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Chapter 1

Introduction of Arginase and

Activity-Based Probes



1.1 Arginase

Arginase is a manganese-dependent metalloenzyme that catalyzes the hydrolysis of L-
arginine to form L-ornithine and urea.! In mammals, there are two isoenzymes: arginase
I and arginase II. They catalyze the same chemical reaction but differ in cellular loca-
tion. Arginase I is expressed in the liver, and constitutes the final step of urea biogenesis.
Arginase II is expressed in mitochondria and is located in a variety of tissues such as red
blood cells, glands and kidneys. The main function of arginase II is to produce ornithine,
which is a biosynthetic precursor to proline and polyamines.

In humans, the two isozymes are encoded by separate genes. Human arginase I con-
tains 322 amino acids while human arginase II contains 354.2 The two isoforms share 60%
homology, have almost identical structures and have similar mechanisms of action.? Both
are trimers and require two manganese atoms in order to function (Figure 1.1). As Shown
in Figure 1.2, the active site holds arginine in place via hydrogen bonding between the
guanidinium group of Arg and the side chain of Glu 277. Nucleophilic attack by a metal-
associated hydroxide ion on the guanidinium group leads to a tetrahedral intermediate,
which is stabilized by hydrogen bonding with Asp 128 and Glu 277. Breakdown of the

tetrahedral intermediate through proton transfer generates urea and ornithine as products.

B
Asp-232

His-101

®e © C 69 Asp-234
% “ ©

Asp-124

His-126
Asp-128

Figure 1.1 Arginase trimer structure and binuclear manganese cluster (pdb 2aeb).
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Figure 1.2 Mechanism of arginase catalyzing arginine to ornithine and urea.

1.2 Immune function and related diseases

Arginase plays an important role in the immune function because arginine is also the sub-
strate for nitric oxide synthase (NOS). In the cellular environment, arginase competes with
NOS for the same arginine molecules as substrates (Scheme 1.1).* When the concentration
of arginine is low, NOS produces less NO and uses more oxygen to form superoxide. The
superoxide reacts with the NO to form peroxynitrite, thus further decreasing the concentra-
tion of NO.5 As a result, an increase in arginase activity leads to decreased levels of arginine
and lowers the level of NO. In short, arginase and NOS are reciprocally regulated under
some conditions and up-regulation of arginase has been demonstrated in several diseases

including hypertension and Chagas disease.

Hypertension Also known as high blood pressure, hypertension is a long-term medical

condition in which blood pressure is persistently elevated. High blood pressure can result



substrate

competition
/ spermine — polyamine synthesis

NOS arginase
NO + citrulline «—— —— urea + ornithine

\4 proline —— cell proliferation

Scheme 1.1 Scheme for the catabolism of arginine by arginase and NO synthase.

from obesity, diabetes and kidney disease, and may lead to heart attack and stroke. Ap-
proximately 85 million people in the United States have hypertension, and it is accountable
for 13% of deaths globally.%

Recently, studies have demonstrated that high blood pressure is associated with in-
creased arginase activity. Endothelial dysfunction induces an increase in reactive oxygen
species (ROS) via NADPH oxidase which causes an increase in endothelial arginase expres-
sion. Low amounts of arginine causes the “uncoupled” endothelial nitric oxide synthase
(eNOS) to produces superoxide instead of NO, resulting in the production of hydrogen per-
oxide and peroxynitrite, and finally leading to the production of adhesive molecules that
block blood vessel (Scheme 1.2).7 Thus, inhibition of arginase increases the bioavailability
of NO and reduces the levels of superoxide, resulting in improved endothelial function. This

pathway may offer an alternative method to treat high blood pressure.

Inside endothelial cell
arginase
ornithine + urea

L-arginine 0,

NO + citrulline

H,0, @ ONOO*

react with other organics to form adhesive molecules

Scheme 1.2 Schematic illustration of how arginase regulates NO bio-availability and vas-
cular function.



