular chiral catalysis has
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rown into a mature field.'> The inspiration for these concepts is then derived from
g p p

13-16

nature. Nature selects a few number of building blocks to produce enzymes that

catalyze asymmetric reactions a with very high reaction rate and exquisite selectivity

14,16

beyond conventional synthetic methods. ™~ For example, DNases catalyze the hydrolysis

16-20 while it has been estimated

of phosphate diester bonds in DNA within a few seconds,
that in absence of an enzyme the reaction half-life would be 200 million years.*' The
binding of a substrate molecule to the active site on the enzyme results in activation of
the substrate molecule and thus enhances the rate of reaction (Figure 5.2).>*2 On the
other hand, the spatial factors such as specific interactions between the substrate molecule
and amino-acid residues near the active site may induce exquisite selectivity (Figure

5.2).2%* Apart from the purely biological function of enzymes, they offer the catalysis

under environmentally benign mild reaction conditions using fully biodegradable

catalysts.*>*
Substrate
( Products
NI 4
Active Site j «(
—t—
Catalysis

= = =

Enzyme Enzyme/Substrate = Enzyme/Product Enzyme
complex complex

Figure 5.2: Schematic representation of the induced fit hypothesis of enzyme catalysis.
Inspired by enzyme catalysis, a large variety of artificial metalloenzymes have
been synthesized, where proteins have been used as the scaffold.’” The resulting

metalloenzymes have been employed for asymmetric catalysis including hydrolyses,*®

31,32 34-37

hydrogenations,”"" transfer hydrogenations, allylic alkylations,” sulfoxidations,
ydrog ydrog y y
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41,42

epoxidations,”®” dihydroxylations,” Diels-Alder reactions, and transaminations.”

Besides this, oligonucleotides have also been employed for asymmetric catalysis.””**!
Very recently, Feringa et al. demonstrated asymmetric catalysis using DNA-based

catalysts.'®*7*8

The catalyst was constructed from a natural duplex DNA and a Cu
complex of a nonchiral ligand attached to the DNA (Figure 5.3). They have found that the
catalyst could catalyze the Diels-Alder reaction (Figure 5.3) and the Michael addition
with very high enantioselectivity.””™ As the catalysis takes place at the Cu center

attached to the DNA, the supramolecular chirality of DNA was induced to the product

during catalysis.

DNA-Cu Catalyst Z |N
XD
2+ —
N N N N
\ 7 \ 7
Cu?* Cu?*
ee 99% ee 90%
7/ \
N N
/ N\
\ /" \_/
AN 7
Cu?*
ee 72% ee 61%

Figure 5.3: DNA-Cu catalyzed Diels—Alder cycloaddition reaction. Enanatioselectivity

varies depending on different chelating ligand.
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Taking inspiration from this DNA-based metal catalyst design, several groups
have demonstrated different asymmetric catalysis using DNA-based hybrid catalysts.””®’
In contrast to the rapid development of supramolecular chiral metal complex catalyst,
only a few examples have been reported in the literature incorporating supramolecular

chiral metal nanoparticle catalysts for asymmetric catalysis.'***"

Very recently,
Somorjai et al. demonstrated asymmetric cyclopropanation using a polyamidoamine
(PAMAM) dendrimer encapsulated Au NP catalyst.”” They employed a fixed-bed flow
reactor where both the catalytic reactivity and the product diastereoselectivity depended
on the flow rate. Later, they modifed the catalyst by replacing the dendrimer with a
mesoporous silica (MCF-17) catalyst immobilized with a chiral self-assembled
monolayer (SAM) containing Au NPs (Figure 5.4)."* They found enhanced catalytic

reactivity and selectivity when the amino acid SAM was substituted with the peptide

SAM.

OH H
OH HO"\ Br - SiCls Br Chiral molecule

Br Br
on Ho ) C——p Brg Br —>
OH

MCF-17

Chiral molecules for SAM

N z
HO N]
COOH COOH ¢o 8

Figure 5.4: Synthesis of Au NPs encapsulated in chiral SAM/MCF-17 support.
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As RNT (called “G0) shows supramolecular chirality and the presence of Pd NPs
onto its surface preserves the chirality (Chapter 2), I decided to carry out the
supramolecular asymmetric catalysis by using the Pd NPs/RNTs catalyst. I envisioned
that the supramolecular chirality would induce to the product during the catalytic event.

