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ABSTRACT OF DISSERTATION

WATER-SOLUBLE PALLADIUM, COPPER, AND NICKEL CATALYSTS AND
THEIR FORMATION IN LIGAND-FREE SUZUKI-MIYAURA CROSS-COUPLING
REACTIONS

Transition-metal catalyzed Suzuki-Miyaura (SM) cross coupling is a powerful
synthetic method for constructing carbon-carbon and carbon-heteroatom bonds in
designing organic compounds, agrochemicals, pharmaceuticals, and precursors for
materials. However, the nature of catalysis and identity of the transition metal catalysts
used in these reactions remain under debate or unknown. This dissertation reports the
studies of three metals: Pd, Cu, and Ni. Pd-nanocluster catalysts and their formation in
ligand-free SM reactions with Pd(II) nitrate as a precatalyst was investigated. The catalysts
are water-soluble neutral Pd tetramer and trimer in their singlet electronic states as
identified by UV-Vis absorption spectroscopy and are formed by leaching of spherical
Pd(0) nanoparticles with an average diameter of about three nanometers. The Pd(0)
nanoparticles are produced by reducing Pd(II) nitrate and characterized with transmission
electron microscopy (TEM) and Pd-K edge extended x-ray fine structure spectroscopy
(EXAFS). The Pd(Il) reduction is induced by ethanol and enhanced by potassium
hydroxide and monitored with x-ray photoelectron spectroscopy (XPS). For the Cu-
catalyzed SM coupling, a water-soluble active molecular catalyst, and its formation in the
ligand-free SM cross-coupling reactions with copper iodide as the precatalyst in aqueous
solutions has been reported. The SM coupling is also homogeneous in nature, and the
molecular catalyst is Cu(OH) in its singlet electronic state also identified by experimental
and computational UV-Vis absorption spectroscopy. The Cu(OH) catalyst is generated
through the leaching of oval-shaped Cu,O nanoparticles, which are characterized with X-
ray Auger electron spectroscopy, X-ray absorption spectroscopy (XAS), and TEM. The
soluble Cu(OH) species is stable for at least four weeks under ambient conditions.
Similarly, for Ni-catalyzed ligand-free SM coupling, the active Ni catalyst is reported as
Ni(0) species with Ni(0) powder as the precatalyst. The SM coupling is homogeneous in
nature. The water-soluble active Ni(0) catalyst is generated through the leaching of Ni(0)
nanoparticles, which are characterized with XPS. The water-soluble active Ni(0) catalyst
species is stable for at least fourteen weeks under ambient conditions. Thus, this
dissertation showcases the nature of catalysis and the identity of catalytically active species
in ligand-free SM reactions catalyzed by Pd, Cu, and Ni transition metals.
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CHAPTER 1. INTRODUCTION

1.1 Carbon-Carbon Cross-Coupling Reactions

Among organic chemistry reactions, cross-coupling reactions are one type of the
most important and widely used reactions for synthesizing natural, non-natural, and other
bioactive compounds.!!* Their importance due to versatile applications, such as to
synthesize nervous system agents, cancer drugs, and other natural products have been well
documented in the literature.'*! The foundation of these kinds of reactions can be traced
back to the 1940’s, and several scientists have been fortunate enough to have their names
associated with the reactions, such as R. F. Heck, A. Suzuki, S. L. Buchwald, J. F. Hartwig,
and E. I. Negishi.! 2%} Eventually, the Nobel Prize in Chemistry in 2010 was awarded to
Heck?*, Suzuki®®, and Negishi*® for their exceptional work in carbon-carbon cross-coupling
reactions, and the award indicated the essence of such kinds of reactions.! ??

Cross-coupling involves the reaction between an electrophile and an
organometallic nucleophile catalyzed by a metal catalyst in a basic environment (Figure
1.1).2% 2730 Such reaction yields a hydrocarbon compound by the formation of a new
carbon-carbon or carbon-heteroatom bond that joins the two organic fragments.?> 3! The
reaction is named after the type of nucleophile used. For example, an organomagnesium
nucleophile is called a Kumada®® reaction, organozinc nucleophile is called a Negishi®®

reaction, and organotin nucleophile is called a Stille** reaction.

metal catalyst

R-Y + R, X —— RR,

nucleophile electrophile coupled product

Figure 1.1. Generic cross-coupling reaction.



1.2 Suzuki-Miyaura (SM) Coupling Reactions

One type of coupling reactions that uses an organoborane nucleophile is called the
SM coupling. 2% The SM coupling involves the reaction between an organic halide and
an organic boron compound catalyzed by a metal catalyst in a basic solution.”> The SM
coupling reactions have been used widely in the fields of pharmacy, medicine, and organic
syntheses, such as in the production of biphenyl discussed in this dissertation and the
production of losartan, a drug used to treat blood pressure.?* 3 Moreover, such reactions
are also famous for their inclination to the production of planar structures.?® 333

A typical Suzuki-coupling reaction employs phenylboronic acid and an aryl halide,
such as chlorobenzene, bromobenzene, and iodobenzene with a base, a solvent, and a Pd
catalyst. Phenylboronic acid is used because it is mild, non-toxic, thermally stable, and
inert to water and air.>> The purpose of the base is to convert the boronic acid into the
borate anion in the transmetalation step of the reaction mechanism.?’ Similarly, the solvent
also serves many purposes. The solvent influences the reaction equilibrium, selectivity,
product isolation, the lifetime of the catalyst, the activity of the acid and base, and
regulating the rate of the reaction.*® The solvent dissolves all the precursors, making the
reaction proceed smoothly. No solvent means doing the reaction in a solid state, which is
not easy because of the small surface area of the reactants.

The first metal catalysts used for the S-M coupling reactions were first-row
transition metal chloride salts, such as FeCls, CoCl, NiCly, and CuCl».* Even though
earlier developments were made using these metals, further studies of Pd led to the
observance that Pd is the best catalyst for cross-coupling reactions due to its operation in
mild experimental conditions, compatibility with multiple functional groups, higher
catalytic efficiency even in trace amounts, higher stability, high activity, and reusability."
15,23, 3941 Dye to such versatility, applications of Pd as a catalyst can be found in organic

synthesis of different cross-coupling products (such as to form a C-N bond or to cause a



C-H bond activation) and in autocatalysts, hydrogen storage, biomedical research,
environmental improvement, polymers, and inorganic materials.***® Furthermore, Pd
nanoparticles formed through the reduction of Pd salts can be fine-tuned in a way that can
adsorb a huge amount of ligands because of their large surface areas and multiple low
coordination sites.***” Another way Pd has been exploited in catalysis is through a support
system, such as a graphene oxide, CeO,, or TiO2.*> %4 In the SM coupling reaction, Pd
(0) couples with aryl halide to form aryl halide — Pd (II) complex, which yields the desired
product after multiple steps as described later in this dissertation in the mechanism of the
reaction.”® It is because of the tendency of Pd to undergo the reduction from Pd(II)
complexes to Pd(0), the “two electron”-based reduction, that makes Pd a useful component
in activating many precatalysts and C-H activation processes.** Thus, there is no surprise
as to why Pd is considered “the king of transition-metal catalysts.”** 3

However, growing concerns about its long-term sustainability arise due to the low
nature abundance, prohibitive costs, and high toxicity of Pd metal; other metals have
reemerged an alternative for metal-catalyzed cross-coupling reactions.>'-> There has been
increasing interest in the study of using copper catalysts to form carbon—carbon and
carbon— heteroatom bonds in the recent years.’! 3 Similarly, Ni has also been increasingly
used in many organic reactions because of its ability to create products and intermediates
with diverse functionalities.>> In addition, as a transition metal, nickel can exhibit many
redox states, such as Ni(0)/Ni(II) and Ni(I)/Ni(IIll), which is in contrast to Pd, which
typically exists in the Pd(0)/Pd(II) redox state even though Pd(III) and Pd(IV) have been
used in C-H functionalization.>> As such, this dissertation presents the study of three of

such metals: Pd, Cu, and Ni.



1.3 Reaction Mechanism of the Pd-catalyzed homogeneous SM reaction

The homogeneous mechanism of the SM coupling reaction occurs in three steps:

oxidative addition, transmetalation, and reductive elimination (Figure 1.2).576?

Ri-Ry
Reductive Oxidative
elimination addition

@~ «- @~

M® Y
IIB’OH
HO &Y
@
«-@-or

Ro  M-OH ‘ _OoH

Y Y Ry @ Y
Transmetalation

Figure 1.2. Overall mechanism of the Suzuki-Miyaura coupling reaction.

1.3.1 Oxidative addition

Oxidative addition is a class of organic reactions where the oxidation state and the
coordination number of the metal center increases. It is the rate-determining step in the
catalytic cycle because it is difficult to break the bond between the benzene ring and the
halide in an aryl halide. Pd(0) reacts with the aryl halide to form a stable Pd(II) complex.
Pd(II) induces its insertion between the benzene ring and the halide. The relative reactivity
increases down the group, i.e., Cl < Br < I. This is because the C-X (X = Cl, Br, I) bond

strength decreases from Cl to Br to I, and the weaker C-X bond should facilitate the Pd



insertion into the C-X bond. Due to the larger size of iodine, it experiences a greater
shielding effect and has a lower effective nuclear charge. As a result, electrons are pulled
away from the iodine atom relatively easier than from bromine and chlorine. This makes
the bond between benzene and iodine easier to break in iodobenzene. Hence, Pd (0) couples
with the aryl halide to form the organopalladium complex by breaking the carbon-halide
bond, and Pd(0) is oxidized to Pd(II).>” 646
1.3.2 Transmetalation
Transmetalation is a class of organic reactions where ligands transfer from one

species to the other. This step is not yet well understood. Essentially, the Pd(IT) complex
formed during the oxidative addition reacts with a base to yield an intermediate, which is
a Pd(II) — OH complex. Then, the OH group from KOH attacks the boron center in the
organoborane compound in a step called nucleophilic addition. Eventually, Pd(II) is
inserted between the two R and R> groups. A base is necessary in this step. The purpose
of the base is to convert the boronic acid into the borate anion in the transmetalation step
of the reaction mechanism.?’” The base replaces the halide with the OH group to form R»-
Pd(I1)-X.58 7073
1.3.3 Reductive elimination

Reductive elimination is a class of organic reaction where the oxidation state of the
Pd center decreases from +2 to 0, while a new C-C bond is formed. This is the final step of

the reaction mechanism where the Pd(0) catalyst is regenerated.””> > 7+



1.4 Statement of Purpose

Even though the evidence of such reactions has been presented in the literature
since the 1940s with emphasis on synthetic chemistry by creating novel catalysts and
ligands to form new products in high yields, the identity of the active catalyst is under
debate or remains unknown. Identifying the fundamental nature of catalysis and the
catalytic species paves the path towards new designs of catalysts to synthesize crucial
products. This dissertation presents the study of chemical identities of active catalysts and
their formation in the homogeneous SM coupling reactions using ligand-free Pd, Cu, and

Ni precatalysts.



CHAPTER 2. INSTRUMENTATION AND THEIR PRINCIPLES

2.1  Gas Chromatography — Mass Spectrometry (GC-MS)

GC-MS is an analytical technique used to identify components in a chemical
mixture. It consists of two parts: GC and MS. The sample is injected into the GC inlet and
vaporized. The vaporized sample is transferred to the chromatographic column by mixing
with a carrier gas, such as helium (mobile phase). The components of the sample mixture
are separated by their relative interaction with the coating of the column, such as silicone
(stationary phase) and the carrier gas. The column passes through a heated transfer line
where the neutral sample molecules eluting from the column enter the MS. These neutral
sample molecules are then converted to charged particles by the ion source using a
technique called electron ionization (EI). In EI-MS, a beam of high-energy electrons (70
eV) is emitted from a filament. These high-energy electrons strike the stream of neutral
sample molecules coming in from the column in GC. The electron beam knocks an electron
out of the neutral molecule to create smaller ions. The mass analyzer then separates the
ions based on their masses that are based on their m/z ratios, which are characteristic of the
molecular components of the sample. The chromatogram and mass peaks can be seen on
the computer for each data point.”®”” A cartoon depicting the GC-MS principle is presented

in Figure 2.1.
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Figure 2.1. A diagram of a GC-MS instrument.

2.2 Nuclear Magnetic Resonance (NMR)

NMR is a spectroscopic method used to decipher molecular structure and purity of
a compound. NMR is based on the principle that many atomic nuclei have spin. These are
the nuclei that have either an odd number of protons or an odd number of neutrons, such
as 1H, 13C, 13N, and 13F . Let us consider a hydrogen nucleus with one proton, which has
a positive charge. If we place a sample of protons in an external magnetic field (B,), the
magnetic field of the protons can either align with the B, or align against it. A hydrogen
nucleus can either have a +1/2 or a -1/2 spin. The spin state of the nucleus that is aligned
with the direction of B, has a lower energy, whereas the spin state that is opposite to the
By, has a higher energy. The energy difference between these two spin states is AE, which
is dependent on the strength of Bo. The higher the B,, the greater the AE. For this hydrogen
nucleus, to switch from the spin state of lower energy to higher energy, radiofrequency
(RF) energy needs to be applied. If the nucleus again switches from the higher to the lower
energy, it can emit RF. Hence, when the nucleus is constantly switching back and forth

between the two states, it is called to be in “resonance.” Most of the protons will be at



lower energy than higher energy. This excess of nuclei in the lower-energy spin state is
what allows for the resonance. The higher the operating frequency of the NMR instrument,
the better the resonance signals because more nuclei can undergo transition.”” A cartoon

depicting the NMR principle is presented in Figure 2.2.
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Figure 2.2. Basic principle of NMR.

2.2.1 Chemical shift

It is important to note that the protons in a molecule are shielded by the electrons
that surround them. The exact resonance frequency of any proton is very difficult to
measure. Hence, a reference compound called tetramethylsilane (TMS) (Figure 2.3) is
added in the sample to be measured, and the resonance frequency of each proton in the
sample is measured relative to the resonance frequency of the protons of TMS in parts per
million (ppm). TMS was chosen because the protons of its methyl groups are well shielded.
NMR spectrum goes from 0 to 14 ppm on the horizontal x-axis with 0 being on the right
and 14 on the left. TMS is at 0 ppm. If the electron density around a nucleus decreases, the
nucleus feels more external magnetic field, and is said to be deshielded. Because such

proton experiences higher external magnetic field, it needs a higher frequency to achieve



resonance, and therefore, the chemical shift shifts downfield (higher ppm). On the other
hand, if the electron density around a nucleus increases, the nucleus feels less external
magnetic field, and is said to be upshielded. Such proton does not experience much external
magnetic field, and does not need a higher frequency to achieve resonance, and therefore,
the chemical shift remains upfield (lower ppm). Peaks closer to 0.00 ppm (to the right of
the NMR spectrum) are said to be upfield with highly-shielded protons, whereas the peaks
farther from 0.00 ppm (to the left to the NMR spectrum) are said to be downfield with

deshielded protons.”’

CHs
HyC——Si——CH,

Hs

Figure 2.3. Tetramethylsilane (TMS) is the reference compound for NMR.

2.2.2  Chemical equivalence

If a molecule has protons that are equivalent by symmetry considerations, or in
chemically identical environments, these protons are said to be chemically equivalent.
They often exhibit the same chemical shift.”” Figure 2.4 shows some examples of the
chemically equivalent protons in a molecule; each chemically equivalent proton is depicted

with the same color.

10



Figure 2.4. Chemically equivalent protons in different molecules with each chemically
equivalent proton is depicted with the same color.
2.2.3 Spin-spin splitting (n+1) rule

NMR peaks of the protons are split by their neighboring protons attached to the
adjacent carbon atoms by the n+1 rule, where n is the number of protons on the adjacent
carbon. Spin—spin splitting arises because hydrogens on a particular carbon atom can sense
the spin direction of the hydrogens on the adjacent carbon. The chemical shift of a
particular proton is influenced by the direction of the spin in the protons attached to the

adjacent carbon.”’
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2.3 X-ray photoelectron spectroscopy (XPS)

XPS is a surface analysis technique used to identify elemental composition and
chemical states on a material’s surface. XPS is based on the photoelectric effect, where
electrons can be emitted from a metal by an incident light (Figure 2.5). X-rays (hv) are shot
onto a sample, and if this energy of the x-ray source is enough to overcome the binding

energy of the electron in the sample (BE), the electron is ejected from the sample with a

S

certain kinetic energy (KE). Hence, KE = hv — BE.”*”°

Figure 2.5. The photoelectric effect.

2.3.1 Spin-orbit splitting

The common nomenclature used to describe XPS principles are n, /, s, and j, and
mj, where n 1s the principal quantum number, / is the orbital quantum number, s is the spin
quantum number (s = '2), j is the total angular momentum quantum number of the electron
(j=1+s, [+s-1, ...|I-s|). and m; is the magnetic quantum number (m; varies from +j to —j
in integer steps excluding zero). The orbital letters associated with / are s, p, d, and f, where
s corresponds to /=0,pto/=1,dto /=2, and fto / = 3. For the orbital levels p, d, and

with two states of the same energy, a magnetic interaction between the spin of the electron
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(up or down) and its orbital angular momentum may lead to a splitting of the degenerate
state into two components. This is called spin—orbit coupling.”” Let us consider some
examples of spin-orbit coupling of the three elements reported in this dissertation as the

choice of metal catalysts.