Chagas’ disease Also known as American trypanosomiasis, Chagas disease is a tropical
parasitic disease caused by the protist Trypanosoma cruzi. The disease is mostly spread
by “kissing bugs” and the symptoms include fever, fatigue, body aches, headache, local
swelling, enlarged heart and finally heart failure. Chagas disease affects over 16 million
people in Latin America, causing about 50,000 deaths per year.®

One interesting finding about the parasite is that after invasion it can evade the human
immune response and escape NO toxicity by activating the host’s arginase (Scheme 1.3).°
The activation of arginase leads to (1) depletion of arginine leading to decreased NO produc-
tion, which is toxic to parasites; (2) increased production of polyamines, which are necessary
for parasite growth and differentiation; and (3) enhancement of the polyamine biosynthetic
precursor for trypanothione, a molecule that is essential for parasites to maintain their in-

tracellular redox system. Therefore, small molecules inhibitors for arginase might be used

as new antiparasitic chemotherapeutics.

——[nosi] _[no] _@+§é
== L-arginine(

— —>|Arginase| IL-ornithinel —@—»M

Scheme 1.3 Schematic illustration of how parasites escape NO toxicity. Reprinted with
permission from ref [9]. Copyright 2003 Elsevier.



1.3 Arginase inhibitors

Since all of the above diseases involve up-regulation of arginase activity, small arginase
inhibitors may show promise as new drugs to treat these diseases. To date, a variety of
arginase inhibitors have been reported and some of these are already being applied to pre-
clinical use in humans. The first arginase inhibitor is NOHA, an intermediate formed during
the production of NO by NOS (Figure 1.3).'° However, NOHA causes many side effects
because of its low specificity and the high concentrations required for efficient inhibition.
Recently, competitive inhibitors have been developed, which show greater specificity
for arginase. Based on the structure and mechanism of arginase, the Christianson group
developed boronic acid analogs of L-arginine (ABH and BEC).!! Both inhibitors contain a
boronic acid in place of the guanidinium group in arginine. The inhibitors bind to the active
site of arginase, and react with a Mn?* bound hydroxide ion to give a tetrahedral boronate
species. These species have a higher affinity for arginase than the substrate L-arginine, and

thus block the activity site and result in competitive inhibition.

N~ QH oH
| HoN B. HoN B.
H2N N)\NHz 2 OH 2 \‘/\S/\/ OH
doon " COOH COOH
NOHA ABH BEC
Ki=10 um K|=O11 um K|=22Mm

Figure 1.3 Variety of arginase inhibitors.

Several arginase inhibitors, including ABH and BEC, have been used in humans for
pre-clinical trials and show promising results in the treatment of type 2 diabetes,? heart
failure'® and hypertension.!* However, the safety of long-term treatment using these in-
hibitors still remains an open question due to the fact that arginase plays an important
role in the urea cycle and synthesis of ornithine, proline and polyamines. Another con-
cern is that arginase inhibitors may have adverse effects on tissue repair and thus may not

be good treatments for many cardiovascular diseases.!® Also, the boronic acid inhibitors



have relatively poor pharmacokinetic profiles and bio-availabilities, which further limit their

potential as chemotherapeutic reagents. 6

1.4 Assays for measuring arginase activity

Because of the significant role played by arginase in biology, revealing the activities of these
enzymes has attracted a lot of interest. Both radiochemical assays and spectrophotometric

assays have been developed for measuring the activity of arginase.

Radiochemical assay

In 1980, Ruegg and Russell developed a fixed-point assay, which uses a radioactive substrate
[*C] guanidine-L-arginine to generate [1*C] urea (Scheme 1.4).!7 The radioactive urea is
then quantified by scintillation counting. However, this kind of fixed-point assay requires

expensive equipment and toxic radio-labeled materials and are usually very time consuming.

NH

+ I Arginase H f\] O
H3N .C. > 3 NH2 + 1
C.
\(\_/\N NH, H,0 lg;/\ HN"""NH,
COO
L-[guanidino-"4C]arginine L-Ornithine ['“C]Urea

Scheme 1.4 Schematic illustration of the fixed-point assay for measuring arginase activity.

Spectrophotometric assay

In 2002, Viola and coworkers developed a spectrophotometric assay by using thioarginine,
which is a good mimic of natural L-arginine as substrate.'® After hydrolysis by arginase,
the free thiol group can react with DTNB by cleaving the disulfide bond to give TNB
(Scheme 1.5). TNB has a yellow color and can be quantified in a spectrophotometer by
measuring the absorbance of visible light at 412 nm. However, Ellman’s reagent (DTNB)
can only be used within a narrow pH range (6 - 8), which is different from the optimum pH

for arginase activity (8.5 — 10.5).