5.2 Results and Discussion

5.2.1 Initial Attempts at the Asymmetric Suzuki-Miyaura Cross-Coupling Reaction

Earlier, I optimized the conditions and established an effective general procedure
for the Suzuki-Miyaura cross-coupling reaction. The detailed spectroscopic
characterization of the Pd NPs/RNTs catalyst under the catalytic condition (Chapter 4)
suggested that the catalyst could be a suitable candidate for asymmetric catalysis. In
addition, this study could allow us to understand the fundamentals of the event of
chirality induction in nanoparticle catalysis either it is chiral center or global chiral matrix
effect. Keeping this in mind and with the initial results in hand, I decided to carry out an
atroposelective biaryl coupling reaction.”’ Generally, this is a type of Suzuki-Miyaura
cross-coupling reaction, where two ortho-substituted aryl or naphthalene reactants are

used to produce a coupling product.”*”"

Due to restricted rotation the coupling product
could show R- or S- configuration depending on the nature of the chiral catalyst (Figure

5.5).”77

Figure 5.5: The possible R- or S- configuration of binaphthyl compounds.
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For ease of chromatographic separation and analysis by 'H NMR spectroscopy, I
planned to synthesize a binaphthyl product, which is a diastereomer, and determine the
diastereoselectivity for the catalytic reaction. In addition, as the RNT showed right
handed helicity, it was expected that the reaction would afford the R-configured coupling
product as the major product. With this in mind, I carried out a catalytic reaction of 1-
bromo-2-naphthaldehyde and 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester)
following the previously optimized procedure (Chapter 4) using 1 mol% Pd NPs/RNTs

catalyst in EtOH/H,0 mixture solution (Scheme 5.1).

Br
CHO

5.1 41R—B 5.3,16% 5.4,10%

(a)

I I CHO
N

/7 =
o)

\ -

N

I I CHO

5.2

Condition:

1 mol% Cat.,6 h
EtOH/H,0, 50 °C, K;PO,

Scheme 5.1: Attempt to synthesize a benzothiadiazole-based diastereomer (5.2).
Unfortunately, instead of producing the expected bis-coupling product (5.2;

Scheme 5.1, route a), the reaction afforded the mono-coupling and deboronation product
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(5.4) in 10% yield (Scheme 5.1, route b). In addition, the reaction afforded bromine-
exchanged product 1-ethoxy-2-naphthaldehyde (5.3) in 16% yield along with the

recovered (26%) bromo starting material (Scheme 5.1, route b).

Br R N
CHO Nx S, _
\N/

5.1 41,R =B - - 5.4
o) Intermediate

Condition:
1 mol% Cat.,6 h
EtOH/H,0, 50 °C, K;PO, OO
CHO

I I CHO

5.2
Scheme 5.2: The formation of 5.4 by the deboronation of the intermediate compound.
The formation of mono-coupling product was not surprising and was expected to
form in the first catalytic cycle. Unfortunately, the deboronation of the intermediate
compound leads to the formation of 5.4 and blocks the second coupling reaction
affording the desired bis-coupling product 5.2 (Scheme 5.2). Previously, different groups
observed similar deboronation reaction in Suzuki-Miyaura cross-coupling reaction.”®”®

Recently, Sankararaman et al. reported the deboronation of both 2-benzoxy-1-

naphthalene boronic acid and 2-methoxy-1-naphthalene boronic acid when used for the
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cross-coupling reaction.’® It is well documented that deboronation tends to dominate over
coupling reaction for sterically hindered aryl boronic acids containing ortho
substituents.”®’” In a sterically demanding compound, the boronic acid group possesses
an out-of-plane conformation which makes it more prone to deboronation.”® Despite a
few example of coupling under rigorously anhydrous conditions, the deboronation was
found to be more facile in aqueous solution and in the presence of an inorganic base.”*"’
As the initial reaction with 1 mol% catalyst loading was found to be incomplete in 6 h
with low product yield, I repeated the reaction by varying the catalyst loading and
reaction duration. The attempts to achieve complete reaction with high product yield were
unsuccessful (Table 5.1).

Table 5.1: Product distribution in attempted coupling reaction (Scheme 5.1) under

different conditions.

Entry | Catalyst loading | Reaction Product yield (%) ee (%)
(%) duration 5.1 53 5.4
(h) (recovered)
1. 1 6 26 16 10
2. 1 24 21 21 13
3. 5 24 20 21 13 6"
4. 5 48 22 26 15
5. 10 48 17 23 11 6’

“ The ee determination performed on the isolated TLC band. ” The ee determination
performed on the crystalline solid.

Firstly, the same reaction (Scheme 5.1) with 1 mol% catalyst loading was repeated for a
longer reaction time of 24 h. Though the yield of the product was slightly improved, still

the reaction was incomplete. Secondly, the similar reaction was repeated with higher
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catalyst loadings (5 and 10 mol%) and prolonged reaction time. However, there was very
little influence of the increased catalyst loading as well as the reaction duration towards
the reaction completion and the product yield (Table 5.1). The incomplete reaction could
be explained by two reasons- (i) formation of 1-ethoxy-2-naphthaldehyde (5.3), and (ii)
the deboronation reaction (Scheme 5.1). The formation of 5.3 blocks the possibility of
coupling reaction, although the reaction was always encountered with recovering
unreacted bromo substrate (5.1). Besides this, the deboronation reaction of the
intermediate (Scheme 5.2) also greatly reduced the chances of further consumption of
5.1. Hence, this investigation indicates that the increased catalyst loading or the
prolonged reaction time has no significant impact on the completion of the reaction.