2.3.1.1 Spin—orbit coupling in the Pd 3d orbitals

If we consider the 3d orbitals of Pd, n = 3, [ = 2 for the d orbitals, s =+ 1/2, and j =
5/2 or3/2 (sincej=1+s, I+s-1, ...|I-s|), ms> = 5/2,3/2, Y2, -1/2, -3/2, -5/2, and m3, = 3/2,
Y5, -1/2, -3/2. The ratio of their respective degeneracies, 2j + 1, determines the intensities
of the components. In other words, for j = 5/2, 2j + 1 = 6; hence, there are six values for
ms.2. Similarly, for j = 3/2, 2j + 1 = 4; hence, there are four values for ms,. Their ratio of
6:4 or 3:2 determines the relative intensity of the area under the curve of the two spin-orbit
coupling peaks of j = 5/2 and j = 3/2, respectively. Further, if the orbitals are more than
half-filled as in Pd 3d'° orbital, higher j value (j = 5/2 in this case) is at the lower energy
than j = 3/2. On the other hand, if the orbitals are less than half-filled, higher j value is at
the higher energy.
2.3.1.2  Spin—orbit coupling in the Cu 2p orbitals

If we consider the 2p orbitals of Cu, n =2, /=1 for the p orbital, s = +1/2, j = 3/2
or 2 (sincej=1+s, [+s-1, ...|[-s|), m3p=3/2, ', -1/2,-3/2, and m;2= "2, -1/2. For j = 3/2,
2j + 1 = 4; hence, there are four values for ms,. Similarly, for j = 1/2, 2j + 1 = 2; hence,
there are two values for m;. Their ratio of 4:2 or 2:1 determines the relative intensity of
the area under the curve of the two spin-orbit coupling peaks of j = 3/2 and j = 1/2,
respectively. Further, since the 2p orbitals are more than half-filled as in Cu 2p®, higher j

value (j = 3/2) is at the lower energy than j = 1/2.
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2.3.1.3 Spin—orbit coupling in the Ni 2p orbitals

The spin-orbit coupling of the Ni 2p orbitals follow the similar rule as the Cu 2p
orbitals. If we consider the 2p orbitals of Ni, n =2, /=1 for the p orbital, s =+1/2, j =3/2
or 2 (sincej=1+s, [+s-1, ...|[-s|), m3p=3/2, %, -1/2,-3/2, and m;2= "2, -1/2. For j = 3/2,
2j + 1 = 4; hence, there are four values for ms.. Similarly, for j = 1/2, 2j + 1 = 2; hence,
there are two values for m ;2. Their ratio of 4:2 or 2:1 determines the relative intensity of
the area under the curve of the two spin-orbit coupling peaks of j = 3/2 and j = 1/2,
respectively. Further, since the 2p orbitals are more than half-filled as in Ni 2p® , higher j
value (j = 3/2) is at the lower energy than j = 1/2.
2.3.2 Satellite peaks

The outgoing electron interacts with a valence electron and excites it to a higher
energy level. The kinetic energy of the emitted photoelectron is reduced, and a satellite

structure appears at a higher binding energy point than the core level position.”

2.4 X-ray absorption spectroscopy (XAS)

XAS measurements and analysis were performed at the Argonne National Lab.

XAS is a technique that is used to find local coordination number in a sample. The
absorption edge energy corresponds to the energy required to eject one of the core electrons
to a higher energy state. The two main regions in the XAS spectrum are called X-ray
Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure
(EXAFS). When the energy of the incident photon reaches the binding energy of a core-
electron, the probability of an excitation increases sharply. This is referred to as an
edge. The XANES region is the structure that rises up to around 50 eV above the edge.

Similarly, the fine structure that extends from about 50 eV above the edge for several
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hundred eV is the EXAFS region. XANES is used to determine the oxidation state and
coordination chemistry of the absorbing atom, while the EXAFS is used to determine the
distances, coordination number, and species of the neighbors of the absorbing atom.*® A

typical X-ray absorption spectrum with these regions is shown in Figure 2.6.

Normalized absorption intensity (a.u)

24300 24350 24400 24450 24500
Energy (eV)

Figure 2.6. A typical X-ray absorption spectrum showing the XANES and EXAFS regions.

2.5 Ultraviolet — Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy is an analytical technique in which light of the ultraviolet and
visible region (200-800 nm) is absorbed by the molecule, which results in the excitation of

the electrons from the ground state to a higher energy state. Electrons in different bonding
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environments in a sample require different amounts of energy to promote them to a higher
energy state. Shorter wavelengths of light carry more energy and longer wavelengths carry
less energy. The more easily excited the electrons, the longer the wavelength of light it can
absorb. The absorption of ultraviolet light by a molecule produces a distinct spectrum

which aids in the identification of the compound.

2.6  Transmission Electron Microscopy (TEM)

TEM is an electron microscopy technique that studies the interactions between the
electrons and the atoms to decipher the morphology and elemental analysis of a sample.
TEM works by using a heated tungsten filament in the electron gun to produce an electron
beam in a vacuum chamber. These electrons are focused on the sample by the condenser
lenses. The vacuum chamber allows electrons to produce a clear image without colliding
with any air molecules which may deflect them. When the electron beam strikes the
sample, some of the electrons are transmitted depending upon the thickness. The
transmitted electrons are focused by the objective lenses forming an image. The image is,
then, passed down the column through the intermediate and projector lenses, and finally
on the fluorescent screen creating a large clear image. The denser the sample, the darker
the region of a TEM image because fewer electrons are transmitted and more electrons are
scattered (absorbed), and fewer electrons reach the screen for visualization. On the other
hand, thinner and more transparent samples appear brighter because more electrons are
transmitted and fewer electrons are scattered (absorbed), and more electrons reach the

screen for visualization.®! A cartoon of the TEM instrumentation is shown in Figure 2.7.
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Figure 2.7. A cartoon depicting the TEM instrumentation basic working principle.

2.7 Computational Methods

Quantum computational methods provide information that is complementary to
experimental data regarding the structures, properties, and reactions of substances. The
calculations presented in this dissertation were performed using density functional theory
(DFT). DFT works on the principle that the ground state electronic energy is determined

by the electron density, and by not focusing on individual electrons. This theory defines a
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“function” as an algorithm for producing a number from a set of variables. Here, the
electron density is a “function” of a set of variables. A “functional” is an algorithm for
generating a number from a function, which in turn depends on variables. Here, the energy,
which depends on the electron density, is a “functional.”®? In this dissertation, the DFT
method used is called B3LYP, which is named so due its developers, Becke, Lee, Yang,
and Parr. It uses Becke 3 parameter functional (B3) methods with the correlation functional
of Lee, Yang, and Parr.83-% Quantum chemical calculations use certain mathematical
formula called basis sets. A basis set is a set of functions, which are formed by the linear
combinations of atomic orbitals to create molecular orbitals. For the work presented in this
dissertation, the basis set of aug-cc-pVTZ is used. The prefix “aug” stands for
“augmented,” and it denotes diffuse functions. These are very shallow Gaussian basis
functions, which more accurately represent the "tail" portion of the atomic orbitals, which
are distant from the atomic nuclei. Diffuse functions are known to be critical in describing
the electron distribution of anions, weak interactions, such as hydrogen bonds, and
evaluating activation barriers. The term “cc” means “correlation consistent,” “p” indicates
polarization functions, “V” indicates they are valence-only basis sets, and “TZ” stands for
Triple-zeta. These basis sets have had redundant functions removed to increase

computational efficiency.®
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CHAPTER 3. WATER-SOLUBLE PALLADIUM NANOCLUSTERS AS CATALYSTS IN LIGAND-
FREE SUZUKI-MIYAURA CROSS-COUPLING REACTIONS

This chapter is reproduced with permission from “Water-Soluble Palladium
Nanoclusters as Catalysts in Ligand-Free Suzuki-Miyaura Cross-Coupling Reactions”

ACS Appl. Nano Mater. 2022, 5, 3, 3188-3193. https://doi.org/10.1021/acsanm.2c00389

Copyright © (2022) American Chemical Society.
3.1 Introduction

Transition-metal catalyzed cross coupling is a powerful synthetic method for
constructing carbon-carbon and carbon-heteroatom bonds in pharmaceuticals,
agrichemicals, and precursors for materials.! 2> 8% Among various cross-coupling
schemes, the Suzuki-Miyaura (SM) reaction uses an organoboron nucleophile and an
organic halide electrophile as coupling partners and has the most important technical
significance due to the relatively mild reaction conditions and the non-toxic, air/moisture
tolerant nature, and wide availability of organoboron derivatives.!>”>°° Although ligand-
stabilized, unsaturated Pd(0) complexes are generally known as catalysts in solution-phase
cross-coupling reactions, new catalytical species have recently been proposed for both

homo- and hetero-geneous reactions.*+ 9194

For reactions employing Pd complexes that are stabilized with phosphine ligands,
unusual Pd(I) and Pds(IV) catalysts were reported recently.** °12 The Pd(I) catalyst was
a binuclear complex and formed by the reduction of a Pd(II) precursor in the presence of a
phosphine ligand.** The formation of the Pd(I) species depended on the nature of the Pd
(IT) precursor, the choice of the phosphine ligand, the stoichiometry of the Pd to phosphine,
and the order of the addition of the reagents. The Pd3(IV) catalyst with each Pd atom in an

oxidation state of +4/3 was formed by the reaction of a Pd(II) salt and a phosphine in the


https://doi.org/10.1021/acsanm.2c00389

presence of NaBH4.”!

In the SM coupling between various aryl bromides and
phenylboronic acid, the Pd3(IV) catalyst reacted first with phenylboronic acid to generate
an intermediate, which is in contrast to the well-established SM coupling mechanism where
an oxidative addition is the first step.”! As to the transmetallation step, tri- and tetra-
coordinate boron complexes were identified as containing Pd-O-B linkages.”

For ligand-free cross-coupling reactions with Pd-containing solids, the physical

state and chemical identity of catalytical species remains under debate. -3940 42, 47, 93-94,96-98

Several studies proposed that Pd catalysts were in solid states,*” 939+ %

while others argued
that they were molecular species produced by leaching of solid precatalysts in solutions.*"
40, 42,9698 1y supporting the argument of heterogeneous catalysis, a stable single-atom Pd
catalyst anchored on exfoliated graphitic carbon nitride was reported through scanning
transmission electron spectroscopy;’ a direct contact between aryl bromides with the metal
surface of Au-Pd superstructures was proposed through surface-enhanced Raman
spectroscopic measurements;”* and the SM coupling reactivity was observed to correlate
with surface changes on Pd nanoparticles supported on carbon nanotubes.*’ On the other
hand, there is emerging evidence toward a scenario that Pd-containing solids only serve as
a reservoir of soluble catalytically active Pd species.”® However, the chemical identity of
the soluble Pd species is being actively debated. Several studies proposed Pd oxides as
active species leached out from Pd supported on metal oxides, nanotubes, wire, foil, or

40, 96-97

sponge, while others suggested small Pd clusters formed in N-methyl pyrrolidone as

active species,*? or the identity of the molecular species in solutions was unknown.>*

20



In this work, we have identified water-soluble neutral Pd4 and Pds; nanoclusters as
catalysts in the SM coupling reaction between bromobenzene and phenylboronic acid with
Pd(II) nitrate as a precatalyst and in the presence of ethanol and potassium hydroxide
(Figure 3.1). The Pd4 3 nanoclusters are formed by leaching of spherical Pd(0) nanoparticles
in the reaction medium. The Pd(0) nanoparticles are produced by the reduction of Pd(II)

nitrate, and the reduction is induced by the alcohol and enhanced by the base.

g

KOH > Supernatant | &,

Br OH — | |
H,O/EtOH . |&

H — Precipitate ' ‘

T ol g

Figure 3.1. Schematic representation of the water-soluble Pds 4 nanoclusters formed by
leaching of Pd (0) nanoparticles catalyze the SM coupling between Ce¢HsBr and
Ce¢HsB(OH), with Pd(NO3)2.2H20 as a precatalyst.

3.2 Experimental

3.2.1 Materials

Palladium dinitrate dihydrate was purchased from Strem Chemicals, bromobenzene
(> 99% GC) from Fisher Scientific, biphenyl (99%) and 2-phenyltoluene (97%) from
Aldrich, 2-bromotoluene (99%) from Thermo Scientific, and phenylboronic acid (99%
HPLC) from Chem Impex International, while potassium hydroxide (85.0%) and
anhydrous ethanol were purchased from VWR. All the chemicals were used without further

purification. Millipore deionized water was used in all the experiments.
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3.2.2 Suzuki — Miyaura coupling reactions

The procedure for the Suzuki-Miyaura coupling (S-M) reaction was adapted from
the literature.'*
3.2.2.1 Catalyst preparation without substrates and SM reactions

In a round bottom flask, the catalyst was prepared using 10 mg (0.0375 mmol) of
Pd(NO3)2.2H>0 and 53.8 mg (0.96 mmol) of KOH dispersed in a solution of 4 mL
H>O:EtOH (1:1). The flask was kept in an oil bath at 80 °C for 60 minutes under constant
magnetic stirring. The reaction was done in air. After the reaction, the mixture was
separated into a supernatant and a precipitate by centrifugation at 5000 rpm for 5 minutes,
and the supernatant and precipitate were then placed in two separate vials for future
reactions.

Reactions with the precipitate: The precipitate was cleaned with 3 mL of ethyl
acetate by centrifuging at 5000 rpm for 5 minutes twice and then dried under nitrogen flow
for half an hour. The nitrogen-dried precipitate was used as a catalyst for the first reaction
at 80 °C for 1 hour and with 33.6 puL (0.32 mmol) of bromobenzene, 46.3 mg (0.38 mmol)
of phenylboronic acid, and 53.8 mg (0.96 mmol) of KOH in a solution of 4 mL H,O:EtOH
(1:1). The reaction was done in air. After the reaction, the reaction mixture was again
separated into a supernatant and a precipitate by centrifugation at 5000 rpm for 5 minutes.
Because any coupling product would be in the solution phase, the solution was injected
into the GC-MS for product. A flowchart of the reaction experiment is shown in Figure
S3.6.

Reactions with the supernatant: The supernatant was extracted with ethyl acetate

and water three times resulting in clearly-separated organic and inorganic phases. The
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organic phase was discarded, whereas the inorganic phase was used for further reactions
and characterizations. The inorganic layer was then added with 2 mL of ethanol, 33.6 puL
(0.32 mmol) of bromobenzene, 46.3 mg (0.38 mmol) of phenylboronic acid, and 53.8 mg
(0.96 mmol) of KOH to perform the reaction at 80 °C for 2 hours. After the reaction, the
reaction product, biphenyl, was measured with the GC-MS analysis. The reaction mixture
was also extracted three times with ethyl acetate and water to collect the organic and
inorganic layers. The resultant organic layer was treated with anhydrous sodium sulfate
(Na2S0Os4) to remove any remining water, and the Na;SO4 was then removed from the
organic layer through filtration. Biphenyl crystals were obtained through rotary
vaporization of the filtrate and dried with nitrogen. The inorganic layer was again added
with fresh ethanol, bromobenzene, phenylboronic acid, and KOH to perform the reaction
at 80 °C for 1 hour. The procedure was repeated for additional runs until no product was
detected.

3.2.2.2 Catalyst preparation with substrates and SM reactions

In a round bottom flask, 10 mg (0.0375 mmol) of palladium dinitrate dihydrate,
33.6 puL (0.32 mmol) of bromobenzene, 46.3 mg (0.38 mmol) of phenylboronic acid, and
53.8 mg (0.96 mmol) of KOH were dispersed in a solution of 4 mL H>O:EtOH (1:1). The
flask was kept in an oil bath at 80 °C for 30 minutes under constant magnetic stirring. The
reaction was done in air. After the reaction, the reaction mixture was separated into a
supernatant and a precipitate by centrifugation at 5000 rpm for 5 minutes, and the
supernatant and precipitate were then placed in two vials for future reactions. The coupling
product, biphenyl, in the supernatant was measured through GC-MS analysis. To purify

the product, the supernatant was extracted with ethyl acetate and water three times. The
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resultant organic layer was treated with anhydrous Na,SO4 to remove any remining water,
and the sodium sulfate was then removed from the organic layer through filtration.
Biphenyl crystals were obtained through rotary vaporization of the filtrate and dried with
nitrogen.

Reactions with the precipitate: The precipitate was cleaned with 3 mL of ethyl
acetate by centrifuging at 5000 rpm for 5 minutes twice and then dried under nitrogen flow
for half an hour. The nitrogen-dried precipitate was used as a catalyst for the next run also
at 80 °C for 30 min and with the same amount of fresh bromobenzene, phenylboronic acid,
KOH, and ethanol. The procedure was repeated for additional runs until no product was
detected. A flowchart of the reaction experiment is shown in Figure S3.7.

Reactions with the supernatant. After the extraction of the organic layer in the
supernatant, the inorganic layer was collected and extracted three times with ethyl acetate
and water to remove any remaining organic compounds. The inorganic layer was then
added with fresh ethanol, bromobenzene, phenylboronic acid, and KOH to perform the
reaction at 80 °C for 30 minutes. The procedure was repeated for additional runs until no
product was detected.

3.2.3 Control experiments

Control experiments were also conducted in two methods: preparing the catalyst
first without substrates and preparing the catalyst with substrates.
3.2.3.1 Catalyst preparation without substrates and SM reactions

Reaction with bromobenzene: The catalytic mixture was prepared, and the
inorganic phase of the supernatant layer was isolated as described above in Section 3.2.2.1.

The inorganic layer was then added with 2 mL of ethanol, 33.6 uL (0.32 mmol) of
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bromobenzene, and 53.8 mg (0.96 mmol) of KOH to perform the reaction at 80 °C for 1
hour. After the reaction, the reaction product, biphenyl, was measured with the GC-MS
analysis.