Arglnase HsN DTNB

HeN )L SH —— — »
\(\/\ m o @E’N:z
Thioarginine Hij@(S\s © ’

Absorbance at 412 nm

Scheme 1.5 Schematic illustration of the spectrophotometric assay based on the thiol-
DTNB reaction.

In 2008, Woods and coworkers developed a colorimetric assay for determining arginase
activity based on the ornithine-ninhydrin reaction.® After hydrolysis by arginase, the pri-
mary amino group in ornithine can react with ninhydrin to form a purple compound with
strong absorbance at 570 nm (Scheme 1.6). However, the samples are require to be heated
to 100 °C before reading in a spectrophotometer to make sure all the amino groups are cou-
pled with ninhydrin. Correction calculations are also needed since the original L-arginine

can also react with ninhydrin.

NH ¥
+ Arginase H.N Ninhydrin, 100°C
H3N = ' —
N, TNk,

Purple color

Absorbance at 570 nm

Scheme 1.6 Schematic illustration of the spectrophotometric assay based on the ornithine-
ninhydrin reaction.

Even though the above methods can measure arginase activity indirectly, there are still
many limitations. Moreover, these available methods cannot monitor the activity of arginase

in vivo. Activity-based protein profiling is a novel approach for detecting enzyme activities.



1.5 Activity-based probe

Activity-based probes are designed to react with the active forms of enzymes. They can
discern between active and inactive enzymes and target the activity of the enzyme instead of
the abundance of the protein. Compared to traditional protein profiling methods, activity-
based protein profiling provides a more comprehensive view of the enzyme’s activity in the

biological system.

1.5.1 Structure of activity-based probes

Most activity-base probes share a similar design and have three structural components:
(1) a reactive group that reacts with the enzyme covalently; (2) a linker that connects
the reactive group with a tag and (3) a tag group for further enrichment or visualization

(Figure 1.4).

recognition

tag linker
element

Figure 1.4 Structure of a typical activity-based probe.

Reactive group Also known as the warhead, the reactive group can react with a proximal
nucleophilic residue in the active site, and results in irreversible covalent labeling of the
enzyme. Based on the catalytic mechanism, small irreversible inhibitors can be transformed
into activity-based probes by attaching proper report tags. Various reactive groups have
been developed for different enzymes. For example fluoromethyl ketones are highly reactive
towards cysteine proteases?? while bromobenzylphosphonates are highly reactive towards

tyrosine phosphatases. 2!

Linker The linker is like a bridge that connects the reactive group and the tag together.

The main purpose of using a linker is to reduce the steric effect between those two groups and
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improve the probe accessibility. Long carbon chains or polyethylene glycols are commonly
used as linkers. In some cases, a specially designed linker can be used to increase probe
selectivity and specificity. For example, a short peptide that mimics the natural protein
substrate can be used as a linker to target proteases. By changing the amino acid sequences,

different subfamilies of proteases can be specifically targeted.??

Tag The tag group in the activity-based probe enables visualization and purification of
the labeled proteins. Radioisotopes (1251 and 3H) were first introduced into activity-based
probes as tags for visualization.?? However, due to the half-life problems and special han-
dling procedures, the radio-labeled probes are not widely used today. Nowadays, fluorescent
tags are most commonly used in labs. A number of commercial fluorophores have been de-
veloped with different excitation and emission wavelengths (Figure 1.5). The combination
of fluorescent tags with SDS-PAGE analysis enables fast and sensitive determination of
successful labeling. On the other hand, affinity tags are commonly used for isolation and
purification of tagged proteins. Biotin is the most widely used affinity tag due to the strong
interaction between biotin and avidin/streptavidin. Incorporation of a biotin tag enables ef-
ficient enrichment even when low abundant targets are labeled. This reduces the complexity

of biological samples which facilitates further analysis by mass spectrometry.

a) /EH b)

c)

I COO~

H
O 909
_ | - HS0, HO 0 N 0 SN
N _ P g
. fluorescein (R = COOH) .
quinine sulfate 2Me TG (R =Me) rhodamine B

d)

e) 0 -~
S % &

'50;Na 048

A
FF

BODIPY 2-Me TM

indocyanine green

Figure 1.5 Small-molecule fluorophores with different visible colors.