5.2.2 Characterization of the Mono-coupling Product (5.4)

The '"H NMR spectrum of 5.4 shows a total of eight signals due to the nine
aromatic protons of the naphthalene and the benzothiadiazole rings. The singlet at 6 9.76
ppm is distinguishable for the aldehyde proton on the naphthalene ring. The °C NMR
spectrum has seventeen distinct signals attributed to the seventeen different carbon atoms
in 5.4. The high resolution MALDI mass spectrum of 5.4 consists of a cation peak at m/z
290.05189 due to the molecular ion and matches with the calculated value of 290.05139
for C17H;0ON,S (M"). Several attempts to grow single crystals of 5.4 in different solvent
combinations were found to be unsuccessful. Those attempts only led to flower type twin
crystalline solids. Hence to learn the detailed structural features of 5.4, I carried out the
geometry optimization and the energy calculation using macromodel software. The low
energy model of 5.4 shows that the naphthalene ring is twisted with respect to the

benzothiadiazole ring with a dihedral angle (6) of 95° (Figure 5.6a). The 6 value suggests
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that the compound has a quasiorthogonal conformation in solution.”*’

The potential
curve of 5.4 shows a flat-bottomed well located at & ~95°. The well is delimited at 6 ~60°
and ~115° by steep walls due to strong steric interactions between the two rings
approaching planarity (Figure 5.6b).”” The high energy barrier indicates that compound
5.4 could exist as enantiomers due to the restricted rotation. Hence this suggests that the
induction of the supramolecular chirality is possible during the catalytic event. However,
it does not confirm the amount of chirality induction to the coupling product. This
calculation found to be very crucial at the initial stage, as I could not obtain
diastereomeric bis-coupling product 5.2. This is because, if the rotation of the C—C bond

between the two rings is not restricted then there would be no asymmetry transformation

to 5.4.

(a) (b) 70.0
60.0 1

50.01
40.0 1

30.01

AE (kcal/mol)

20.01

10.01
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0.0 60.0 120.0 180.0 240.0 300.0 360.0
Dihedral angle (°)

Figure 5.6: Energy optimized molecular model of 5.4 (a) and the potential curve of 5.4
(b).

The CD spectrum of 5.4 shows a negative exciton couplet, which is typical of (R)-
configured binaphthyl compounds (Figure 5.7a).””"** The splitting of the CD couplet (the

wavelength difference of the two extrema) Ahmax is 4.9 nm (<10 nm), which is consistent
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with the @ calculation and the quasiorthogonal conformation of 5.4 in solution.*”** The
couplet crossover point (where the ellipticity is zero) is shifted to 247 nm from the main
absorption maximum at 253 nm (Figure 5.7b) due to two nonidentical chromophores. It
has been well documented that for two identical chromophores the couplet crossover
point coincides with the absorption maximum.” Although the CD spectrum of 5.4 shows
the presence and dominance of (R)-isomer in solution, it does not confirm the exact
percentage of the (R)-isomer. Hence, it is possible that the two isomers (R and S) are

either in distribution where the (R)-isomer is the major product or the (R)-isomer exists in

pure form.
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Figure 5.7: CD (a) and UV-Vis (b) spectra of 5.4.

5.2.3 Chiral HPLC Analysis of the Mono-coupling Product (5.4)

To obtain further insight into the isomeric existence of 5.4 in solution I carried out
chiral HPLC analysis on the crystalline solid obtained from a reaction with 10 mol%
catalyst loading. The best separation of the enantiomers of 5.4 was obtained on the
Chiralcel OD-RH column using water—acetonitrile (95:5 v/v) mixture solvent containing

0.1% acetic acid as the mobile phase (Figure 5.8). However, the complete baseline
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separation of the two enantiomers of 5.4 was not possible due to very close retention time
(Figure 5.8, Inset). The enantiomeric distribution of 5.4 was found to be 48:52 and the
“ee” was calculated only 6%. Though the CD analysis of 5.4 showed the dominance of
(R)-isomer in solution, the poor “ee” determination discouraged us to further investigate
the identity and the order of the elution of the two enantiomers. As the chiral HPLC
performed on the crystalline solid, it was possible that 5.4 crystallized in racemic mixture

with 6% “ee” of the (R)-isomer.
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Figure 5.8: Chromatogram of 5.4 (crystalline solid) on a Chiralcel OD-RH column.