Reaction with phenylboronic acid: The catalytic mixture was prepared, and the
inorganic phase of the supernatant layer was isolated as described above in Section 3.2.2.1.
The inorganic layer was then added with 2 mL of ethanol, 46.3 mg (0.38 mmol) of
phenylboronic acid, and 53.8 mg (0.96 mmol) of KOH to perform the reaction at 80 °C for
1 hour. After the reaction, the reaction product, biphenyl, was measured with the GC-MS
analysis.

Reaction with 2-bromotoluene: The catalytic mixture was prepared, and the
inorganic phase of the supernatant layer was isolated as described above in Section 3.2.2.1.
The inorganic layer was then added with 2 mL of ethanol, 34.9 uL (0.32 mmol) of 2-
bromotoluene, 46.3 mg (0.38 mmol) of phenylboronic acid, and 53.8 mg (0.96 mmol) of
KOH to perform the reaction at 80 °C for 1 hour. After the reaction, the reaction product,
2-phenyltoluene, was measured with the GC-MS analysis.
3.2.3.2 Catalyst preparation with substrates and SM reactions

Reaction with bromobenzene: In a round bottom flask, 10 mg (0.0375 mmol) of
palladium dinitrate dihydrate, 33.6 uL (0.32 mmol) of bromobenzene, and 53.8 mg (0.96
mmol) of KOH were dispersed in a solution of 4 mL H,O:EtOH (1:1). The flask was kept
in an oil bath at 80 °C for 30 minutes under constant magnetic stirring. The reaction was
done in air. After the reaction, the reaction mixture was separated into a supernatant and a
precipitate by centrifugation at 5000 rpm for 5 minutes. The coupling product, biphenyl,

in the supernatant was measured through GC-MS analysis.
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Reaction with phenylboronic acid: In a round bottom flask, 10 mg (0.0375 mmol)
of palladium dinitrate dihydrate, 46.3 mg (0.38 mmol) of phenylboronic acid, and 53.8 mg
(0.96 mmol) of KOH were dispersed in a solution of 4 mL H,O:EtOH (1:1). The flask was
kept in an oil bath at 80 °C for 30 minutes under constant magnetic stirring. The reaction
was done in air. After the reaction, the reaction mixture was separated into a supernatant
and a precipitate by centrifugation at 5000 rpm for 5 minutes. The coupling product,
biphenyl, in the supernatant was measured through GC-MS analysis.

Reaction with 2-bromotoluene: In a round bottom flask, 10 mg (0.0375 mmol) of
palladium dinitrate dihydrate, 34.9 uL (0.32 mmol) of 2-bromotoluene, 46.3 mg (0.38
mmol) of phenylboronic acid, and 53.8 mg (0.96 mmol) of KOH were dispersed in a
solution of 4 mL H>O:EtOH (1:1). The flask was kept in an oil bath at 80 °C for 30 minutes
under constant magnetic stirring. The reaction was done in air. After the reaction, the
reaction mixture was separated into a supernatant and a precipitate by centrifugation at
5000 rpm for 5 minutes. The coupling product, biphenyl, in the supernatant was measured
through GC-MS analysis.

3.2.4 Catalyst preparation for XPS analysis

Precipitate: 0.0375 mmol of Pd(NO3)2.2H>0 and 53.8 mg (0.96 mmol) of KOH
dispersed in a solution of 4 mL H>O:EtOH (1:1) at 80 °C for 30 minutes under constant
magnetic stirring. The reaction was done in air. After the reaction, the mixture was
separated into a supernatant and a precipitate by centrifugation at 5000 rpm for 5 minutes,
and the precipitate was used for XPS analysis for the precipitate.

Supernatant: In a round bottom flask, the catalyst was prepared using 50 mg

(0.1875 mmol) of PdA(NO3)2.2H>0 and 2 mg (0.0357 mmol) of KOH dispersed in a solution
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of 1 puL ethanol and 2 mL H>O. The flask was kept in an oil bath at 80 °C for 30 minutes
under constant magnetic stirring. The reaction was done in air. After the reaction, the
mixture was separated into a supernatant and a precipitate by centrifugation at 5000 rpm
for 5 minutes, and the extracted inorganic layer of the supernatant was used for XPS
analysis for the supernatant.
3.2.5 Reduction of Pd(NO3),.2H>0O and oxidation of ethanol

10 mg (0.0375 mmol) of palladium dinitrate dihydrate, 53.8 mg (0.96 mmol) of
KOH, and 2 mL of ethanol were added to a reaction vessel and stirred at RT for a half hour
under air. The reaction mixture was separated by centrifugation. The organic layer of the
solution was collected to identify the ethanol-oxidation product by '*C NMR, and the
precipitate was used to identify the Pd oxidation state after the reduction of the Pd salt by
XPS.
3.2.6 Characterization
3.2.6.1 GC-MS

GC-MS analysis of the reaction product was performed using an Agilent
Technologies 6890N GC with split injection and with 5973 Mass Selective Detector
(MSD). Ultra-high purity He gas (99.999%) was used as the carrier gas at 0.5 mL/min after
passing through an oxygen and moisture trap. Samples for the GC-MS analysis were
prepared at a concentration of 1 mg/mL in an ethyl acetate solvent. Following automated
injection of 0.1 mL, the oven was held at 70 °C for 3 minutes, then ramped at 10 °C/min
to 280 °C, where it was held for 22 minutes to complete the run.

3.2.6.2 BCNMR
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NMR experiments were performed on a 400 MHz Bruker AVANCE NEO
(Billerica, MA, USA) instrument equipped with a 5 mm Smart Probe. The solvent used
was deuterated chloroform (CDCI3). Samples were prepared using 100 puL of the sample
and 400 uL of CDCls.
3.2.6.3 XPS

XPS data was collected using a Thermo VG Scientific Sigma Probe system with an
Al Ky X-ray source (1486.3 eV) at an energy resolution of 0.47 eV full width at half
maximum (FWHM) under ultrahigh vacuum (10® Torr). The samples for XPS
measurements were prepared using the drop-casting method. First, 3uL of the Pd-
containing suspension in water was drop casted on a silicon (Si) wafer. Then, it was dried
in air for 30 minutes. This drop-casting method was repeated ten times to ensure uniform
spreading of the sample on the Si wafer. Pd 3d XPS spectra were obtained with 10 scans
in the range 330 to 350 eV with a spot size of 400 um. Deconvolution of the XPS spectra
was performed using Thermo Avantage software with a full width at half max (FWHM) of
1.50 eV for each peak and a 30% Lorentzian/Gaussian (L/G) mixed convolution.
3.2.6.4 XAS

XAS spectra were collected at 20-BM beamline of the Argonne National
Laboratory. A Si (111) double-crystal monochromator beam was focused by toroidal
mirror. Harmonic rejection was facilitated by using a Rh-coated mirror (2 mrad) as well as
a 15% detuning of the beam intensity at 24800 eV. 20% Ar and 80% N> were used for all
ionization chambers. Details on the beamline optics and instruments can be found
elsewhere.!?! The liquid samples were measured inside the Eppendorf vials in transmission

mode at room temperature. Several spectra were collected for each sample to ensure the
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reproducibility of the spectra and good signal-to-noise ratios. Samples were scanned at
energies near the Pd K absorption edge (24,350 eV). The standard Pd foil was scanned
simultaneously, between the transmission and reference ionization chambers and used for
calibration. Extended X-ray absorption fine structure (EXAFS) at the Pd K-edge was
recorded at room temperature and the Pd local coordination environment was determined
using the EXAFS data. EXAFS oscillations were extracted using Athena code and analyzed
using Arthemis software.!?? The local environment of Pd atoms was determined using the
phase shift and amplitude functions of Pd—O and Pd-Pd contributions from Pd(NO3), and
metallic Pd, respectively. The Pd foil was analyzed first and used to determine the
amplitude reduction factor (Sy°) for the samples Pd-Pd contribution. The samples and
Pd(NO3)> were analyzed simultaneously. Due to the nature difference between the Pd foil
and the samples, the photoelectron energy origin correction (AEy) determined for the foil
could not be used for the samples and had to be fitted again being the same for all Pd-Pd
contributions. Sy°, AEy and Debye-Waller factor (o) were fitted for the Pd-O path to
reduce the number of variables. The coordination numbers (»;) and distances (R;) were
adjusted freely and independently for each sample and each path. The range used to
transform the EXAFS oscillations was (k° y(k)) 3-10 and the interval where the fit was
performed was | y(R)|= 1-3 A.
3.2.6.5 UV-Vis

UV-Vis absorption spectra were collected using an Evolution™ 201 UV-Vis
spectrophotometer. The instrument was equipped with a double beam scanning technology
with sample and reference cuvette positions and Czerny-Turner Monochromator. The

detector used was dual silicon photodiodes, while the lamp was a Xenon Flash Lamp. Data
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were obtained using a baseline flatness of 200 to 700 nm, a data interval of 1 nm, a spectral
bandwidth of 1.0 nm, and an integration time of 2.5 seconds. The blanks were performed
using water. UV-Vis samples were prepared using 10 puL of the sample and 2 mL of water
as the solvent. UV-Vis was measured for the inorganic layer of the supernatant phase for
each run so as to avoid any interference from the organics (reactants, solvent, or products).
3.2.6.6 TEM

TEM was operated on FEI Talos F200X. The energy of the field emission gun was
maintained at 200 keV. The resolution was kept at 0.16 nm. A high-speed Ceta camera of
16 megapixel with 40 frames per second was operated at 4K resolution. TEM tomography
was also used. TEM samples were prepared by dispersing a small amount of the isolated
Pd-containing precipitate in ethyl acetate and by sonicating the mixture for 30 minutes.
Then, 10 pL of the diluted solution mixture was drop-cast onto a 300 mesh Cu grid with a
holey carbon film.
3.2.7 Computational methods

The DFT method with the B3LYP hybrid function was employed to calculate
geometries and vibrational frequencies of water-solvated Pd, (n =1-4) and PdO.% The
Stuttgart/Dresden (SDD) basis set was used for Pd and 6-311G+(d,p) for O.'% The solvent
effect was treated by the polarization continuum model.!** At the ground-state geometry,
the time-dependent (TD) DFT calculations were then performed to determine their excited
states. The result was plotted as the UV-Vis spectrum for each species. All calculations

were performed with the Gaussian 09 software package.'*
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3.3 Results and Discussion

3.3.1 SM Coupling is Catalyzed by Homogeneous Catalytic Mechanism

To investigate if the SM coupling is catalyzed homogeneously or heterogeneously,
we performed the reactions separately with water-soluble Pd species and solid Pd particles.
The soluble and solid Pd were isolated from catalytical mixtures that were prepared at 80
°C in two batches: one with the bromobenzene and phenylboronic acid substrates (batch
A) and the other without them (batch B), both in the presence of Pd(II) nitrate, potassium
hydroxide, water, and ethanol. Upon isolation, the soluble Pd species reside in the inorganic
layer of the supernatant while the solid Pd particles are in precipitate. The SM reactions
were then carried out at 80 °C, separately with the inorganic supernatants and precipitates
isolated from the two batch mixtures in fresh base and alcohol aqueous solutions. The
details of the mixture preparation, isolation, and SM reactions are presented in Figures S3.6
and S3.7, and results are summarized in Table 3.1. The yields of the coupling product,
biphenyl, were measured by GC-MS (Figures S3.8-S3.10). As shown in the table, both the
soluble and solid Pd prepared from batch A exhibit a high catalytical activity, while with

batch B, only the soluble Pd species catalyzes the SM reaction.
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Table 3.1. SM coupling of bromobenzene and phenylboronic acid substrates catalyzed by
soluble Pd species and solid Pd particles isolated from catalytical mixtures.

Mixture? Yield (%) with soluble | Yield (%) with solid Pd
Pd species® particles®

With substrates (batch A) 91 89

Without substrates (batch B) 61 0

 In both cases, the mixtures consisted of PA(NO3)2.H>0 (0.0375 mmol), KOH (0.96 mmol)
and 4 mL 1:1 H,O: CH3CH>OH and were stirred in air at 80°C for 0.5 h (batch A) and 1 h
(batch B).

® Yields of biphenyl were measured with GC-MS. SM coupling reactions of bromobenzene
and phenylboronic acid were carried out with stir in air at 80°C for 0.5 h (with batch A) or
1 h (with batch B) in the solution of KOH (0.96 mmol) and 4 mL 1:1 H>O: CH3CH>OH.

3.3.2 Pd(0) particles serve as a reservoir from which catalytical species are discharged

into the solutions

To help understand the activity difference between the solid Pd from the two
mixtures, we measured the Pd 3d x-ray photoelectron spectra (XPS) and observed the Pd
particles prepared from the two batches are both in the zero-oxidation state even though
their reaction yields are 0 and 89%, respectively. We also measured UV-Vis spectra of the
inorganic layers isolated from the reaction mixtures and found that the spectra are the same
with the soluble and solid Pd prepared with the substrates. These spectroscopic
measurements suggest that the Pd(0) particles themselves are not an active catalyst but
serves as a reservoir from which catalytical species are discharged into the solutions, which
is consistent with numerous previous studies.?*-* 4% %98 The leaching and activity are
enhanced for the solid Pd (0) particles that were isolated from the mixture with the organic

substrates, as previously reported for Pd supported on alumina or carbon in SM and Heck
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reactions.!%1%7 Activity enhancement is also observed for the soluble Pd species from the
mixture with the substrates. In addition, we tested the activity of the soluble and solid Pd
from the two batch mixtures prepared at the room temperature and found that the reaction
yields (e.g., 83 and 66% for the soluble and solid Pd, respectively, with the substrates and
no product for both Pd without the substrates) are lower than those prepared at 80 °C (Table
3.1) This observation suggests that an increased temperature enhances the Pd leaching and
activity as well.
3.3.3 Reusability and stability of the water-soluble Pd catalyst

We then investigated the reusability and stability of the water-soluble Pd catalyst.
Figure 3.2 presents the yields of biphenyl obtained from several runs by using the soluble
and solid Pd isolated from the mixture with the substrates, each run was carried out in
triplicate. The yields of biphenyl from the first three consecutive runs were similar in two
cases. After the third run, the reaction with the Pd(0) particles delivered no product, while
the reaction with the soluble Pd species still showed fair activity in two additional runs
under the same conditions. The fewer catalytical cycles with the Pd (0) particles are likely
due to the redeposition of the discharged soluble Pd species on the surface of the solid. To
test the stability of the soluble Pd species in the solution, we performed the SM coupling
after the fresh inorganic supernatant was stored at room temperature for 12 weeks and
found the reaction generated biphenyl with 40% yield. This observation shows the water-
soluble Pd species is very stable under ambient conditions, a clearly desirable property for

any catalysts.
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Figure 3.2. Comparison of biphenyl yields of the SM reaction catalyzed with soluble Pd
species (red) and Pd(0) particles (blue). The yields were measured with GC-MS.
3.3.4 Control experiments

To confirm that biphenyl was formed by the SM cross-coupling between C¢HsBr
and C¢HsB(OH),, rather than through the homocoupling of C¢HsBr or CsHsB(OH)2, we
carried out three control experiments with a) C¢HsBr, b) CsHsB(OH), and c) 2-
bromotoulene (C7H7Br) and CsHsB(OH),. These reactions were conducted separately with
the soluble Pd species from the mixtures with and without substrates. The reactions with
only C¢HsBr or C¢HsB(OH): yielded no product in both cases, whereas the cross coupling
of C7H7Br and CsHsB(OH); produced the product of 2-phenyltoleuene in 90% yield with

the substates and 53 % without them (Figure S3.11-S3.13).
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3.3.5 The soluble Pd species consist of Pds as the major species and Pd; as the minor

species

After the identification of the SM coupling being catalyzed by water-soluble Pd
species, we proceeded with the experiment to determine their chemical identities. It is
observed that the soluble Pd species consist of Pds as the major species and Pds as the
minor one, as shown by comparing the experimental and computational UV-Vis spectra in
Figure 3.3. The experimental spectrum was obtained by subtracting the spectrum of the
spent inorganic supernatant after the final run from the spectrum of a fresh solution prior
to the SM reaction to minimize the interference from organic chemicals. The supernatant
after the final run contains no Pd clusters, while the clusters are not consumed in the fresh
solution. The experimental spectrum was recorded in the range of 200-700 nm, but no
signal was observed beyond 400 nm. The theoretical spectra were computed using Time-
dependent density functional theory (TD-DFT), and the solvent (i.e., water) effect was
treated by the polarizable continuum model.'®® We considered several small Pd, species
(n=1-4) and PdO in our calculations because these two classes of molecules were
previously proposed as possible catalytical species in ligand-free Pd-catalyzed SM
reactions.*% #2997 Because they are stable in aqueous solutions under ambient atmosphere,
these species are expected to be in singlet electronic states where all electrons are paired,
rather than other spin states with one or more unpaired electrons. The singlet spin states
are the electronic states of the neutral molecules. The calculated spectrum of a nearly-
planar Pds cluster ('A’, Cs) shows well-matched maximum absorption wavelength (~ 275
nm) and profile with the measured spectrum. The spectrum of a planar Pds cluster (1A,