11

Tag-free two step labeling Even though tags are commonly used in activity-based
probes, poor cell permeability limits their use for in situ and in vivo experiments. To
resolve this problem, tag-free activity-based probes were developed utilizing click chemistry.
A small conjugation group (alkyne) is connected to the probe instead of a bulky tag. After
labeling, a biotin tag or fluorescent tag can be added by cycloaddition of an azide with the

alkyne in the presence of a copper catalyst (Scheme 1.7).24

- - —ABP= ———————————>

—ABP—= *N3 ’
». N
—nsp—
9 . . -7 N:N
.  covalently labeling click chemistry

Scheme 1.7 Schematic illustration of two steps labeling using click chemistry.

1.5.2 Activity-based probes for serine proteases

Serine proteases are enzymes that use serine as the nucleophilic amino acid to cleave peptide
bonds in proteins.?® In humans, they are involved in many biological processes including
digestion, inflammation and blood clotting. Most serine proteases use a Ser/His/Asp cat-
alytic triad. The -OH group of the serine side chain acts as a nucleophile to attack the
carbonyl carbon in the amide substrate. One nitrogen atom in the histidine abstracts the
hydroxyl proton and thus increases serine’s nucleophilicity. The carboxylate group in aspar-
tic acid accepts a proton during the process, making the nitrogen on histidine more basic.
Based on this mechanism, several activity-based probes have been developed to covalently
label the nucleophilic serine residue. The electrophilic warhead in these probes include

phosphonates, 26 4-chloroisocoumarins2” and sulfonyl fluorides.?® For example, the binding

.8.29

mechanism of phosphoramidates is in shown in Scheme 1

L
HNZ b&fh

Scheme 1.8 The mechanism of the phosphoramidate-based probe for serine proteases.
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1.5.3 Activity-based probes for kinases

Kinases are enzymes that catalyze the transfer of a phosphate group from adenosine triphos-
phate to the substrates, producing a phosphorylated substrate and adenosine diphosphate. 3°
There are over 500 kinases in humans, and they play important roles in cell signaling,
transportation and metabolism. Activity-based probes for kinases are different from serine
proteases probes, because kinases catalyze phosphoryl transfer by a direct mechanism that
does not involve a covalent-enzyme intermediate. In other words, the kinase active site does
not contain a nucleophilic residue for catalysis. Based on the sequences of kinases, it has
been found that all protein kinases have at least one conserved lysine residue within their
active sites.?! The Patricelli group designed an activity-based probe for kinases based on
this common structural feature. The biotinylated acyl phosphate reacts with the amine in

the lysine side chain to form a stable amide bond and thus label the kinase.3?

NH,
N X
(o} /N l
-y o (o] (o]
B\mm/\)ko #*O*%*O*I‘f"*o o

(o 6 0

N
A

B\(mn/\)I\NH

HN OH OH

Lys

Lys

Figure 1.6 The mechanism of the ATP-based probe for protein kinases.

Aim of this work

There are several competitive reversible inhibitors available for arginase. However, there
are no reports of irreversible inhibitors. The first part of my thesis research focuses on
developing new mechanism-based irreversible arginase inhibitors. These small molecule
inhibitors for arginase may show therapeutic potential for the treatment of a range of
pathological conditions, and have promise as new anti-parasitic drugs. The irreversible
inhibitor can further be transformed into activity-based probes by attaching proper tags,

which provides a new way to profile arginase and arginase activity in humans.
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Rational Design of Novel
Irreversible Inhibitors for Human

Arginasle

"This chapter was adapted and modified from: Guo, X.; Chen, Y.; Seto, C. T. Rational design of novel
irreversible inhibitors for human arginase. Bioorganic & medicinal chemistry, 2018, 26, 3939-3946.
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2.1 Abstract

Parasites have developed a variety of strategies for invading hosts and escaping their immune
response. A common mechanism by which parasites escape nitric oxide (NO) toxicity is
the activation of host arginase. This activation leads to a depletion of L-arginine, which
is the substrate for NO synthase, resulting in lower levels of NO and increased production
of polyamines that are necessary for parasite growth and differentiation. For this reason,
small molecule inhibitors for arginase show promise as new anti-parasitic chemotherapeutics.
However, few arginase inhibitors have been reported. Here, we describe the discovery of
novel irreversible arginase inhibitors, and their characterization using biochemical, kinetic,
and structural studies. Importantly, we determined the site on human arginase that is
labeled by one of the small molecule inhibitors. The tandem mass spectra data show that
the inhibitor occupies the enzyme active site and forms a covalent bond with Thr135 of
arginase. These findings pave the way for the development of more potent and selective

irreversible arginase inhibitors.