To rule out this possibility, I investigated the chiral HPLC of the purely isolated
TLC band of 5.4 obtained from a reaction with 5 mol% catalyst loading. The analysis
concluded with the same result to that of crystalline solid with 6% “ee” of the (R)-isomer
(Figure 5.9). This indicates that there was a very poor supramolecular chirality induction
to the coupling product during catalysis. The chiral HPLC analysis of 5.4 obtained from

the reactions with 5 and 10 mol% catalyst loading, resulted in similar chirality induction
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to the coupling product. Hence, this finding concludes that the increased catalyst loading
has no effect on the improvement of the supramolecular chirality induction to the

coupling product.

250 - sebag 20418
250 4

200

200 4

150 4

150

100 4

Peak Height (mAU)

504

100 -

Peak Height (mAU)

28.0 28.5 29.0 205 30.0
Ret. Time {min)

50 -

5 10 15 20 25 30 35

Ret. Time (min)

Figure 5.9: Chromatogram of 5.4 (isolated TLC band) on a Chiralcel OD-RH column.

5.2.4 Approach to Synthesize Known Binaphthyl Compound

To further confirm the observation of the supramolecular chirality induction using
the Pd NPs/RNTs catalyst, I carried out the Suzuki-Miyaura cross-coupling reaction to
synthesize known binaphthyl compounds. The initial coupling reaction of 1-bromo-2-
naphthaldehyde (5.1) and 2-methoxy-1-naphthalene boronic acid (5.5) was unsuccessful
(Scheme 5.3) affording only deboronation product 2-methoxynaphthalene (5.7) and
compound 5.3 in 99 and 7% yield, respectively. Besides this, the bromo substrate (5.1)
was recovered in 32% yield. Unfortunately, another approach by introducing 1-

naphthalene boronic acid (5.6) also did not lead to the formation of coupling product
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(Scheme 5.3). The reaction yielded naphthalene (5.8) and 5.3 in 24 and 11% yield,

respectively along with the recovery of 5.1 in 48% yield.

B(OH)2

CHO 5 mol% Cat. CHO
EtOHIHZO K;POy,,
50 °C, 24 h
51 R = OMe, 5.5 R = OMe, 5.7 53
H, 5.6 H, 5.8

Scheme 5.3: Attempts to synthesize known binaphthyl coupling product.

Considering further reduction of the steric bulk of the naphthalene ring at the 2-
position and poor reactivity of the bromosubstrate under mild conditions, 1-
iodonaphthalene (5.9) was employed with 1-naphthalene boronic acid (5.6) for coupling
reaction (Scheme 5.4). Finally, this reaction gave the desired coupling product 1,1'-
binaphthyl (5.10) in 95% yield. The chiral HPLC analysis of the purely isolated TLC
band of 5.10 was obtained on the Chiralcel OD column using normal phase. Fortunately,
the complete baseline separation of the two enantiomers of 5.10 was possible under the
optimized condition (Figure 5.10, Inset). However, the enantiomeric distribution of 5.10
was found to be 48:52 and the “ee” was calculated only 4%. This result complies with the
previous observations and suggests that the reaction indeed has very poor supramolecular

chirality induction to the coupling product.

1 mol% Cat.
(1) - 01 comonss. ~

50°C, 24 h
5.9 5.6
5.10

Scheme 5.4: Synthesis of 1,1'-binaphthyl (5.10).
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Figure 5.10: Chromatogram of 5.10 (isolated TLC band) on a Chiralcel OD column
(normal phase).

5.2.5 Understanding the poor asymmetry induction

The poor chirality transformation during the catalytic event could be explained on
the basis of the NP mediated cross-coupling reaction mechanism. It has been well
documented and widely accepted that the Suzuki-Miyaura reaction takes place by
leaching of the metal atoms from the surface of the NPs.***” Hence the catalysis could
take place in the bulk solution followed by subsequent redeposition of the leached Pd
species onto the support.*®’ Despite the detail of the asymmetry transformation
mechanism in asymmetric catalysis, one of basic condition for the induction is that to

. . 88,89
have a local chiral environment.”

This unique feature is created by designing a chiral
catalyst where the substrate binds to the chiral center and/or stay in close proximity to the

chiral environment. Hence, an enantiomerically pure compound is formed upon attack by

a reagent at the less hindered face. Now considering this scenario and implicating these

201



concepts to our system, I can rationalize the poor asymmetry transformation into the
coupling product. When the palladium atoms are leached into the bulk solution from the
NPs located onto the surface of RNTs, the catalysis takes place far away from the RNTs
(Figure 5.11). Under this circumstance, as RNTs possess supramolecular chirality the
leaching of the palladium atoms fails to create a local chiral environment in the bulk
solution essential for asymmetry transformation. Hence, the coupling reaction takes place
to the palladium center within the chiral free environment where the supramolecular

chirality of RNTs has less influence.

iE

Pd NPs/RNTs

ArX
@chmg
X
. N

Redeposition

Ar

Ar-Ar’
Figure 5.11: Proposed mechanism for the coupling reaction using Pd NPs/RNTs
Catalyst.