Cav) displays a much broader absorption profile and a lower intensity with the maximum
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at ~ 270 nm. Its contribution may not be excluded but must be considerably smaller than
that of the Pds cluster. For other species, the spectral maxima are predicted at 309 nm for
Pd ('S), 316 nm for Pd; ('Z*, Dun) and 250 nm for PdO ('Z*, Cuy); all have much lower
intensities. Thus, these molecules are not significant in the supernatant. The Pd tetramer
and trimer (Figure S3.14) serve as a catalyst because they are the major soluble Pd species,
their existence leads to the formation of the coupling product, and they are the reactants
and products in multiple runs until their activity is diminished. The current work is
consistent with the previous study where Pd3 4 clusters formed in N-methylpyrrolidone and
estimated with the jellium model were proposed to be active species,*? but inconsistent
with other studies where palladium oxides were reported to be catalytically active.** 767
However, the electronic states and relative contributions of the Pd clusters were not
identified with the jellium model that was used for size estimation in the previous study.*?
Nevertheless, it is interesting that the jellium model that is based on the uniform electron
gas and often used in solid physics is capable for estimating the size of such small metal
clusters in aqueous solutions. We have also located a singlet Pds cluster in a three-
dimensional structure. However, the calculated UV-Vis spectrum of the three-dimensional
Pds singlet state has a much lower intensity and broader absorption than that of the
experimental spectrum (Figure S3.15). Thus, the three-dimensional Pd4 is not a significant

species of the catalyst.
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Figure 3.3. Measured UV-Vis spectrum of soluble Pd species and calculated spectra of Pd;.
4 and PdO by TD-DFT calculations with the continuum solvation model.
3.3.6 Characterization of the solid Pd particles that serve as the reservoir of the Pd
clusters
3.3.6.1 Morphology
The next issue that was addressed is the size and shape of the solid Pd particles that
serves as the reservoir of the Pd clusters. Figure 3.4 shows the transmission electron
microscopy (TEM) images of the Pd nanoparticles prior to the SM reaction (a) and after
the final run (b), taken with the electron beam perpendicular to the sample surface, while
those in Figure S3.16 are images taken at other angles. Before the SM reaction, most of the
Pd nanoparticles have a spherical shape, and the average diameter of fifty-five
nanoparticles is estimated to be 2.99 + 1.32 nm. After the final run of the SM reaction, the

shape of most Pd nanoparticles becomes roughly cylindrical with the average dimension
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of 2.71 £ 1.18 nm in diameter and 7.42 £ 0.97 nm in length. The spherical shape of the Pd
nanoparticles before the reaction suggests that the constituent molecular species have
negligible total electric dipole moments. Indeed, the electric dipole moments of the Pds and
Pd; clusters are predicted to be zero and 0.027 D, respectively. On the other hand, the
cylindrical shape of the Pd nanoparticles after the final run of the reaction suggests that the
constituent inactive molecular species should have a larger electric dipole in one direction
than those in other two directions. One of the inactive species is presumably PdO, which
is predicted to have the electric dipole of 8.352 D along the molecular axis and zero along

the axes perpendicular to the molecular axis.
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Figure 3.4. TEM images and size histograms of the spherical Pd nanoparticles before the
SM reaction (a) and the cylindrical Pd particles after the final run (b). The dimension of
the cylindrical particle size is represented by the diameter of the cross section and the
length.
3.3.6.2 Local coordination of the Pd nanoparticles

The existence of PdO on the surface of the Pd nanoparticles after the final run of
the reaction is also consistent with the XPS measurements, where Pd(II) was observed as
a major oxidation state (Figure S3.17). In contrast, only Pd(0) was detected on the surface

of the Pd nanoparticles before the reaction (Figure S3.17). To investigate the local
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coordination of the Pd nanoparticles, we performed Pd-K-edge x-ray absorption
spectroscopic measurements. The extended x-ray absorption fine structure (EXAFS)
single-shell fits in the R-space indicate that the local coordination number of Pd-Pd is 4.3
+ 0.9 for the sample before the reaction and reduces slightly to 3.4 £ 0.6 for the sample
after the final run of the reaction (Table 3.2 and Figure S3.18). The EXAFS measurements
are consistent with the UV-Vis spectra that show the Pds3 clusters are leached to the
supernatant from the surface. The EXAFS measurements also show an increase of Pd-O
from the before-reaction to the after final-run sample. Such an increase correlates with the

degradation of activity of the Pd catalyst.

Table 3.2. EXAFS parameters from the best single-shell fits.?

Neao | Reao(A) | Neara | Reara(A) oi’ (A%
Pd foil 12 2.740 (2) 0.0054(4)
PA(NOs )2 2 2.02(2)
Sample 1 114 | 197() | 4309) | 275(1) 0.009 (1)
Sample 2 173) | 1992 | 34(6) | 27801

¥For PA(NO3)2, only the first Pd-O contribution is listed in the table.

Sample 1: the sample before the reaction.

Sample 2: the sample after the final run of the reactions.
AEopd-pa)= 0.8+ 1; SO2(Pd-Pd) =0.78 £0.04; Soz(o-o) =1.1£0.2; AEopd-0)= 8 £ 2; AEo(pd foil)

=4.6+03

39



3.3.7 Pd(0) nanoparticles are formed by the reduction of Pd(II) nitrate induced by

ethanol and enhanced by KOH

The Pd(0) nanoparticles are formed by the reduction of Pd(II) nitrate induced by
ethanol and enhanced by potassium hydroxide at the room and reaction (80 °C)
temperatures. The reduction was monitored by the XPS measurements of Pd 3d electron
binding energies (Figure 3.5). For PA(NO3)2.2H>O dissolved in water (Figure 3.5a), the Pd
(IT) 3d electron binding energies are measured to be 337.2 and 342.5 eV, which correspond
to the 3ds» and 3ds» spin-orbit terms, respectively. The energy ordering of the two spin-
orbit terms arising from the 3d° configuration upon ionization is consistent with Hund’s
rules, where for a more than half-filled subshell, the state with a larger total angular
momentum J has a lower binding energy. The relative intensity of the 3ds, to 3ds» bands
is governed by the (2J+1) degeneracy of each term, where J = 5/2 and 3/2. There is a weak
satellite band at the higher energy side of each main band, and these weak bands arise from
a shake-up process where the outgoing 3d electron interacts with a valence electron and
excite it to a higher energy level. The addition of KOH to the Pd(II) nitrate solution has no
effect on the Pd 3d binding energies (Figure 3.5b), implying that the Pd oxidation state
remains to be +2. However, the addition of ethanol to the Pd(II) nitrate solution produces
two extra bands in the XPS spectrum (Figure 3.5¢), and these two bands are easily assigned
to Pd(0) 3ds» at 335.2 eV and 3ds» at 340.5 eV. Surprisingly, adding KOH to the solution
of Pd(II) nitrate and ethanol vanishes the Pd(II) 3d bands (Figure 3.5d), indicating that the
reduction of Pd(II) to Pd(0) is now complete. We also measured the Pd 3d photoelectron
spectra for the soluble Pd species by using an increased amount of Pd(II) nitrate to obtain

a reasonable XPS signal. We observed that Pd in the supernatant is in zero-oxidation state
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(Figure 3.5¢), which is consistent with the comparison of the experimental and computed
UV-Vis spectra that shows Pds 3 are neutral clusters. The slightly blue shift of the Pd 3d
electron binding energy (0.4 eV) from the nanoparticles in the precipitate to the soluble
species in the supernatant reflects the well-known size-dependent electron property of
metal clusters and particles.!®”

The comparison of the Pd 3d photoelectron spectra in Figure 3.5(a-d) shows that
ethanol acts as the reducing agent for the reduction of Pd(NO3),.2H>0O and KOH enhances
the alcohol-induced reduction even though the base alone is not capable to reduce the
palladium salt. These observations can be understood by the following two reactions:

CH3CH2OH + Pd(NO3)2=Pd(0) + CH3CHO + 2HNO3; (1)

KOH + HNO; = KNOs + H,0 (2)

The observed ethanol-induced Pd(II) reduction (1) is consistent with well-known
Pd-catalyzed oxidation of alcohols.'!® The formation of CH;CHO is confirmed by the *C
NMR spectrum in Figure S3.19, where the 30.7 and 200.83 ppm bands are indicative of
the production of acetaldehyde.!!' The Pd(II) reduction is enhanced by the simple acid-
base reaction (2), which consumes nitric acid and thus shifts the reduction equilibrium to
the Pd(0) side. The role of the base observed in this work is complementary to the
previously reported base effect on the transmetallation and reductive elimination in Pd-

catalyzed SM reactions. 1?13
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Figure 3.5. XPS spectra of Pd 3d for the aqueous solutions of Pd(NO3)2.2H>O (a),
Pd(NO3)2.2H,0 + KOH (b), Pd(NO3)2.2H,0 + CH3CH2OH (c), and Pd(NO3).2H,O +

Binding energy (eV)

CH3CH>OH + KOH [(d) for the precipitate and (e) for the supernatant].
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3.4 Conclusions

In summary, we report Pd-nanocluster catalysts and their formation in the SM
coupling reaction between benzene bromide and phenylboronic acid with palladium nitrate
as a precatalyst. The SM coupling is homogenous in nature without any stabilizing organic
ligands. The Pd catalyst consists of mainly neutral Pd tetramers with secondary Pd trimers
in their singlet electronic states. The Pd nanoclusters are generated by leaching of the Pd(0)
nanoparticles and stable in aqueous solutions for at least three months at the room
temperature. The Pd(0) nanoparticles are formed by reducing Pd(II) nitrate, and the
reduction is induced by ethanol and enhanced by potassium hydroxide. Without the base,
the extent of the Pd(II) nitrate reduction is not sufficient for the SM coupling. Although
this study is carried out with Pd(II) nitrate as a precatalyst and ethanol and potassium
hydroxide as reducing agents, we envision that conclusions reached in this work about the
Pd catalyst will likely be valid for SM reactions with other inorganic Pd(Il) salts as

precatalysts and other alcohols and bases as Pd(II) reducing agents.
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3.5 Supporting Information
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Figure S3.6. Experimental flowchart depicting catalyst preparation, reaction conditions,
steps for the purification of the crude product, and recyclability of the precipitate and
soluble catalysts. The catalyst was prepared without the bromobenzene and phenylboronic
acid substrates.
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Figure S3.7. Experimental flowchart depicting reaction conditions, steps for the
purification of the crude product, and recyclability of the precipitate and soluble catalysts.
The catalyst was prepared with the bromobenzene and phenylboronic acid substrates.
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Figure S3.8. Calibration curve of pure biphenyl for determining the yields of biphenyl
produced in SM reactions. Triplicates of 80-, 60-, 40-, 20-, and 10-mM solutions were
prepared from a stock solution of 100 mM. Each sample was injected into the GC-MS
instrument to yield a certain GC intensity. The error bars correspond to the GC intensities
of three samples at each concentration.
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Figure S3.9. GC-MS spectra of the organic layer from the first run of the SM reactions
catalyzed with the inorganic layer of the supernatant (a) and the precipitate (b). The catalyst
was prepared without the organic substrates. The insets show the MS spectra of the limiting
reactant (bromobenzene) and the product (biphenyl). The reaction was carried out at 80 °C

for 1 hour.
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Figure S3.10. GC-MS spectra of the organic layer from the first run of the SM reactions
catalyzed with the inorganic layer of the supernatant (a) and the precipitate (b). The catalyst
was prepared with the substrates. The insets show the MS spectra of the limiting reactant
(bromobenzene) and the product (biphenyl). The insets are applicable for both samples.
The reaction was carried out at 80 °C for 30 minutes.
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Figure S3.11. Schematic representation of the reaction conditions of the control experiment
between C7H7Br and CsHsB(OH)s.
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Figure S3.12. Calibration curve of pure 2-phenyltoluene for determining the yields of -2-
phenyltoluene produced in the control SM reaction between C7H7Br and CsHsB(OH)..
Triplicates of 80-, 60-, 40-, 20-, and 10-mM solutions were prepared from a stock solution
of 100 mM. Each sample was injected into the GC-MS instrument to yield a certain GC
intensity. The error bars correspond to the GC intensities of three samples at each
concentration.
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Figure S3.13. GC-MS spectra of the C7H7Br and CsHsB(OH)2 coupling reaction with the
catalyst prepared without the substrates (a) and with the substrates (b). The insets show the
MS spectra of the limiting reactant (2-bromotoluene) and the product (2-phenyltoluene).
The reaction was carried out at 80 °C for 60 min without the substrates and for 30 min with
them to keep consistent with the main reactions.
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(2) (b)

Figure S3.14. Structures of neutral Pds; (A1, Cay) (a) and Pds (1A’ Cs) (b) nanoclusters in
their singlet electronic states.
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Figure S3.15. Experimental UV-Vis spectrum of soluble Pd species in the inorganic layer
of the supernatant from the catalyst prepared with the substrates (blue) and without the
substrates (red), and TD-DFT calculated spectrum of a three-dimensional Pds nanocluster
in the singlet electronic state. The predicted spectrum shows a much broader transition and
a much lower intensity at the experimental maximum than the observed spectrum.
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Figure S3.16. TEM images taken at different tilt angles for the before-reaction sample.
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Figure S3.17. Pd 3d XPS spectra of Pd nanoparticles before the SM reaction (a) and after
the final run of the reaction (b). The catalyst was prepared with the substrates. The spectrum
of the before-reaction sample shows only Pd(0) bands, while the spectrum after the final
run displays predominantly Pd(II) bands.
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Figure S3.18. Pd K-edge EXAFS single-shell fits in R-space for Pd(NO3)..2H>0 (a), Pd
nanoparticles before the SM reaction (b), Pd nanoparticles after the final run of the reaction
(c), and Pd foil (d). The catalyst was prepared with the substrates.
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Figure S3.19. 3C NMR spectrum of the organic-layer reaction mixture formed by the
Pd(NO3)2.2H>0 reduction with ethanol and KOH at room temperature for a half hour
recorded in a CD3Cl solvent. The bands at 30.72 and 200.83 ppm in the magnified inserts
indicate the formation of acetaldehyde. The bands at 18.0 and 57.5 ppm are attributed to
ethanol, while the triplet at 77.2 ppm is due to the deuterated chloroform solvent. The small
band at 49.8 ppm could be a residue peak of C-CI from the deuterated chloroform solvent.
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CHAPTER 4. WATER-SOLUBLE COPPER (I) HYDROXIDE CATALYST AND ITS FORMATION
IN LIGAND-FREE SUZUKI-MIYAURA CROSS-COUPLING REACTIONS

This chapter is reproduced with permission from “Water-Soluble Copper(I)
Hydroxide Catalyst and Its Formation in Ligand-Free Suzuki—Miyaura Cross-Coupling
Reactions”  J. Phys. Chem. C 2023, 127, 12, 5791-5799.
https://doi.org/10.1021/acs.jpcc.3c00268 Copyright © (2023) American Chemical Society.

4.1 Introduction

The record of cross-coupling reactions has been present in the literature
since the 1940s when several transition metals were used to catalyze such reactions,
including Fe, Ni, and Cu, among others.?® The first study of Pd-catalyzed SM reactions
was reported in 1979,''* and since then Pd increasingly became the metal of choice for
transition metal - catalyzed SM cross coupling reactions due to its high stability, C-H
activation ability, and the capability to catalyze reactions at trace amounts, !> 22-23: 44 115-116
However, there are growing concerns about its long-term sustainability due to the low
nature abundance, prohibitive costs, and high toxicity of Pd metal.’!->*

Recently, Cu has reemerged as an alternative metal for metal-catalyzed cross-
coupling reactions because of its cost-effectiveness, readily availability, and less

toxicity. 5153 117

Many studies have been reported for non-SM types of homogeneous
ligand-stabilized Cu-catalyzed cross-coupling reactions. A survey of the literature shows
that Cu(I) complexes stabilized with -diketones, phosphines, or 1,10-phenanthrolines
were generally reported as the catalytical species in the Cu-catalyzed cross-coupling
reactions.! 3123 The chemical identity of the active Cu(I) species depended on the oxidation
states of the Cu precursors (i.e., Cu (0),'?° Cu (I),!1% 121122124 o¢ Cy (I1)!2%121) and types

of stabilizing ligands. Examples of active Cu (I) species included Cu(I) —dative complexes

formed from Cu (0) precursors and 1,3-diketonates,'?® copper(I) acetylides from Cu (I)
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salts and phosphines,''” and [Cu(I)(1,10-phenanthroline)(thioacetate)] compounds from
Cu (II) salts and 1,10-phenanthrolines.'?! On the other hand, fewer studies have been
reported for homogeneous ligand-stabilized Cu-catalyzed SM cross-coupling reactions.
These SM reactions included the coupling of aryl/vinyl halides and arylboronic acids
catalyzed by (1,4-diazabicyclo[2.2.2]octane);Cu(I) with Cul as the precatalyst,'? the
coupling of aryl/heteroaryl iodides and aryl/heteroarylboronate esters by {[o-(di-tert-
butylphosphino)-N,N-dimethylaniline]Cu(I)F}» Cu(I) also with Cul as the precatalyst,'?°
and the coupling of aryl halides and arylboronic acids possibly by (PEG-400)>Cu(0) with
Cu(0) powder as the precatalyst.!?’ In the case of (PEG-400).Cu(0) catalyst, the polymeric
ligand served as both the solvent and stabilizing ligand.'?’