In conclusion, I have investigated the supramolecular chiral catalysis using Pd
NPs/RNTs catalyst. However, the reaction afforded poor chirality induction to the
product. We believed that the leaching of the Pd atoms allowed the coupling reaction
took place in the bulk solution far away from the RNT surface. Therefore provided poor

chirality induction.
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Experimental

Materials.

1-Bromo-2-naphthaldehyde, 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol
ester), 1-naphthalene boronic acid, and 1-iodonaphthalene were purchased from Sigma-
Aldrich. 2-Methoxy-1-naphthalene boronic acid was purchased from TCI America. TLC
glass plates (20%20 cm; 0.5 mm) were purchased from Macherey-Nagel.

Instrumentation.

The enantiomeric excesses (ee) for chiral compounds were determined using a
HPLC Agilent instrument with DAICEL Chiralcel OD (normal phase) and DAICEL
Chiralcel OD-RH (reverse phase) columns with UV detection at 250 and 220 nm,
respectively. The chiralcel OD column was 250 mm in length and 4.6 mm in diameter.
The chiralcel OD-RH column was 150 mm in length and 4.6 mm in diameter. The
particle size for both columns was 5 pm. The temperatures of the chiralcel OD and
chiralcel OD-RH columns were 20 and 30 °C, respectively. The flow rates of the chiralcel
OD and chiralcel OD-RH columns were 0.5 mL/min and 1.0 mL/min, respectively. For
the normal phase, the mobile phase was composed of a mixture of two solvents (A:
Hexanes, and B: Isopropyl alcohol). The gradient elution program was used consisting of
0-19 min, 2% B; 20-21 min, 10% B; 22 min, 40% and 23-28 min, 2% B. For the reverse
phase, the mobile phase was composed of a mixture of two solvents containing 0.1%
acetic acid (A: water + 0.1% acetic acid, and B: acetonitrile + 0.1% acetic acid). The
gradient elution program was used consisting of 0-49 min, 5% B; 50-51 min, 50% B; 52

min, 90% B and 53-55 min, 5% B.
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Methods.

Stock solutions of RNTs and K,;PdCls. The stock solutions of RNTs and
K,PdCly were synthesized following to the similar procedure under the optimized
condition as mentioned in chapter 2.

Catalyst synthesis. The catalyst was prepared prior to the catalytic reaction

following the similar procedure as discussed in chapter 4.
Catalytic reaction.

Reaction of 5.1 and 4.1 using 1 mol% Catalyst. The cross-coupling reaction of
I-bromo-2-naphthaldehyde (5.1; 117.5 mg; 0.5 mmol) and 2,1,3-benzothiadiazole-4,7-
bis(boronic acid pinacol ester) (4.1; 97.0 mg; 0.25 mmol) was carried out using 1 mol%
Pd NPs/RNTs catalyst loading and applying the similar procedure under the optimized
condition as mentioned in chapter 4. Upon completion, the reaction was worked up
following the similar procedure as discussed in chapter 4 and the residue was
chromatographed by TLC on silica gel. Elution with hexanes/CH,Cl, (6:4 v/v; 2 times)
resulted in three bands. The first band afforded the unreacted 5.1 (24.6 mg, 21%
recovered). The second band afforded 1-ethoxy-2-naphthaldehyde (5.3; 20.7 mg, 25%).
The third band gave the mono-coupled and deboronated product 1-(4-(2,1,3)-

benzothiadiazolyl)-2-naphthaldehyde (5.4; 19.2 mg, 13%).
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Spectroscopic data.

OEt

l l CHO

1-ethoxy-2-naphthaldehyde (5.3) from 1-bromo-2-naphthaldehyde (5.1) and
2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (4.1): 25% vyield; 'H NMR
(600 MHz, CDCly): 6 (ppm) 10.59 (s, 1H), 8.24 (d, J = 8.4 Hz, 1H), 7.86 (d, J = 9.0 Hz,
2H), 7.62 (t, J = 8.4 Hz, 2H), 7.57 (t, J = 8.4 Hz, 1H), 4.28 (q, J = 7.2 Hz, 2H) and 1.57
(t, J = 7.2 Hz, 3H). °C NMR (150 MHz, CDCl3): & (ppm) 190.0, 161.8, 138.3, 129.5,
128.5, 128.4, 126.9, 125.4, 124.7, 123.6, 122.8, 74.6 and 15.8. EI-MS (m/z): 200.08343

(Caled. 200.08372 for Ci3H 20, (MY)).

N
VAR
L1
\ =
N
| X CHO
/O
1-(4-(2,1,3)-benzothiadiazolyl)-2-naphthaldehyde  (5.4) from  1-bromo-2-
naphthaldehyde (5.1) and 4.1: 13% yield; '"H NMR (600 MHz, CDCl3): & (ppm) 9.76 (s,
1H), 8.22 (dd, J = 1.2, 9.0 Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H),
7.98 (d, J = 8.4 Hz, 1H), 7.81 (dd, J = 6.6, 9.0 Hz, 1H), 7.68 (dd, J = 1.2, 6.6 Hz, 1H),
7.61-7.64 (m, 1H) and 7.38-7.43 (m, 2H). °C NMR (150 MHz, CDCl;): & (ppm) 191.8,
155.3, 154.8, 141.3, 136.5, 132.5, 132.1, 132.0, 129.7, 129.3, 129.2, 129.1, 128.8, 127.4,
127.2, 122.7 and 122.4. Low res. MALDI-MS (m/z): 291.0 (M+H)". High res. MALDI-

MS (m/z): 290.05189 (Caled. 290.05139 for Ci7H;0ON,S (M")). HPLC (Chiralcel OD-

RH, reverse phase): A =220 nm, ee = 6% (prior to recrystallization and crystals).
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Repeat reaction of 5.1 and 4.1 using 1 mol% Catalyst. A similar catalytic
reaction of I-bromo-2-naphthaldehyde (5.1; 117.5 mg; 0.5 mmol) and 2,1,3-
benzothiadiazole-4,7-bis(boronic acid pinacol ester) (4.1; 97.0 mg; 0.25 mmol) was
repeated by using 1 mol% catalyst loading under the identical condition for a prolonged
reaction time of 24 h and worked up applying the similar procedure as mentioned above.
The reaction afforded 5.3 and 5.4 in 21 and 13% yield, respectively along with unreacted
5.1 recovered in 21% yield.

Reaction of 5.1 and 4.1 using 5 mol% Catalyst. A similar catalytic reaction of
1-bromo-2-naphthaldehyde (5.1; 117.5 mg; 0.5 mmol) and 2,1,3-benzothiadiazole-4,7-
bis(boronic acid pinacol ester) (4.1; 97.0 mg; 0.25 mmol) was repeated with 5 mol%
catalyst loading for the reaction durations of 24 and 48 h, respectively. The reactions
were worked up applying the similar procedure as mentioned above. The 24 h reaction
gave 5.3 and 5.4 in 21 and 13% yield, respectively along with unreacted 5.1 recovered in
20% yield. While the 48 h reaction gave 5.3 and 5.4 in 26 and 15% yield, respectively
along with unreacted 5.1 recovered in 22% yield.

Reaction of 5.1 and 4.1 using 10 mol% Catalyst. A similar catalytic reaction of
1-bromo-2-naphthaldehyde (5.1; 117.5 mg; 0.5 mmol) and 2,1,3-benzothiadiazole-4,7-
bis(boronic acid pinacol ester) (4.1; 97.0 mg; 0.25 mmol) was repeated with 10 mol%
catalyst loading for a reaction duration of 48 h and worked up applying the similar
procedure as mentioned above. The reaction afforded 5.3 and 5.4 in 23 and 11% yield,
respectively along with unreacted 5.1 recovered in 17% yield.

Reaction of 5.1 and 5.5 using 5 mol% Catalyst. A similar catalytic reaction of

1-bromo-2-naphthaldehyde (5.1; 117.5 mg; 0.5 mmol) and 2-methoxy-1-naphthalene
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boronic acid (5.5; 101.0 mg; 0.5 mmol) was carried out by using 5 mol% catalyst loading
for 24 h. The reaction was worked up applying the similar procedure as mentioned above.
The compounds were separated by TLC on silica gel. Elution with hexanes/CH,Cl, (7:3
v/v; 2 times) developed three bands. The first band gave the deboronated compound 2-
methoxynaphthalene (78.2 mg, 98%). The second band afforded the unreacted 1-bromo-
2-naphthaldehyde (37.2 mg, 32% recovered). The third band gave I-ethoxy-2-

naphthaldehyde (6.9 mg, 7%).

Spectroscopic data:

2-methoxynaphthalene’*”® (5.7) from 1-bromo-2-naphthaldehyde (5.1) and 2-
methoxy-1-naphthalene boronic acid (5.5): 98% yield; '"H NMR (600 MHz, CDCLs): &
(ppm) 7.80 (d, J = 8.4, 1H), 7.77 (d, J = 8.4 Hz, 2H), 7.48 (t, /= 8.4 Hz, 1H), 7.38 (t, J =
8.4 Hz, 1H), 7.20-7.17 (m, 2H) and 3.95 (s, 3H).