Although Cu-catalyzed coupling reactions with stabilizing ligands have been
reported consistently to be homogeneous, the nature of catalysis and the identity of
catalytically active species for ligand-free Cu catalysis are under active debate. Both homo-
and hetero-generous reactions have been reported for non-SM cross-coupling. In support
of the homogeneous catalysis, a catalytically active Cu(I) species called Cu(CH3NH),"
has been proposed to form in-situ from a Cu(0) powder pre-catalyst in the Ullman cross-
coupling reaction between aryl halide and methylamine,'?® deoxygenated Cu(l) clusters
with up to seven Cu atoms within a polymer generated in situ from various Cu salts or
oxides (e.g., Cu(OAc)2, CuO, CuCl, CuSO4, CuCN, CuBr, CuBr;, and Cul) in the

Goldberg cross-coupling between iodobenzene and amide,'?’

and copper (I) thiolates
leached into the solution from the surface of the CuO and CuO nanoparticles in the
coupling of thiophenol with 4-iodotoluene.>® In supporting the heterogenous catalysis,
functionalized CuO hollow nanospheres have been reported as active catalysts dispersed
on a CuO-acetylene black or a CuO-charcoal in the Ullman coupling reactions between
aryl iodides and thiophenols,'*® CuO nanoparticles for C-X ( X=C, N, S) coupling,'*! and
Cu(0) particles for C-X (X = C, N, O, S, and Se) coupling.'*? For the SM coupling, even
fewer studies have been reported for ligand-free Cu catalysts. An early study reported on
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Cu nanocluster catalyzed coupling of aryl halide and phenylboronic acid with a CuCl pre-
catalyst,'33 but there was no discussion about the nature of catalysis. A more recent study
reported the ligand-free Cu-catalyzed SM coupling of alkynyl bromides with boronic acids
with Cul as a precatalyst under microwave irradiation.'** The coupling was assumed to be
homogeneous with Cul being the active catalyst, though no experimental evidence was
presented.!3* Possible reaction mechanisms involving transmetalation, oxidative addition,
and reductive elimination were also reported but without experimental evidence of either
active catalysts or reaction intermediates.>* 126

Without using stabilizing ligands, ligand-free metal-catalyzed cross-coupling offers
several benefits. They include that precatalysts are readily available and easy to be
recovered, reactions can be conducted in air, and products are easily isolated with less
contaminations. In this study, we have identified that (a) the ligand-free SM coupling
between iodobenzene and phenylboronic acid is homogeneous in nature with Cul as a
precatalyst, (b) the active catalyst is water-soluble cuprous hydroxide, Cu(OH), in its
singlet electronic state, (¢) Cu(OH) is generated from the leaching of oval shaped Cu(I)

nanoparticles, and (d) the leaching and reactivity are enhanced from ambient temperature

to 80 °C. The SM coupling reaction is presented in Figure 4.1.
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Figure 4.1. Schematic representation of the water-soluble Cu(OH) leached from Cu-
containing precipitates catalyzes the SM coupling between C¢Hsl and CsHsB(OH), with
Cul as a precatalyst.
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4.2  Experimental
4.2.1 Materials

Copper (I) nitrate and biphenyl (99%) were purchased from Sigma-Aldrich,
polyethylene glycol 300 (99%) was purchased from TCI America, 4-iodobenzonitrile
(98%) and 4-cyanobiphenyl from Matrix Scientific, potassium hydroxide (85.0%) from
VWR, while iodobenzene (98%) was from Alfa Aesar and phenylboronic acid (99%
HPLC) from Chem Impex International. All the chemicals were used without further
purification. Millipore deionized water was used in all the experiments.

4.2.2  Suzuki — Miyaura coupling reactions

The SM reaction conditions, including solvents, base, and temperatures, were
adapted from literature.'%% 135136
4.2.2.1 Catalyst preparation without substrates and SM reactions

In a reaction vial, the catalyst was prepared using 8.28 mg (0.0435 mmol) of Cul
and 53.8 mg (0.96 mmol) of KOH dispersed in a solution of 4 mL H>O:PEG-300 (1:1).
The flask was kept in an oil bath at 80 °C for 2 hours under constant magnetic stirring. The
vial was capped, and the reaction was done in air. After the reaction, the mixture was
separated into a supernatant and a precipitate by centrifugation at 5000 rpm for 5 minutes,
and the supernatant and precipitate were then placed in two separate vials for future
reactions.

Reactions with the precipitate: The precipitate was cleaned with 2 mL of ethyl
acetate and then with 2 mL of water by centrifuging at 5000 rpm for 5 minutes twice and
later dried under nitrogen flow for half an hour. The nitrogen-dried precipitate was used as
a catalyst for the first reaction at 80 °C for 2 hours and with 35.81 pL (0.32 mmol) of

iodobenzene, 46.3 mg (0.38 mmol) of phenylboronic acid, and 53.8 mg (0.96 mmol) of
58



KOH in a solution of 4 mL H>,O:PEG-300 (1:1). The reaction vial was capped, and the
reaction was done in air. After the reaction, the reaction mixture was again separated into
a supernatant and a precipitate by centrifugation at 5000 rpm for 5 minutes. Because any
coupling product would be in the solution phase, the solution was injected into the GC-MS
for product identification. A flowchart of the reaction experiment is shown in Figure S4.6.

Reactions with the supernatant: The supernatant was extracted with ethyl acetate
and water three times resulting in clearly separated organic and inorganic phases. The
organic phase was discarded, whereas the inorganic phase was used for further reactions
and characterizations. The inorganic layer was then added with 2 mL of PEG-300, 35.81
uL (0.32 mmol) of iodobenzene, 46.3 mg (0.38 mmol) of phenylboronic acid, and 53.8 mg
(0.96 mmol) of KOH to perform the reaction at 80 °C for 2 hours. After the reaction, the
reaction product, biphenyl, was measured with the GC-MS analysis. The reaction mixture
was also extracted three times with ethyl acetate and water to collect the organic and
inorganic layers. The organic layer was discarded, and the inorganic layer was again added
with fresh PEG-300, iodobenzene, phenylboronic acid, and KOH to perform the reaction
at 80 °C for 2 hours. The procedure was repeated for additional runs until no product was
detected.

4.2.2.2 Catalyst preparation with substrates and SM reactions

In a reaction vial, 8.28 mg (0.0435 mmol) of Cul, 35.81 pL (0.32 mmol) of
iodobenzene, 46.3 mg (0.38 mmol) of phenylboronic acid, and 53.8 mg (0.96 mmol) of
KOH were dispersed in a solution of 4 mL H>O:PEG-300 (1:1). The flask was kept in an
oil bath at 80 °C for 2 hours under constant magnetic stirring. The vial was capped, and the

reaction was done in air. After the reaction, the mixture was separated into a supernatant
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and a precipitate by centrifugation at 5000 rpm for 5 minutes, and the supernatant and
precipitate were then placed in two separate vials for future reactions. The coupling
product, biphenyl, in the supernatant was measured through GC-MS analysis.

Reactions with the precipitate: The precipitate was cleaned with 2 mL of ethyl
acetate and then with 2 mL of water by centrifuging at 5000 rpm for 5 minutes twice and
then dried under nitrogen flow for half an hour. The nitrogen-dried precipitate was used as
a catalyst for the next run also at 80 °C for 2 hours and with the same amount of fresh
iodobenzene, phenylboronic acid, KOH, water, and PEG-300. The procedure was repeated
for additional runs until no product was detected. A flowchart of the reaction experiment
is shown in Figure S4.7.

Reactions with the supernatant. After the extraction of the organic layer in the
supernatant, the inorganic layer was collected and extracted three times with ethyl acetate
and water to remove any remaining organic compounds. The inorganic layer was then
added with fresh PEG-300, iodobenzene, phenylboronic acid, and KOH to perform the
reaction at 80 °C for 2 hours. The procedure was repeated for additional runs until no
product was detected.

4.2.3 Control experiments

Control experiments were also conducted in two methods by preparing the catalyst
without and with substrates.
4.2.3.1 Catalyst preparation without substrates and SM reactions

The catalytic mixture was prepared, and the inorganic phase of the supernatant layer

was isolated as described above in Section 4.2.2.1.
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Reaction with iodobenzene: The inorganic layer was then added with 2 mL of PEG-
300, 35.81 puL (0.32 mmol) of iodobenzene, and 53.8 mg (0.96 mmol) of KOH to perform
the reaction at 80 °C for 2 hours. After the reaction, the reaction product, biphenyl, was
measured with the GC-MS analysis.

Reaction with phenylboronic acid: The inorganic layer was then added with 2 mL
of PEG-300, 46.3 mg (0.38 mmol) of phenylboronic acid, and 53.8 mg (0.96 mmol) of
KOH to perform the reaction at 80 °C for 2 hours. After the reaction, the reaction product,
biphenyl, was measured with the GC-MS analysis.

Reaction with 4-iodobenzonitrile: The inorganic layer was then added with 2 mL
of PEG-300, 73.28 mg (0.32 mmol) of 4-iodobenzonitrile, 46.3 mg (0.38 mmol) of
phenylboronic acid, and 53.8 mg (0.96 mmol) of KOH to perform the reaction at 80 °C for
1 hour. After the reaction, the reaction product, 4-cyanobiphenyl, was measured with the
GC-MS analysis.

4.2.3.2 Catalyst preparation with substrates and SM reactions

The catalytic mixture was prepared, and the inorganic phase of the supernatant layer
was isolated as described above in Section 4.2.2.2.

Reaction with iodobenzene: The inorganic layer was then added with 2 mL of PEG-
300, 35.81 pL (0.32 mmol) of iodobenzene, and 53.8 mg (0.96 mmol) of KOH to perform
the reaction at 80 °C for 2 hours. After the reaction, the reaction product, biphenyl, was
measured with the GC-MS analysis.

Reaction with phenylboronic acid: The inorganic layer was then added with 2 mL

of PEG-300, 46.3 mg (0.38 mmol) of phenylboronic acid, and 53.8 mg (0.96 mmol) of
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KOH to perform the reaction at 80 °C for 2 hours. After the reaction, the reaction product,
biphenyl, was measured with the GC-MS analysis.

Reaction with 4-iodobenzonitrile: The inorganic layer was then added with 2 mL
of PEG-300, 73.28 mg (0.32 mmol) of 4-iodobenzonitrile, 46.3 mg (0.38 mmol) of
phenylboronic acid, and 53.8 mg (0.96 mmol) of KOH to perform the reaction at 80 °C for
1 hour. After the reaction, the reaction product, 4-cyanobiphenyl, was measured with the
GC-MS analysis.

4.2.4 Catalyst preparation for XPS analysis

Precipitate: 8.28 mg (0.0435 mmol) of Cul and 53.8 mg (0.96 mmol) of KOH were
dispersed in a solution of 4 mL H>O:PEG-300 (1:1) at 80 °C for 2 hours under constant
magnetic stirring. The vial was capped, and the reaction was done in air. After the reaction,
the mixture was separated into a supernatant and a precipitate by centrifugation at 5000
rpm for 5 minutes, and the precipitate was used for XPS analysis for the precipitate.

Supernatant: In a reaction vial, the catalyst was prepared using 35.71 mg (0.1875
mmol) of Cul and 2 mg (0.0357 mmol) of KOH dispersed in a solution of 1 uL. PEG-300
and 2 mL H>O. The flask was kept in an oil bath at 80 °C for 2 hours under constant
magnetic stirring. The vial was capped, and the reaction was done in air. After the reaction,
the mixture was separated into a supernatant and a precipitate by centrifugation at 5000
rpm for 5 minutes, and the extracted inorganic layer of the supernatant was used for XPS
analysis for the supernatant.

4.2.5 Characterization

4.2.5.1 GC-MS
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GC-MS analysis of the reaction product was performed using an Agilent
Technologies 6890N GC with split injection and 5973 Mass Selective Detector (MSD).
Ultra-high purity He gas (99.999%) was used as the carrier gas at 0.5 mL/min after passing
through an oxygen and moisture trap. Samples for the GC-MS analysis were prepared at a
concentration of 1 mg/mL in an ethyl acetate solvent. Following automated injection of 0.1
mL, the oven was held at 70 °C for 3 minutes, then ramped at 10 °C/min to 280 °C, where
it was held for 22 minutes to complete the run.

4252 'HNMR

'"H NMR experiments were collected on a 400 MHz Bruker AVANCE NEO
(Billerica, MA, USA) equipped with a 5 mm smart probe. The solvents used were
deuterium oxide (D20) and deuterated chloroform (CDCl).

4.2.53 UV-Vis

UV-Vis absorption spectra were collected using an Evolution™ 201 UV-Vis
spectrophotometer. Data were obtained using a baseline flatness of 200 to 700 nm, a data
interval of 1 nm, a spectral bandwidth of 1.0 nm, and an integration time of 2.5 seconds.
The blanks were performed using water. UV-Vis samples were prepared using 10 pL of
the sample and 2 mL of water as the solvent. UV-Vis was measured for the inorganic layer
of the supernatant phase for each run so as to avoid any interference from the organics
(reactants, solvent, or products).

4254 XPS

XPS data was collected X was collected using a Thermo VG Scientific Sigma Probe
system with an Al K, X-ray source (1486.3 eV) at an energy resolution of 0.47 eV full

width at half maximum (FWHM) under ultrahigh vacuum (10" Torr). The samples for XPS
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measurements were prepared using the drop-casting method. First, 1uL of the Cu-
containing suspension in water was drop casted on a silicon (Si) wafer. Then, it was dried
in the oven for 10 minutes. This drop-casting method was repeated several times to ensure
uniform spreading of the sample on the Si wafer. Cu 2p XPS and Cu LMM Auger spectra
were obtained with 10 scans in the range 925 to 965 eV and 560 to 580 eV, respectively,
with a spot size of 400 um. Deconvolution of the XPS spectra was performed using Thermo
Avantage software witha FWHM of 1.50 eV for each peak and a 30% Lorentzian/Gaussian
mixed convolution.

4255 XAS

XAS spectra were collected at 20-BM beamline of the Argonne National
Laboratory. A Si (111) double-crystal monochromator beam was focused by toroidal
mirror. Harmonic rejection was facilitated by using a Rh-coated mirror (4 mrad) as well as
a 15% detuning of the beam intensity at 9300 eV. 100% N> gas were used for all ionization
chambers. Details on the beamline optics and instruments can be found elsewhere.'®! The
solid samples were measured on the Kapton tape in transmission mode at room
temperature. Several spectra were collected for each sample to ensure the reproducibility
of the spectra and good signal-to-noise ratios. Samples were scanned at energies near the
Cu K absorption edge (8,978.9 eV). The standard Cu foil was scanned simultaneously,
between the transmission and reference ionization chambers and used for calibration.
Extended X-ray absorption fine structure (EXAFS) at the Cu K-edge was recorded at room
temperature and the Cu local coordination environment was determined using the EXAFS
data. EXAFS oscillations were extracted using Athena code and analyzed using Artemis

software.!%? The local environment of Cu atoms was determined using the phase shift and
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amplitude functions of Cu—O and Cu-Cu contributions from CuO, Cu0O, and metallic Cu.
The Cu foil was analyzed first and used to determine the amplitude reduction factor (Sy°),
which was fixed as 0.82. The photoelectron energy origin correction (AEy), coordination
numbers (N), distances (R), and Debye-Waller factor (¢°) were treated as adjustable
parameters during the fitting process. The EXAFS fitting were done within the R range of
1.0-3.4 and 1.0 -3.1 A, and the k range of 3.0-11.4 and 3.0-11.8 A"! was used for the fresh
precipitate sample and spent precipitate sample, respectively, under the k*>-weighted y(k)
functions with Hanning windows (dk=1.0A"").

4.2.5.6 TEM

TEM images were obtained using FEI Talos F200X. The energy of the field
emission gun was maintained at 200 keV. The resolution was kept at 0.16 nm. A high-
speed Ceta camera of 16 megapixel with 40 frames per second was operated at 4K
resolution. TEM samples were prepared by dispersing a small amount of the isolated Cu-
containing precipitate in ethanol and by sonicating the mixture for 30 minutes. Then, 10
uL of the diluted solution mixture was drop-cast onto a 300 mesh Au grid with a lacey
carbon film.

4.2.6 Computational methods

The density functional theory (DFT) method with the B3LYP hybrid function was
employed to calculate geometries and vibrational frequencies of water-solvated Cu(OH),
Cu(OH),, Cu(H20), (n = 1-2), Cu20, CuO, and Cul, (n = 1-2).83 The Aug-cc-pVTZ basis
set was used for H, O, Cu, and I. At the ground-state geometry, the time-dependent (TD)
DFT calculations were then performed to determine their excited states. The solvent effect

was treated by the polarization continuum model.!%> 137138 The result was plotted as the
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UV-Vis spectrum for each species. All calculations were performed with the Gaussian 09

software package.'®

4.3 Results and Discussion

4.3.1 SM coupling is catalyzed by homogeneous catalytic mechanism

Two sets of experiments were performed independently to investigate if the
reaction proceeded with a homogeneous or heterogenous catalytic mechanism, one with
water-soluble Cu species and the other with the Cu-containing precipitates. The soluble Cu
species and Cu precipitates were isolated from catalytical mixtures that were prepared at
80 °C in two batches: one with the iodobenzene and phenylboronic acid substrates (batch
A) and the other without them (batch B), both in the presence of Cul, potassium hydroxide,
water, and polyethylene glycol (PEG-300). After the separation of the two layers, the
soluble Cu species were present in the yellow-orange inorganic layer of the supernatant
after aqueous extraction, while the solid Cu particles resided in the reddish-brown
precipitate. These supernatant and precipitate layers were then used to perform the
reactions at 80 °C for two hours with fresh reactants, base, and solvent. The details of the
chemicals used, the SM reactions, the separation of the two layers are presented in Figures
S4.1 and S4.2, and the results are summarized in Table 4.1. The yields of the coupling
product, biphenyl, were measured by GC-MS.!%. Biphenyl was also characterized with 'H
NMR spectroscopy (Figure S4.8). As shown in the table, both the soluble and solid Cu
prepared from batch A exhibit a higher biphenyl yield than that with batch B where only
the soluble Cu species catalyzes the SM reaction. Because no product was observed with
the solid Cu particles isolated from batch B, the SM coupling must be catalyzed by a
molecular Cu catalyst in the water-soluble supernatant. These observations are similar to
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the SM coupling between bromobenzene and phenylboronic acid with Pd(NOs3), as a

precatalyst, 196136

Table 4.1. SM coupling of iodobenzene and phenylboronic acid catalyzed by soluble Cu
species and solid Cu particles isolated from catalytical mixtures.