Reaction of 5.1 and 5.6 using 5 mol% Catalyst. A similar catalytic reaction of
1-bromo-2-naphthaldehyde (5.1; 117.5 mg; 0.5 mmol) and 1-naphthalene boronic acid
(5.6; 105.0 mg; 0.6 mmol) was carried out by using 5 mol% catalyst loading for 24 h. The
reaction was worked up applying the similar procedure as mentioned above. The
compounds were isolated by TLC on silica gel. Elution with hexanes/CH,Cl, (7:3 v/v; 2
times) developed three bands. The first band gave the deboronated compound
naphthalene (18.6 mg, 24%). The second band afforded the unreacted 1-bromo-2-
naphthaldehyde (56.6 mg, 48% recovered) and the third band gave I-ethoxy-2-

naphthaldehyde (11.1 mg, 11%).
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Spectroscopic data:

Naphthalene’' (5.8) from 1-bromo-2-naphthaldehyde (5.1) and 1-naphthalene
boronic acid (5.6): 24% yield; 'H NMR (600 MHz, CDCl;): & (ppm) 7.86-7.84 (m, 4H)
and 7.50-7.48 (m, 4H).

Reaction of 5.9 and 5.6 using 5 mol% Catalyst. A similar catalytic reaction of
1-iodonaphthalene (5.9; 127.0 mg; 0.5 mmol) and 1-naphthalene boronic acid (5.6; 105.0
mg; 0.6 mmol) was carried out by using 1 mol% catalyst loading for 24 h. The reaction
was worked up applying the similar procedure as mentioned above. The product
binaphthyl (5.10) was purified by TLC on silica gel (elution: hexanes/CH,Cl, (8.5:1.5

v/v)). Yield: 95% (121 mg).

Spectroscopic data:

LI
99

1,1'-binaphthyl”* (5.10) from 1-iodonaphthalene (5.9) and 1-naphthalene boronic
acid (5.6): 95% yield; "H NMR (600 MHz, CDCls): § (ppm) 7.98-7.96 (m, 2H), 7.61 (t, J
= 7.8 Hz, 1H), 7.53-7.48 (m, 2H), 7.42 (d, J = 7.8 Hz, 1H) and 7.32-7.29 (m, 1H). °C
NMR (150 MHz, CDCls): 6 (ppm) 138.7, 133.8, 133.1, 128.4, 128.1, 128.0, 126.8, 126.2,
126.0 and 125.6. HPLC (Chiralcel OD, normal phase): A = 250 nm, ee = 4% (pure TLC

isolated band).
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Chapter 6

Conclusions

This thesis has discussed the development of a very simple one-pot synthesis of
RNT supported M NPs followed by their application in “Green” catalysis under mild
conditions. To conclude this thesis, this chapter summarizes the results of each chapter
and addresses some key future research directions.

6.1 Summaries of Chapters

6.1.1 Chapter 1

Chapter 1 discussed the background of this thesis work inspired by the concepts
of nanoparticles (NPs) and catalysis. This chapter described the initial notion of
nanotechnology and the strategies used to synthesize NPs followed by their properties
and applications in catalysis. A brief summary of the stability of the NPs in solution using
different approaches was provided including the application of different support systems.
I then introduced the concept of applying bio- and/or inspired supports for the synthesis
of M NPs for catalysis and reviewed the relevant literature. Also discussed the potential
of the RNTs as a bio-inspired support to prepare highly monodispersed and smaller sized
M NPs (1-2+ 0.1 nm). Finally, the chapter reported the demand and the rapid progression
of NP catalysis within the nanotechnology scientific community.

The results reported in this thesis can be divided into two main sections (i)
synthesis and characterization of the M NPs/RNTs composites followed by the origin and
kinetics studies, and (ii) their application in catalysis including olefin hydrogenation and

Suzuki-Miyaura cross-coupling reactions.
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6.1.2 Chapter 2

In general, this chapter reported the development and characterization of a simple,
efficient and green protocol for the synthesis M NPs using RNTs as a support. A detailed
study on the NP origin and the kinetics was also presented. As the thesis work was a
continuation of the initial results reported by Fenniri and coworkers, firstly I summarized
the findings based on the contents published in JACS (2010) and obtained by a former
group member. Followed by the summary, I discussed the further optimization and
simplification of the methodology. I reported that the M NPs could be synthesized in the
absence of any reducing agent by simply mixing the corresponding metal salt precursor
and RNTs in water at ambient temperature. The detailed kinetic study suggested that the
formation of M NPs onto the surface of the RNTs was a very rapid process, which took
place within 1 min. The time-dependent spectroscopy studies showed that the system
reached equilibrium within 60 min, which was supported by the time-dependent
microscopy studies. A careful and detailed analysis of the time-dependent TEM images
showed that the NPs could form within 1 min with an average particle size of 1.48+0.1
nm. However, the nucleation and growth of the NPs were incomplete. The maximum
occupancy of the available nucleation pockets was improved and completed by aging the
solution to 60 min. These results were further supported by spectroscopic analysis. The
aging of the solution allowed for the growth of the nucleated NPs to reach a maximum
average size of 1.55+0.1 nm, and then subsequent nucleation and growth of another NP
into a new nucleation pocket occurred. As the TEM images of the 60 min aged sample
showed the maximum loading of the NPs onto the surface of the RNTs, I believed that

the total process of the step-wise formation of the NP completed in 60 min. The TEM
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analysis of the 120 min aged samples showed neither any improvement of the loading or
further growth of the NPs.