Mixture® Yield (%) with soluble | Yield (%) with solid Cu
Cu species® particles®

With substrates (batch A) 44 28

Without substrates (batch B) 37 0

 In both cases, the mixtures consisting of Cul (0.0435 mmol), KOH (0.96 mmol) and 4
mL 1:1 H>O:PEG-300 were stirred in air at 80°C for 2 h. The amounts of iodobenzene and
phenylboronic acid were 0.32 and 0.38 mmol, respectively.

® Yields of biphenyl were measured with GC-MS. SM coupling reactions of iodobenzene
and phenylboronic acid were carried out with stir in air at 80°C for 2 h in the solution of
KOH (0.96 mmol) and 4 mL 1:1 H.O: PEG-300.

To confirm that biphenyl was formed by the SM cross-coupling between C¢Hsl and
CsHsB(OH): rather than by the homocoupling of CsHsI or CsHsB(OH)>, we conducted
three separated control experiments with (a) CeHsl, (b) CsHsB(OH),, and (c) 4-
iodobenzonitrile (IC¢H4CN) and CcsHsB(OH),, each with the soluble Cu species prepared
with and without substrates. The reactions with only C¢HsI or C¢HsB(OH), yielded no
product in both cases, whereas the cross coupling between ICsH4CN and CsHsB(OH)2
produced the cross-coupling product of 4-cyanobiphenyl in 39% yield with the substates
and 0% without them (Figure S4.9 and 4.10). The higher yield observed in the reactions
with the substrates than without has also been reported previously in Pd-catalyzed SM

reactions.!?® %6 The formation of 4-cyanobiphenyl was also confirmed by the 'H NMR

spectrum shown in Figure S4.11.
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4.3.2 The homogeneous catalyst is identified as cuprous hydroxide [Cu(OH)] in the

singlet electronic state

To identify the chemical identity and electronic state of the molecular Cu catalyst,
we measured UV-Vis spectra of the inorganic supernantnat extracted from the Cu soluble
mixture and the Cu solid particles prepared with the substrates (i.e., batch A) and compare
them with the theoretical spectra of numerous molecular Cu species. The experimental
spectra in both cases were obtained by subtracting the spectrum of the spent inorganic
supernatant after the final run from the spectrum of a fresh solution prior to the SM reaction
to minimize the interference from organic chemicals. Both spectra show an absorption
maximum at 222(2) nm and similar spectral profiles (Figure S4.12), suggesting that both
inorganic supernatants contain the same soluble Cu species. The theoretical spectra were
calculated for copper hydroxides, hydrates, iodides, and oxides in various charge states and
are shown in Figures 4.2 and S4.13-S4.15 in comparison with the experimental spectrum.
The computed spectra in Figure 4.2 are for Cu(I) species and Figure S4.13 for Cu(Il)
molecules, while Figures S4.14 and S4.15 are for Cu(I)/Cu(Il) iodides and Cu(I)/Cu(Il)
oxides, respectively. We considered these Cu(I)/Cu(II) species in our computational search
because water, a base (KOH), and Cul were used in the SM coupling reactions, and the
reactions were conducted in air. It is clear from Figures 4.2 and S4.13-S4.15 that only the
spectrum of the neutral Cu(OH) (Cs) in its singlet electronic state ('A”) (red) is consistent
with the experimental measurement (blue), suggesting that among all Cu species
considered only cuprous hydroxide in the singlet electronic state is the active catalyst. The
structure of the singlet Cu(OH) molecule is shown in Figure S4.16, and the calculated bond

lengths and angle are in agreement with a previous study.'** Cu(OH) could also be in a
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triplet electronic state (*A’), but the triplet state has a much higher energy (2.21 eV) than
that of the singlet state, and the spectrum of the triplet state showing the absorption
maximum at 341 nm is not consistent with the experimental spectrum having the absorption

maximum at 222 nm.
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Figure 4.2. Measured UV-Vis spectrum of the inorganic supernatant and TD-DFT/B3LYP
calculated spectra of various Cu (I) species with the continuum solvation model.

We then investigated the stability of the water-soluble Cu(OH) catalyst by storing
the fresh inorganic supernatant at room temperature for four weeks and found that the SM
coupling with the four-week-old supernatant generated biphenyl with 31% yield. This
observation demonstrates that the Cu(OH) species is stable for at least four weeks under
ambient conditions, a desirable feature for any catalyst. The stability of Cu(OH) in the
solution also confirms that the molecule is in the singlet electronic state where all electrons
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are paired, rather than a triplet state with an unpaired electron. However, a test for the
reusability of the Cu(OH) catalyst showed that it could only be recycled for two runs with
the third run yielding no product. The exact reason for the low recyclability of Cu(OH) is
not clear under the experimental conditions, but it could be due to the formation of
catalytically inactive CuxO via the decomposition reaction 2Cu(OH) = Cu,0 + H,0,'? the
formation of Cu(OH), via the oxidation reaction 4Cu(OH) + H20 + O, = 4 Cu(OH),,'* or
the redeposition of the soluble Cu catalytic species onto the precipitate.'*!
4.3.3 Cu(OH) is generated through leaching of the Cu-containing precipitate

With the identification of the water-soluble Cu(OH) catalyst, we proceeded to
investigate its formation. Presumably Cu(OH) could be formed directly in the solution or
through leaching of Cu-containing precipitates. In the solution, Cu(OH) could be formed
by a dissociation reaction Cu(OH)>” = Cu(OH) + OH" (if Cu(OH),™ exists in the solution),
or by a double-ligand exchange reaction Cul + KOH = CuOH + KI. However, the
dissociation of Cu(OH),™ requires an energy of 63(3) kcal mol™!, and the existence of KOH
in the reaction mixture makes the dissociation unfavorable.'*> Moreover, because we
observed the significant SM product by using the Cu particles prepared with the substrates
(Table 4.1), Cu(OH) is unlikely produced directly from reactions in the solution. Instead,
Cu(OH) is most likely generated through the leaching of the Cu particles under our
experimental conditions, and the leaching is enhanced by the presence of the substrates and
increasing temperatures. The effect of the substrates on leaching is evident by the
observations presented in Table 4.1, where the SM reaction with the Cu particles produced
biphenyl (28 % yield) if they were prepared with the substrates but no products if they were

prepared without the substrates. To investigate which substrate enhanced the leaching
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process, we performed the SM reaction using the soluble Cu species prepared with only
iodobenzene or phenylboronic acid and obtained a yield of 35% with iodobenzene and 31%
with phenylboronic acid. These observations indicate the presence of both substrates has a
larger effect on the leaching (with 44% yield) than a single substrate, which are in contrast
to a previous study that reported phenylboronic acid contributed more to the Pd leaching
than the aryl halide.'% Our temperature-dependent experiments showed that the biphenyl
yield increased from 0% at room temperature to 34% at 60 °C to 44% at 80 °C with the
presence of both substrates but 0% at the ambient temperature and 60 °C and 28% at 80 °C
without substrates. This temperature effect on the leaching of Cu species is consistent with
previous reports on leaching of other Cu particles® or Pd nanoparticles.”’*8
4.3.4 Cu0 Nanoparticles in the Precipitates Serve as the Reservoir for the Cu(OH)

Catalyst
4.3.4.1 XPS/Auger Spectroscopy

Because the precipitates serve as a reservoir for the molecular catalyst, we
conducted experiments to characterize the Cu particles using X-ray Auger electron and
absorption spectroscopies and transmission electron microscopy (TEM). The X-ray
spectroscopies were used to determine the oxidation state and local coordination of Cu,
while TEM was employed to characterize the size and morphology of the Cu particles. We
also measured the Cu 2p photoelectron spectra in the binding energy region of 920-970 eV
and observed the main bands at 932.5 eV and at 952.5 eV. But, the Cu 2p electron
ionization band is not sensitive to distinguish among various Cu oxidation states (i.e., 0,
+1, +2), consistent with previous reports.'**'1*> Figure 4.3 presents the LMM Auger

electron spectra of the fresh precipitates prepared with and without the presence of the
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substrates [Figure 4.3(a,b)] and the spent precipitate with the substrate (Figure 4.3¢). The
fresh precipitates are those with catalytical activity (i.e., 44% and 37% biphenyl yields with
and without the substrates, respectively), while the spent precipitate shows no catalytical
reactivity. The main bands (red trace) of the spectra in Figure 4.3(a, b) are measured to be
at about the same energy (916.5 and 916.4 eV, respectively). They can easily be assigned
to Cu (I) LsM4,sMa s Auger electron created when a hole in the 2p3. level (L) is filled by
a 3ds2 electron (M4) with a simultaneous ejection of another 3ds/, electron (Ms), 78 146143,
147 and the specific Cu(I) species can be assigned as Cu20.!*® The weak satellite bands
(blue) on both sides of the main band are measured as 920.4 and 912.3 eV, respectively,
which correspond to the so-called Coster-Kronig transitions.!*® 148150 The Coster-Kronig
transition of the 912.3 eV peak involves the LoL.3M4 5 Auger electron created when a hole

in the 2p12 level (L») is filled by a 2ps3. electron (L3) with a simultaneous ejection of a 3d

electron (Mg s). 146 149-151
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(a) Fresh precipitate with substrates

Counts (a.u)
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Figure 4.3. Cu Auger LMM spectra of the fresh precipitates with (a) and without (b) the
substrates, the spent precipitate (c), and the fresh inorganic supernatant (d).

Compared to the fresh precipitates, the Auger electron spectrum (Figure 4.3c) of
the spent precipitate is considerably broader and can be deconvoluted to two bands at 917.3
eV (yellow) and 914.5 eV (pink). Obviously, the main Cu species on the surface of the
spent precipitate is not in the Cu(I) oxidation state. For the two fresh precipitates, their
Auger spectra are essentially the same, but the precipitate prepared with the substrates
generated a high biphenyl yield (44%) than the one without the substates (37 %). This again
confirms the presence of the substrates enhances the leaching of the active Cu(OH), rather
than generates different Cu particles on the surface of the precipitates. We also measured

Auger electron spectrum of fresh inorganic supernatant prepared with the substates by
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using a higher Cul concentration (0.1875 mmol) in order to obtain a reasonable Auger
signal. Its spectrum (Figure 4.3d) displays essentially the same main band position (916.4
eV) as that of the fresh precipitates, which is attributed to Cu(I). The Auger spectrum of
the inorganic supernatant is consistent with the UV-VIS spectrum that shows the Cu active
species in the Cu(I) oxidation state.
4.3.4.2 Local Coordination of the Pd nanoparticles

Figure 4.4 presents the Cu-K-edge EXAFS fits in the R-space for the fresh (top) and
spent (bottom) precipitates prepared with the substrates. The solid traces are the fits for the
experimental measurements, while the dashed traces are for the references of Cu-O paths
of Cu0 (top) and CuO (bottom). The overall agreement between the experimental and the
Cu-O paths of CuxO/CuO fits indicates that the fresh precipitate consists of largely CuxO,

while the spent sample contains largely CuO.

o (a) Fresh precipitate

IX(R)| (A-3)

Radial Distance (A)

Figure 4.4. Cu K-edge EXAFS single-shell fits in the R-space for the Cu nanoparticles in
the fresh (top) and spent precipitates (bottom).
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The EXAFS measurement is consistent with the X-ray absorption near edge spectra
(XANES) (Figure S4.17), which show that the absorption near edge of the fresh sample is
close to that of Cu,0, while the main rising edge of the spent sample shifts to a higher
energy and largely overlaps with that of CuO. The EXAFS parameters of the fits are
summarized in Table 4.2. The single-shell fits in Table 4.2 show that the Cu-O coordination
number in the first-shell increases from CuxO to CuO, while the Cu-Cu coordination
number decreases from CuxO to CuO, which are in line with the expectation from the
viewpoint of the molecular stoichiometries. The Cu-O distance (1.86 £0.01 A) of Cu20 in
the first shell is about one-half of that (3.53£0.02 A) in the second shell and about the same
as that in CuO (1.91£0.04 A). The similar EXAFES fitted Cu-O distances of Cu,O and
CuO in the first shell are comparable with the DFT/B3LYP computed distances of the two

oxides (i.e., 1.80 and 1.76 A, respectively).

Table 4.2. EXAFS parameters from the best single-shell fits depicting coordination
numbers, radius, and Debye Waller factor.?

Sample Path CN R (A) o (A% R factor
Cu-Ol 23404 | 1.86+0.01 Ob?ggzi
prelzgf‘gte Cu-Cu 104+74 | 3.01+0.02 0('%8; 0.015
Cu-02 49429 | 3.53+0.02 Oﬁgf
prfclzgizte Cu-0 33402 | 1.91+0.04 0(')9881i 0.009

¥For the fresh precipitate, Cu>O was used as the reference for fitting and AEy= 6.70 + 0.97
eV; for the spent precipitate, CuO was used as the reference and AEo=7.03 + 0.64 eV.
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Although Cu(OH) is stable in aqueous solutions, it has not been identified
experimentally in the solid phase. However, bulk cuprous hydroxide may be obtained by
assembling Cu(OH) molecules into structures that are intermediates between Cu,O and
H,O as proposed by previous first-principle calculations.!* Therefore, it should not be
surprising for the leaching of Cu(OH) molecules from Cu,O particles in aqueous solutions
observed in this work.
4.3.4.3 Morphology

Figure 4.5 shows the TEM image of the fresh precipitate prepared with the
substrates. Most of the Cu(l) particles are observed to have an oval shape, where the
average semi-major axis diameter of thirty-three nanoparticles is estimated to be 15 £ 3
nm, while that of the semi-minor axis is 9 £ 4 nm. Interestingly, the TEM observation is
consistent with the oval-shaped solvation cavity calculated with polarization continuum
model. Because the Cu,O molecule has non-zero electric dipole (6.08 D) with the positive
change on Cu and negative charge on O, intermolecular interactions are expected to orient
the molecules in such a way where the positive-charge is pointed to the negative one. We
also recorded the TEM images of the spent precipitate (Figure S4.18) and found that the

particles are highly agglomerated so that their sizes and shape are not measurable.
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Figure 4.5. TEM image of the fresh precipitate prepared with the substrates.

4.4 Conclusions

In conclusion, we have identified the active Cu catalyst and its form in the SM
coupling between benzene iodide and phenylboronic acid with copper iodide as a
precatalyst. The SM coupling is homogenous in nature without any stabilizing organic
ligands. The active catalyst is Cu(OH) in its singlet electronic state, which is stable in
aqueous solutions for at least four weeks at the room temperature. The molecular catalyst
is generated through the leaching of the oval-shaped CuO nanoparticles on the solid
surface at elevated temperatures, and the leaching is enhanced by the presence of the
reaction substrates. Although this work is conducted with copper iodide as the precatalyst,
we envision that the conclusions arrived in this study about the active catalyst will likely

be valid for SM reactions with other inorganic Cu salts in aqueous solutions.
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Figure S4.6. Experimental
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flowchart depicting catalyst preparation, reaction conditions,

steps for the purification of the crude product, and recyclability of the precipitate and
soluble catalysts. The catalyst was prepared without the iodobenzene and phenylboronic

acid substrates.
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Figure S4.7. Experimental flowchart depicting reaction conditions, steps for the
purification of the crude product, and recyclability of the precipitate and soluble catalysts.
The catalyst was prepared with the iodobenzene and phenylboronic acid substrates.

79



Intensity (Counts)

I

8.0 7.8 7.6 7.4 7.2 7.0

Chemical Shift (ppm)

Figure S4.8. "TH NMR (400 MHz, D,0) of biphenyl: § (ppm) 7.74(dd, J = 8.3, 1.5 Hz, 4H),
7.51(t, J = 8.0 Hz, 4H), 7.43(t, J = 8.0 Hz, 2H).!**1>
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Figure S4.9. Schematic representation of the reaction conditions of the control experiment
between C7H4IN and CsHsB(OH)..
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Figure S4.10. Calibration curve of pure 4-cyanobiphenyl for determining the yields of 4-
cyanobiphenyl produced in the control SM reaction between C7H4IN and C¢HsB(OH)s.
Triplicates of 80-, 60-, 40-, 20-, and 10-mM solutions were prepared from a stock solution
of 100 mM. Each sample was injected into the GC-MS instrument to yield a certain GC
intensity. The error bars correspond to the GC intensities of three samples at each
concentration.
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Figure S4.11. '"H NMR (400 MHz, CDCls) of 4-cyanobiphenyl : & (ppm) d: 7.71 (q, ] =
8.3,9.9, 8.4 Hz, 4H), 7.59 (d, J = 7.2 Hz, 2H), 7.49 (t, ] = 7.6Hz, 2H), 7.43 (t, ] = 7.2 Hz,
1H).153’ 155
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Figure S4.12. Measured UV-Vis spectra of the inorganic supernatants extracted from the
soluble mixture and precipitate prepared with the substrates.
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Figure S4.13. Measured UV-Vis spectrum of soluble Cu species and calculated spectra of
Cu (II) species by TD-DFT calculations with water as the solvent and the continuum
solvation model. The basis set used for Cu, O, and H 1s Aug-cc-pVTZ.
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Figure S4.14. Measured UV-Vis spectrum of soluble Cu species and calculated spectra of
various Cu(I) species by TD-DFT calculations with water as the solvent and the continuum
solvation model. The charge stated after the name of the species in the legend corresponds
to the charge of the whole molecule. The basis set used is LanL.2DZ.
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Figure S4.15. Measured UV-Vis spectrum of soluble Cu species and calculated spectra of
Cu20 and CuO by TD-DFT calculations with water as the solvent and the continuum
solvation model. The basis set used for both Cu and O is Aug-cc-pVTZ.
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Figure S4.17. Cu XANES spectra after normalization. The absorption near edge of the
fresh precipitate sample (blue) closely resembles that of CuxO (purple), while the main
rising edge of the spent precipitate sample (red) shifts to higher energy and largely overlaps
with that of CuO (green), indicating the oxidation of the nanoparticles after the final run.