As I demonstrated that RNTs facilitated the M NP formation in the absence of any
reducing agent, I performed spectroscopy and microscopy studies to detect the origin of
the reduction of the metal ions. The initial pH studies showed a drop in pH of the solution
within 60 min, which indicated the generation of protons (H') upon oxidation of the
reducing agent. The XPS analysis confirmed the presence of Pd’ and PdO, (x = 1 and 2)
in the samples under both aerobic and anaerobic conditions. In addition, the DO
measurement of the mixture under anaerobic condition showed a random fluctuation in
the DO content. Therefore, all these studies supported the hypothesis of water oxidation. I
suspect that this oxidation process may be facilitated by the presence of well-defined
nucleation pockets on the surface of the RNTs. Besides this, the auto-catalysis of Pd
could also enhances the water oxidation.

6.1.3 Chapter 3, 4 and 5

Chapter 3 discussed the catalytic hydrogenation of olefins using the Pd NPs/RNTs
catalyst. I demonstrated the utility and scope of our catalyst towards the hydrogenation of
C=C bonds in the presence of aromatic and heteroaromatic ring systems. In addition, the
studies suggested that the selectivity of the olefin hydrogenation could also be achieved
by using our catalyst in the presence of other unsaturated functional groups. A
comparative study of the catalytic activity revealed that the Pd NPs/RNTs catalyst is as
active as a commercial catalyst. Besides this, the catalyst recycling experiment showed
that the Pd NPs/RNTs catalyst could be recycled up to ten times with no significant loss

of activity. The catalyst was characterized by spectroscopy as well as microscopy.
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Chapter 4 discussed the application of our catalyst to the Suzuki-Miyaura cross-
coupling reaction. Initially, I studied the scope and utility of our catalyst for the coupling
of different aryl halides and arylboronic acids in the presence of a variety of functional
groups. The chapter also reported the scale-up reaction using the Pd NPs/RNTs. Similarly
to that of the hydrogenation catalysis, I were able to recycle our catalyst up to ten times
with no apparent loss of activity. Later, I also successfully applied our catalyst to
synthesize drug and agrochemical intermediates, and benzothiadiazole based organic
materials for solar cells, OLEDs and sensors applications. A detailed characterization of
the catalyst was performed using both spectroscopy and microscopy. Interestingly, the
time-dependent and variable-temperature CD studies showed that the supramolecular
chirality of RNT was preserved and restored under the coupling reaction condition in the
presence of Pd NPs, while the RNT itself was unable to restore the supramolecular
chirality after heat treatment.

Inspired by the VT-CD results, I then carried out the asymmetric Suzuki-Miyaura
cross-coupling reaction using the Pd NPs/RNTs catalyst as reported in chapter 5. The
results showed that under the optimized condition for the coupling reaction, there was
poor chirality induction to the coupled products. I hypothesized that this could be due to
the leaching of the Pd atoms from the Pd NPs on the surface of the RNTs. Therefore, the
coupling of the two reactants took place in the bulk solution and thus too far away from

the RNT surface to induce the chirality.
6.2 Proposed Research Directions

As the application of the Pd NPs/RNTs in catalysis is a new direction in our group,

there are many other catalytic reactions that that could be investigated, including Heck
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and Sonogashira coupling reactions. Though the main focus of this thesis was to explore
catalysis using Pd NPs, other catalytic reactions could be explored by using Au NPs for
example for catalytic oxidation reactions. Apart from the synthesis and catalytic
applications of different M NPs, the detailed mechanistic studies of each catalytic
reaction could be explored. This would give us the in-depth understanding of the catalytic
event and the function of RNTs as a support providing high catalytic activity as reported
in this thesis. To improve the chirality induction in the supramolecular chiral catalysis, a
bulky tertiary amine can be introduced on the lysine of the GO twin GAC base (Figure
6.1). Because of the bulkiness, the tertiary amine will be pointed outwards more close to
the Pd NPs and may improve the chirality induction in the Suzuki coupling reaction.
Alternately, asymmetric hydrogenation reaction can also be explored. As it is well
accepted that the catalytic hydrogenation reaction takes place on the surface of the NP,
this will offer the catalysis occurring close to the RNT surface and may improve the

chirality induction to the hydrogenated product.

(o]

HoN NH
N 4 N\ />‘NH
N \ N
3CF;CO0
/
—N
HN)“ N 0o
/ ‘)—:.O
o N R = alkyl group

Figure 6.1: Derivatization of the amine at the chiral center of the L-lysine.
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