Figure S4.18. TEM images of the spent Cu nanoparticles after the SM reaction showing a
high agglomeration of the particles.
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CHAPTER 5. WATER-SOLUBLE NICKEL CATALYST AND ITS FORMATION IN LIGAND-FREE
SUZUKI-MIYAURA CROSS-COUPLING REACTIONS

5.1 Introduction

SM cross-coupling that uses an organoboron nucleophile and an organic halide
electrophile as coupling partners has important applications in pharmacy, agriculture, and
precursors for materials." 2378690 Pd has dominated as a catalyst for such reactions since
the late 1970s because it offers a high stability, C-H activation ability, and can catalyze
chemical reactions even when present in trace amounts.! 2223 4 114116 However, the
development of the Ni catalysts due to lower cost, more reactivity to some electrophiles,
and higher abundance than Pd has made Ni an increasing choice of catalyst in SM
reactions.>> 136161 A survey of the literature suggests that more studies on the Ni catalyzed
SM cross-coupling reactions have been performed in ligand-stabilized systems than the
ligand-free ones.!>%157- 162170 However, there is a scarcity of studies investigating the nature

of catalysis, or the chemical identity of the Ni active catalyst is under debate, ! 162 164-165,

171-172

For homogeneous ligand-stabilized Ni-catalyzed cross-coupling reactions, various
active catalysts of Ni have been reported.!s? 10> 173-175 These reactions included the
coupling of aryl sulfamates and boronic acids catalyzed by the ligand-stabilized Ni(0)
species with (1,1’-bis(diphenylphosphino) ferrocene) Ni''(o-tolyl)(Cl) as the precatalyst, '
the coupling of 2- aryl chlorides/bromides and phenylboronic acids catalyzed by the
proposed Ni(0) species with phosphine ligand-supported Ni(0) or Ni'' complexes as

174175 aryl bromides and phenylboronic acids catalyzed by the Ni (I) complex

precatalysts,
with the precatalyst made up of Ni(0) - 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
ligand complexes,'®® and the coupling of 2-chloronaphthalene and 4-

methoxyphenylboronic acid catalyzed by the Ni(I) species with phosphine ligand-

supported Ni(0) or Ni'l complexes as precatalysts.!”> In an example of heterogeneous
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catalysis, molecular nickel catalyst [(2,2":6',2"-terpyridine-4’-benzoic acid)Ni(Il)]Cl»
(COOH-Ni) attached to a SiOz support is stated to be the active catalyst in the coupling
between iodotoluene and phenylboronic acid, while the leaching of COOH-Ni from the
surface of SiO» causes catalyst deactivation.!’”® The findings were characterized by
Inductively coupled plasma mass spectrometry (ICP-MS) and X-ray diffraction (XRD).!7®
Although Ni-catalyzed SM cross-coupling reactions with stabilizing ligands have
been reported consistently to be homogeneous, not a rigorous study has been performed on
the nature of catalysis and the identity of catalytically active species for ligand-free Ni
catalysis.!””"'”” These reactions included the coupling of 4-bromoanisole and
phenylboronic acid with NiCl,-6H>O as the precatalyst,!”’ the coupling of 4-iodotoluene
and phenylboronic acid with Ni powder as the precatalyst,!” where the active catalyst was
not investigated in either of these literatures, and the coupling of 4-bromotoluene and
phenylboronic acid with NiBr; as the precatalyst where the active species of Ni(0) was
assumed without experimental evidence.!”® Similarly, for Ni-catalyzed SM cross-coupling
reaction undergoing heterogeneous catalysis, the coupling of iodobenzene and
phenylboronic acid with the synthesized Ni(Il)-a-diimine- porous organic polymers as the
precatalyst was performed where the catalytically active species of Ni(0) was also assumed
without experimental evidence.'* Another example of heterogeneous Ni-catalyzed SM
coupling reaction was reported for the homocoupling of arylboronic acid with the
synthesized nickel nanoparticles supported on reduced graphene oxide (RGO-Ni) as the
precatalyst.'®® Here, the catalytically active species of Ni(0) was further only speculated
and was stated to be present on the graphene surface. No leaching of the Ni nanoparticles
from the RGO-Ni precatalyst was detected using inductively coupled plasma optical
emission spectroscopy (ICP-OES).!8¢
The reaction mechanism for the Ni-catalyzed SM cross-coupling includes three

steps: oxidative addition, transmetalation, and reductive elimination. The two possible

mechanisms include the Ni(0)/Ni(II) cycle in the order of oxidative addition,
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transmetalation, and reductive elimination, or the Ni(I)/Ni(Ill) cycle in the order of
transmetalation, oxidative addition, and reductive elimination.'’

Without the use of stabilizing ligands, ligand-free Ni-catalyzed SM cross-coupling
offers several benefits, including the readily available and easily recoverable precatalysts,
less air-sensitive chemical reactions, and less-painstaking purification methods to isolate
the products. Although the work in the chemical identity of Ni catalyst presented in this
dissertation is still ongoing, preliminary results suggest that the ligand-free SM coupling
between 4-iodotoluene and phenylboronic acid is homogeneous in nature with Ni(0)
powder as a precatalyst. The water-soluble active Ni(0) catalyst is generated from the
leaching of Ni(0) nanoparticles, and the leaching and reactivity are enhanced from ambient

temperature to 110 °C. The SM coupling reaction is presented in Figure 5.1.

Ni powder . — Qi
PEG;:OCO(()Z mL) :000
2CO; k—~
|—<§>—CH3 + @—B(ou)z A_> CH3 —> Supernatant | {111

110 °C g ——p Precipitate g
WA

5 hrs N
\m

Figure 5.1. Schematic representation of the water-soluble Ni catalyst leached from Ni-
containing precipitates catalyzes the SM coupling between C7H7I and CsHsB(OH), with
Ni(0) powder as a precatalyst.

5.2 Experimental

5.2.1 Materials

Nickel (0) powder (99%) was purchased from Sigma-Aldrich, 4-iodotoluene (98%)
from Thermo Scientific Chemicals, phenylboronic acid (99% HPLC) from Chem Impex
International, potassium carbonate (99%) from VWR, polyethylene glycol 300 (99%) was

purchased from TCI America, and 4-phenyltoluene (98%) from Ambeed. All the chemicals



were used without further purification. Millipore deionized water was used in all the
experiments.
5.2.2 Catalyst Preparation and SM Reactions

The SM reaction conditions, including solvents, base, and temperatures, were
adapted from the literature.!*% 17
5.2.2.1 Catalyst preparation without substrates and SM reactions

In a reaction vial, the catalyst was prepared using 2.93 mg (0.05 mmol) of Ni(0)
powder and 0.276 g (2 mmol) of K>,COs3 dispersed in a solution of 2 mL PEG-300. The
flask was kept in an oil bath at 110 °C for 5 hours under constant magnetic stirring. The
vial was capped, and the reaction was done in air. After the reaction, the mixture was
separated into a supernatant and a precipitate by centrifugation at 5000 rpm for 5 minutes,
and the supernatant and precipitate were then placed in two separate vials for future
reactions.

Reactions with the precipitate: The precipitate was cleaned with 2 mL of ethyl
acetate and then with 2 mL of water by centrifuging at 5000 rpm for 5 minutes twice and
later dried under nitrogen flow for half an hour. The nitrogen-dried precipitate was used as
a catalyst for the first reaction at 110 °C for 5 hours and with 0.2 g (1 mmol) of 4-
iodotoluene, 0.146 g (1.2 mmol) of phenylboronic acid, and 0.276 g (2 mmol) of KoCOs3 in
a solution of 2 mL PEG-300. The reaction vial was capped, and the reaction was done in
air. After the reaction, the reaction mixture was again separated into a supernatant and a
precipitate by centrifugation at 5000 rpm for 5 minutes. Because any coupling product
would be in the solution phase, the solution was injected into the GC-MS for product

identification. A flowchart of the reaction experiment is shown in Figure S5.4.
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Reactions with the supernatant: The supernatant was extracted with ethyl acetate
and water three times resulting in clearly separated organic and inorganic phases. The
organic phase was discarded, whereas the inorganic phase was used for further reactions
and characterizations. The inorganic layer was then added with 2 mL of PEG-300, 0.2 g
(1 mmol) of 4-iodotoluene, 0.146 g (1.2 mmol) of phenylboronic acid, and 0.276 g (2
mmol) of K>COs to perform the reaction at 110 °C for 5 hours. After the reaction, the
reaction product, 4-phenyltoluene, was measured with the GC-MS analysis. The reaction
mixture was also extracted three times with ethyl acetate and water to collect the organic
and inorganic layers. The organic layer was discarded, and the inorganic layer was again
added with fresh PEG-300, 4-iodotoluene, phenylboronic acid, and K>2COs3 to perform the
reaction at 110 °C for 5 hours. The procedure was repeated for additional runs until no
product was detected.

5.2.2.2 Catalyst preparation with substrates and SM reactions

In a reaction vial, 2.93 mg (0.05 mmol) of Ni(0) powder, 0.2 g (1 mmol) of 4-
iodotoluene, 0.146 g (1.2 mmol) of phenylboronic acid, and 0.276 g (2 mmol) of K>CO3
were dispersed in a solution of 2 mL PEG-300. The flask was kept in an oil bath at 110 °C
for 5 hours under constant magnetic stirring. The vial was capped, and the reaction was
done in air. After the reaction, the mixture was separated into a supernatant and a
precipitate by centrifugation at 5000 rpm for 5 minutes, and the supernatant and precipitate
were then placed in two separate vials for future reactions. The coupling product, 4-
phenyltoluene, in the supernatant was measured through GC-MS analysis.

Reactions with the precipitate: The precipitate was cleaned with 2 mL of ethyl

acetate and then with 2 mL of water by centrifuging at 5000 rpm for 5 minutes twice and
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then dried under nitrogen flow for half an hour. The nitrogen-dried precipitate was used as
a catalyst for the next run also at 110 °C for 5 hours and with the same amount of fresh 4-
iodotoluene, phenylboronic acid, K»COs3, and PEG-300. The procedure was repeated for
additional runs until no product was detected. A flowchart of the reaction experiment is
shown in Figure S5.5.

Reactions with the supernatant. After the extraction of the organic layer in the
supernatant, the inorganic layer was collected and extracted three times with ethyl acetate
and water to remove any remaining organic compounds. The inorganic layer was then
added with fresh PEG-300, 4-iodotoluene, phenylboronic acid, and K>COs3 to perform the
reaction at 110 °C for 5 hours. The procedure was repeated for additional runs until no
product was detected.

5.2.3 Characterization
52.3.1 GC-MS

GC-MS analysis of the reaction product was performed using an Agilent
Technologies 6890N GC with split injection and 5973 Mass Selective Detector (MSD).
Ultra-high purity He gas (99.999%) was used as the carrier gas at 0.5 mL/min after passing
through an oxygen and moisture trap. Samples for the GC-MS analysis were prepared at a
concentration of 1 mg/mL in an ethyl acetate solvent. Following automated injection of 0.1
mL, the oven was held at 70 °C for 3 minutes, then ramped at 10 °C/min to 280 °C, where

it was held for 22 minutes to complete the run.
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52.3.2 'HNMR

'H NMR experiments were collected on a 400 MHz Bruker AVANCE NEO
(Billerica, MA, USA) equipped with a 5 mm smart probe. The solvents used was
deuterated chloroform (CDCI3).

5233 UV-Vis

UV-Vis absorption spectra were collected using an Evolution™ 201 UV-Vis
spectrophotometer. Data were obtained using a baseline flatness of 200 to 700 nm, a data
interval of 1 nm, a spectral bandwidth of 1.0 nm, and an integration time of 2.5 seconds.
The blanks were performed using water. UV-Vis samples were prepared using 10 pL of
the sample and 2 mL of water as the solvent. UV-Vis was measured for the inorganic layer
of the supernatant phase for each run so as to avoid any interference from the organics
(reactants, solvent, or products).

5234 XPS

XPS data was collected X was collected using a Thermo VG Scientific Sigma Probe
system with an Al K, X-ray source (1486.3 eV) at an energy resolution of 0.47 eV full
width at half maximum (FWHM) under ultrahigh vacuum (10 Torr). The samples for XPS
measurements were prepared using the drop-casting method. First, 1uL. of the Ni-
containing suspension in water was drop casted on a silicon (Si) wafer. Then, it was dried
in the oven for 10 minutes. This drop-casting method was repeated several times to ensure
uniform spreading of the sample on the Si wafer. Ni 2p XPS spectra were obtained with 10
scans in the range 845 to 885 eV, with a spot size of 400 um. Deconvolution of the XPS
spectra was performed using Thermo Avantage software with a FWHM of 1.50 eV for
each peak and a 30% Lorentzian/Gaussian mixed convolution.

93



52.3.5 XAS

XAS spectra were collected at 20-BM beamline of the Argonne National
Laboratory. A Si (111) double-crystal monochromator beam was focused by toroidal
mirror. Harmonic rejection was facilitated by using a sRh-coated mirror (4 mrad) as well
as a 15% detuning of the beam intensity at 9300 eV. 100% N> gas was used for all
ionization chambers. Details on the beamline optics and instruments can be found
elsewhere.!?! The solid samples were measured on the Kapton tape in transmission mode
at room temperature. Several spectra were collected for each sample to ensure the
reproducibility of the spectra and good signal-to-noise ratios. Samples were scanned at
energies near the Ni K absorption edge (8,332.8 eV). The standard Ni foil was scanned
simultaneously, between the transmission and reference ionization chambers and used for
calibration. Extended X-ray absorption fine structure (EXAFS) at the Ni K-edge was
recorded at room temperature and the Ni local coordination environment was determined
using the EXAFS data. EXAFS oscillations were extracted using Athena code and analyzed
using Artemis software.!®> The Ni foil was analyzed first and used to determine the
amplitude reduction factor (Sy?), which was fixed. The photoelectron energy origin
correction (AEy), coordination numbers (N), distances (R), and Debye-Waller factor (¢°)
were treated as adjustable parameters during the fitting process. The EXAFS fitting were
done within the R range of 1.0 - 3.0 A, and the k range of 3.0 -10.0 A! under the k-
weighted y(k) functions with Hanning windows (dk=1.0A").

5.23.6 TEM

TEM images were obtained using FEI Talos F200X. The energy of the field

emission gun was maintained at 200 keV. The resolution was kept at 0.16 nm. A high-
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speed Ceta camera of 16 megapixel with 40 frames per second was operated at 4K
resolution. TEM samples were prepared by dispersing a small amount of the isolated Ni-
containing precipitate in ethanol and by sonicating the mixture for 30 minutes. Then, 10
uL of the diluted solution mixture was drop-cast onto a 300 mesh Au grid with a lacey

carbon film.

5.3 Results and Discussion

5.3.1 SM Coupling is Catalyzed by Homogeneous Catalytic Mechanism

Two sets of experiments were performed independently to investigate if the
reaction proceeded with a homogeneous or heterogenous catalytic mechanism, one with
water-soluble Ni species and the other with the Ni-containing precipitates. The soluble Ni
species and Ni precipitates were isolated from catalytical mixtures that were prepared at
110 °C in two batches: one with the 4-iodotoluene and phenylboronic acid substrates (batch
A) and the other without them (batch B), both in the presence of Ni(0) powder, potassium
carbonate, and polyethylene glycol (PEG-300). After the separation of the two layers, the
soluble Ni species were present in the light-yellow inorganic layer of the supernatant after
aqueous extraction, while the solid Ni particles resided in the black precipitate. These
supernatant and precipitate layers were then used to perform the reactions at 110 °C for
five hours with fresh reactants, base, and solvent. The details of the chemicals used, the
SM reactions, the separation of the two layers are presented in Figures S5.4 and S5.5, and
the results are summarized in Table 5.1. The yields of the coupling product, 4-
phenyltoluene, were measured by GC-MS (Figure S5.6). 4-phenyltoluene was also

characterized with "TH NMR spectroscopy (Figure S5.7). As shown in the table, both the
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soluble and solid Ni prepared from batch A exhibit a higher 4-phenyltoluene yield than that

with batch B.

Table 5.1. SM coupling of 4-iodotoluene and phenylboronic acid catalyzed by soluble Ni
species and solid Ni particles isolated from catalytical mixtures.

Mixture? Yield (%) with soluble | Yield (%) with solid Ni
Ni species® particles®

With substrates (batch A) 84 37

Without substrates (batch B) 46 23

 In both cases, the mixtures consisting of Ni(0) powder (0.05 mmol), KoCOs (2.0 mmol)
and 2 mL of PEG-300 were stirred in air at 110°C for 5 h. The amounts of 4-iodotoluene
and phenylboronic acid were 1.0 and 1.2 mmol, respectively.
® Yields of 4-phenyltoluene were measured with GC-MS. SM coupling reactions of 4-
iodotoluene and phenylboronic acid were carried out with stir in air at 110°C for 5 h in the
solution of K»CO3 (2.0 mmol) and 2 mL of PEG-300.
5.3.1 Reusability and stability of the water-soluble Ni catalyst

We then investigated the reusability and stability of the water-soluble Ni catalyst.
Figure 5.2a and 5.2b present the yields of 4-phenyltoluene obtained from several runs by
using the soluble and solid Ni isolated from the mixture with and without the substrates,
respectively. Each run was carried out in triplicate. The higher yield observed in the
reactions with the substrates is consistent with previous studies Pd and Cu.'% 3¢ To test
the stability of the soluble Ni species in the solution, we performed the SM coupling after

the fresh inorganic supernatant was stored at room temperature for 14 weeks and found the

reaction generated 4-phenyltoluene with 35% yield. This observation shows the water-
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soluble Ni species is reasonably stable under ambient conditions, a clearly desirable

property for any catalysts.
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Figure 5.2. Comparison of 4-phenyltoluene yields of the SM reaction catalyzed with (a)
and without the substrates (b) with soluble Ni species (red) and Ni(0) particles (blue). The
yields were measured with GC-MS.
5.3.2 Niis Generated Through Leaching of the Ni-Containing Precipitate

Presumably the active Ni(0) catalyst could be formed directly in the solution or
through leaching of Ni-containing precipitates. Because we observed the significant SM
product by using the Ni particles prepared with the substrates (Table 5.1), the active Ni(0)
catalyst is unlikely produced directly from reactions in the solution. Instead, active Ni(0)
catalyst is most likely generated through the leaching of the Ni particles under our
experimental conditions, and the leaching is enhanced by the presence of the substrates and
by increasing temperatures. To investigate which substrate enhanced the leaching process,
we performed the SM reaction using the soluble Ni species prepared with only 4-
iodotoluene or phenylboronic acid and obtained a yield of 28% with 4-iodotoluene and 0%
with phenylboronic acid. These observations indicate the presence of both substrates has a
larger effect on the leaching (with 84% yield) than a single substrate, which are in contrast

to a previous study that reported phenylboronic acid contributed more to the Pd leaching
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than the aryl halide.'” Our temperature-dependent experiments showed that the 4-
phenyltoluene yield increased from 0% at room temperature to 55% at 60 °C to 70% at 80
°C to 84% at 110 °C with the presence of both substrates but 0% at the ambient temperature
and 60 °C, 18% at 80 °C, and 46% at 110 °C without substrates. This temperature effect on

the leaching of Ni species is consistent with previous reports on leaching of other Ni
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particles'®”, Cu particles or Pd nanoparticles.
5.3.3 Ni(0) Nanoparticles in the Precipitates Serve as the Reservoir for the Ni Catalyst
53.3.1 XPS

Because the precipitates serve as a reservoir for the water-soluble active Ni(0)
catalyst, we conducted experiments to characterize the Ni particles using XPS. XPS were
used to determine the oxidation state of Ni. We measured the Ni 2p photoelectron spectra
in the binding energy region of 845-885 eV. (Figure 5.3). For Ni(0) foil (Figure 5.3a), the
Ni 2p electron binding energies are observed at 852.7, 856.0, 861.5, 869.9, 873.7, and 880.1
eV. The peaks at 852.7 and 869.9 eV are characteristic of Ni(0) 2p32 and 2p12 spin-orbit
terms, respectively.!®>17 The other peaks of Ni(0) powder correspond to Ni(II), possibly
to the oxidation of the sample. The peaks at 856.0 and 873.7 eV correspond to the Ni(II)
2p3r2 and 2p12 spin-orbit terms, respectively.'®1%0 Similarly, the peaks at 861.5 and 880.1
eV correspond to the 2ps/2 and 2p1 2 satellite peaks, respectively.!?*-!! The energy ordering
of the two spin-orbit terms arising from the 2p> configuration upon ionization is consistent
with Hund’s rules, where for a more than half-filled subshell, the state with a larger total
angular momentum J has a lower binding energy. The relative intensity of the 2p3/ to 2pi

bands is governed by the (2J+1) degeneracy of each term, where J = 3/2 and 1/2. There is

a weak satellite band at the higher energy side of the Ni(II) peaks, and these weak bands
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arise from a shake-up process where the outgoing 2p electron interacts with a valence
electron and excite it to a higher energy level. Similarly, for Ni (II) oxide dissolved in water
(Figure 5.3b), the Ni 2p electron binding energies are observed at 854.2, 856.2, 861.4,
872.3, and 879.6 eV. Here, we observe the loss of the Ni(0) peak from the previous sample,
and an additional Ni (II) 2ps.2 satellite peak.'®* %% 192 This doublet structure of Ni (II) from
multiplet interaction is a characteristic of NiO.!% 1°1"19 The multiplet interaction occurs
because of the unpaired valence electrons in the 3d® orbital. Ejection of a core electron
from the 2p orbital can create multiple final states. In other words, the 2p®3d® configuration
of NiO rearranges to 2p°3d® configuration upon the ejection of an electron in 2p°. This can
be represented as 2p°3d’°L, where L represents a hole in the O 2p level. 1% 1%+19° Thus, the
two configurations arise due to 2p32 (the 2p°3d°L mechanism) and 2p3 satellite (2p3d®
configuration). Figure 5.3(c, d, and e) presents the Ni 2p XPS spectra of the fresh
precipitates prepared with and without the presence of the substrates [Figure 5.3(c,d)] and
the spent precipitates prepared with the presence of the substrates (Figure 5.3¢). The fresh
precipitates are those with catalytical activity (i.e., 37% and 23% 4-phenyltoluene yields
with and without the substrates, respectively), while the spent precipitate shows no
catalytical reactivity. We also attempted to perform the XPS measurements for the fresh
supernatant but were unable to obtain a clean spectrum. The XPS spectra for the fresh
precipitates with the substrates (Figure 5.3 ¢) depicts a peak at 851.8 eV, which is most
likely the Ni(0) band. Similarly, for the fresh precipitates without the substrates (Figure
5.3d), a peak is observed at 852.5 eV, which is also corresponds to Ni(0).!*18¢ However,
for the spent precipitates prepared with the presence of the substrates, all the peaks

correspond to the Ni(Il) bands (Figure 5.3¢). These preliminary observations support the

99



argument that the decrease in catalytic cycles is likely due to the formation of oxidized Ni

(IT). Table 5.2 shows the binding energies of the samples and their assignments.

Ni(l)
2p 1/2 sat.

(a) Ni foil

Ni (i) Ni (0)
2p 3/2sat. 2p1/2

Ni (0)
2p 3/2

Ni (Il)

2p 312
®)Niqy o Ni()
() i 2p 3/2 sat. Ni (Il Ni (Il Ni (1)
Ni (1) 2p 3/2 sat. 2p 1/2
Ny 2p 1/2 sat.

‘ Ni (1) Ni (1)
cipitats 2p 12 2p /2 sat.
with

substrates

Ni (1)
2p 3/2 sat.

Ni (0)
2p 312

Ni (1)
2p 3/2

(d) Fresh 2" (1"/)2 Ni (I1)
precipitate Ni (11) P 2p 1/2 sat.
with 2p 3/2 sat.
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Ni (0)
2p 3/2

(e) Spent )
with 2p 3/2 sat. P (I
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Ni (1)
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850 855 860 865 870 875 880

Binding energy (eV)

Figure 5.3. XPS spectra of Ni 2p for the aqueous solutions of metallic Ni foil (a), Ni (II)
oxide (b), fresh precipitates with (c) and without the substrates (d), and the spent precipitate

(e).
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Table 5.2. Binding energies for the Ni samples measured by XPS analysis.

Binding energy (eV)
Ni(0) Ni(II)
Entry Sample 2p3n 2p1n 2p3n2 2p32 | 2pi2 | 2piz
sat. sat.
a Ni foil 852.7 869.9 856.0 861.5 | 873.7 | 880.1
Ni (IT) oxide - - 854.2 856.2 | 872.3 | 879.6
861.4
c Fresh 851.8 - 855.0 860.6 | 8729 | 879.4
precipitate
with
substrates
d Fresh 852.5 - 855.3 861.0 | 873.0 | 879.4
precipitate
without
substrates
e Spent - - 856.2 862.3 | 873.9 | 880.1
precipitate

Conditions: ®Ni foil; °Ni (II) oxide: 0.05 mmol in 1.5 mL water; © °Ni(0) powder (0.05
mmol), 4-iodotoluene (1.0 mmol), phenylboronic acid (1.2 mmol), K2CO3 (2.0 mmol), 2
mL of PEG-300; ¥Ni(0) powder (0.05 mmol), K2COs (2.0 mmol), 2 mL of PEG-300.

5.33.2 XAS

Figure 5.4 presents the Ni-K-edge EXAFS fits in the R-space for the Ni foil (Figure
5.4a), fresh and spent precipitates [Figure 5.4(b,c)], and fresh supernatant (Figure 5.4d)
prepared with the substrates. Figure S5.8 presents the XANES data for the same samples.
The spectrum for the spent supernatant was too weak to be measured. The overall
conclusion we obtained from these graphs is that we only observed Ni-Ni bond as the first

shell, and that no clear Ni-O bond was obtained.
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(a) Ni foil

(b) Fresh precipitates

Ix(R)I (A®)

(c) Spent precipitates

(d) Fresh supernatant

Radial Distance (A)

Figure 5.4. Ni K-edge EXAFS single-shell fits in the R-space for the Ni foil (a), fresh

precipitates (b), spent precipitates (c), and fresh supernatant (d) prepared with the
substrates.

5333 TEM

Figure 5.5 shows the TEM images of the fresh and spent precipitate prepared with
the substrates. Most of the Ni(0) particles are observed to have a spherical shape in the
fresh precipitate sample, where the average diameter is estimated to be 15 + 3 nm, whereas

for the spent precipitate sample, the Ni(0) particles are observed to have a cylindrical shape,
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where the average semi-major axis diameter is estimated to be 15 £+ 3 nm, while that of the

semi-minor axis is 8§ = 3 nm.

Figure 5.5. TEM image of the fresh and spent precipitate prepared with the substrates. The
insets show the magnified region of the images. The scale bar for the larger images is 100
nm, and the scale bar for the insets is 20 nm.

5.4 Conclusions

In summary, we report a Ni(0) catalyst and its formation in the SM coupling
reaction between 4-iodotoluene and phenylboronic acid with Ni(0) powder as a precatalyst.
The SM coupling is homogenous in nature without any stabilizing organic ligands.
Although the chemical identity of the water-soluble active Ni(0) catalyst remains to be
characterized by experimental and theoretical UV-Vis spectroscopy, preliminary results
suggest that the water-soluble active Ni(0) catalyst is generated through the leaching of
Ni(0) nanoparticles on the solid surface at elevated temperatures, and the leaching is
enhanced by the presence of the reaction substrates. The Ni(0) catalysts is stable in aqueous
solutions for at least fourteen weeks at the room temperature. Although this work is
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conducted with Ni(0) powder as the precatalyst, we envision that the conclusions arrived
in this study about the active catalyst will likely be valid for SM reactions with other
inorganic Ni salts in aqueous solutions and also for Ni dispersed on support as

heterogenous catalysts.
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5.5 Supporting Information
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Figure S5.6. Experimental flowchart depicting catalyst preparation, reaction conditions,
steps for the purification of the crude product, and recyclability of the precipitate and
soluble catalysts. The catalyst was prepared without the 4-iodotoluene and phenylboronic

acid substrates.
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Figure S5.7. Experimental flowchart depicting reaction conditions, steps for the
purification of the crude product, and recyclability of the precipitate and soluble catalysts.
The catalyst was prepared with the 4-iodotoluene and phenylboronic acid substrates.
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Figure S5.8. Calibration curve of pure 4-phenyltoluene for determining the yields of 4-
phenyltoluene produced in SM reactions. Triplicates of 500-, 400-, 300-, 200-, and 100-
mM solutions were prepared from a stock solution of 1000 mM. Each sample was injected
into the GC-MS instrument to yield a certain GC intensity. The error bars correspond to
the GC intensities of three samples at each concentration.
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Figure S5.9. 'H NMR (400 MHz, CDCI3) of 4-phenyltoluene: § (ppm) 7.67 (d, J = 8.0Hz,
2H), 7.56 — 7.40 (m, 4H), 7.36 (t, ] = 8.0 Hz, 1H), 7.26 (d, ] = 8.0 Hz, 2H), 2.33 (s, 3H).2%*
203
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Figure S5.10. Cu XANES spectra after normalization. Only the Ni-Ni bond was observed
as the first shell, and no clear Ni-O bond was obtained.
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CHAPTER 6. CONCLUSIONS AND FUTURE PERSPECTIVES

This work showcases the nature of catalysis and the identity of catalytically active
species in ligand-free SM reactions catalyzed by Pd, Cu, and Ni transition metals. For Pd-
catalyzed ligand-free SM reaction, this work reports the Pd-nanocluster catalysts and their
formation in the SM coupling reaction between benzene bromide and phenylboronic acid
with palladium nitrate as a precatalyst. SM coupling is homogenous in nature without any
stabilizing organic ligands. The Pd catalyst consists of mainly neutral Pd tetramers with
secondary Pd trimers in their singlet electronic states. The Pd nanoclusters are generated
by leaching of the Pd(0) nanoparticles and stable in aqueous solutions for at least three
months at the room temperature with the product yield of 40%. The morphology of the
solid Pd particles that serve as the reservoir of the Pd clusters was also addressed using
TEM. Before the SM reaction, most of the Pd nanoparticles have a spherical shape, and the
average diameter of fifty-five nanoparticles is estimated to be 2.99 £+ 1.32 nm. After the
final run of the SM reaction, the shape of most Pd nanoparticles becomes roughly
cylindrical with the average dimension of 2.71 £ 1.18 nm in diameter and 7.42 = 0.97 nm
in length. The local coordination of the Pd nanoparticles using Pd-K-edge EXAFS single-
shell fits in the R-space indicate that the local coordination number of Pd-Pd is 4.3 £ 0.9
for the sample before the reaction and reduces slightly to 3.4 £ 0.6 for the sample after the
final run of the reaction. The Pd(0) nanoparticles are formed by reducing Pd(II) nitrate, and
the reduction is induced by ethanol and enhanced by potassium hydroxide. Without the
base, the extent of the Pd(II) nitrate reduction is not sufficient for the SM coupling.

Similarly, for Cu-catalyzed ligand-free SM reaction, this work reports the water-
soluble cuprous hydroxide, Cu(OH), as the active catalyst in its singlet electronic state in
the reaction between iodobenzene and phenylboronic acid with Cul as a precatalyst. The
ligand-free SM coupling is homogeneous in nature. The homogeneous catalyst is identified

as Cu(OH) in in its singlet electronic state using UV-Vis spectroscopy. The stability of the
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water-soluble Cu(OH) catalyst was investigated by storing the fresh inorganic supernatant
at room temperature for four weeks and found that the SM coupling with the four-week-
old supernatant generated biphenyl with 31% yield. Cu(OH) is generated through leaching
of the Cu-containing precipitate, and the leaching is enhanced by the presence of the
substrates and increasing temperatures. The precipitates serve as a reservoir for the
molecular catalyst, and therefore, they were characterized based on morphology and local
coordination environment. The EXAFS and XANES measurements show that the spectrum
of the fresh sample is close to that of Cu20O, while the spent sample largely overlaps with
that of CuO. Most of the Cu(I) particles are observed to have an oval shape, where the
average semi-major axis diameter of thirty-three nanoparticles is estimated to be 15 + 3
nm, while that of the semi-minor axis is 9 + 4 nm. The TEM images of the spent precipitate
show that the particles are highly agglomerated; hence, their sizes and shape are not
measurable.

Moreover, for Ni-catalyzed ligand-free SM reaction, this work reports the reaction
between 4-iodotoluene and phenylboronic acid with Ni(0) powder as a precatalyst. The
ligand-free SM coupling is homogeneous in nature. The chemical identity of the Ni(0)
catalyst is yet to be determined by the experimental and computational UV-Vis
spectroscopy. The stability of the water-soluble active Ni(0) catalyst was investigated by
storing the fresh inorganic supernatant at room temperature for fourteen weeks and found
that the SM coupling with the eight-week-old supernatant generated biphenyl with 35%
yield. The water-soluble active Ni(0) catalyst is most likely generated through leaching of
the Ni-containing precipitate, and the leaching is enhanced by the presence of the substrates
and increasing temperatures. The precipitates serve as a reservoir for the water-soluble
active Ni(0) catalyst. Only the Ni-Ni bond was observed as the first shell, and no clear Ni-
O bond was obtained from the EXAFS and XANES measurements. The TEM images of
the fresh and spent precipitate prepared with the substrates suggest that most of the Ni(0)

particles are observed to have a spherical shape in the fresh precipitate sample, where the
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average diameter is estimated to be 15 £ 3 nm. For the spent precipitate sample, the Ni(0)
particles are observed to have a cylindrical shape, where the average semi-major axis
diameter is estimated to be 15 + 3 nm, while that of the semi-minor axis is 8 + 3 nm.

The work in this dissertation can further be expanded by exploring other transition
metals commonly used in the SM cross-coupling reactions, such as Fe and Co. Identifying
the chemical identity of the catalyst and the nature of catalysis in the reaction can be useful
to design novel catalysts for use in the pharmaceutical, agrichemical, and natural product
synthesis industries. Although the work in this dissertation only explores the unsupported
precatalysts that catalyze the ligand-free SM cross-coupling reactions, the studies
presented in this dissertation can be used to design future experiments to investigate the
precatalysts dispersed on some form of solid support. From a synthetic point of view, using
such support may increase the turnover frequency of the catalyst, increase the stability of
the catalyst under ambient conditions, and make the catalyst easy to recover. From a
physical chemistry point of view, it would be interesting to observe how the active catalyst
and nature of catalysis would behave in precatalysts on the solid support-catalyzed SM
cross-coupling reactions. Thus, there are many possible directions that the findings based

on this dissertation can lead to, and further help the future of chemical catalysis.
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