2.2 Introduction

Arginase is a manganese metalloenzyme that catalyzes the hydrolysis of arginine to form
ornithine and urea.! In the liver, this reaction constitutes the final step of urea biogene-
sis.? In other non-hepatic tissues such as red blood cells, mammary glands and kidneys,
the main function of arginase is thought to be the production of ornithine, which serves as
a biosynthetic precursor to proline and polyamines.? Recent studies suggest that arginase
also plays an important role in modulating the immune response since it regulates arginine
levels, and arginine is the substrate for nitric oxide synthases (NOS) (Figure 2.1).%® When
the level of extra-hepatic arginase is elevated, arginine availability as a substrate for NOS is
limited due to the enhanced consumption of arginine by arginase. Thus, arginase and NOS
appear to be reciprocally regulated under some conditions. Up-regulation of arginase has

been observed in several diseases including Chagas disease and sleeping sickness.%” These
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diseases are caused by parasitic protozoa of the genus Trypanosoma. These parasites evade
the human immune response and escape NO toxicity by activating the host’s arginase.® 10
The activation of arginase leads to (1) depletion of arginine leading to decreased NO pro-
duction; (2) increased production of polyamines, which are necessary for parasite growth

and differentiation; and (3) enhancement of the polyamine biosynthetic precursor for try-

panothione, a molecule that is essential for parasites to maintain their intracellular redox

system.
OYNHZ HNYNHZ
NH NOS NH Arginase NH,
H,N"">COOH H,N"" > COOH rea H,N"">COOH
Citrulline Arginine Ornithine

Figure 2.1 Two enzymes that use arginine as a substrate.

Recently, arginase and polyamine biosynthetic pathways have been being targeted for the
treatment of African sleeping sickness and Chagas disease. 112 Potent arginase inhibitors are
valuable chemical tools for deciphering the complex immune response mediated by arginase,
and for testing biological and therapeutic hypotheses associated with parasitic diseases.
However, only a few arginase inhibitors have been reported to date (Figure 2.2).1371° The
boronic acid analogs of L-arginine (Figure 2.2, ABH and BEC) have been widely used as
reversible arginase inhibitors to study the biological function of arginase. Both inhibitors
contain a boronic acid in place of the guanidinium group in arginine. The inhibitors bind to
the active site of arginase, and react with a Mn?" bound hydroxide ion to give a tetrahedral
boronate species. These boronic acid inhibitors often have high toxicity, and relatively
poor pharmacokinetic profiles, selectivities and bioavailabilities. 1617 Thus, their potential
applications as chemotherapeutic reagents are limited. The development of novel arginase
inhibitors is an urgent need.

Irreversible inhibitors typically contain a reactive functional group that reacts with

amino acid side chains to form a covalent adduct. A higher level of selectivity can be
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Figure 2.2 Reversible arginase inhibitors.

achieved if the reactive functional group is only unmasked as a consequence of an enzyme-
catalyzed reaction. In this way, such mechanism-based inactivators generate the reactive
group in the active site of the target enzyme, and avoid non-specific reaction with other
proteins. Irreversible inhibitors have been developed for a variety of enzyme families, in-

20,21 and phosphatases. 2223 In 2011, researchers estimated

cluding proteases, '®19 kinases
that 26 covalent drugs accounted for over $33 billion in annual worldwide sales.?* Inspired
by the natural structure of arginine, we designed and synthesized two mechanism-based
irreversible arginase inhibitors. We characterized these compounds in biochemical and ki-
netic assays. Furthermore, we determined the labeling site on human arginase 1 that reacts
with inhibitor 1. Such small molecule inhibitors for human arginase may show therapeutic

potential for the treatment of a range of pathological conditions, and have promise as new

anti-parasitic drugs.

2.3 Results and discussion

2.3.1 Design

The inhibitors have three structural components: (1) the 4-guanidinobenzyl group that
mimics the side chain of L-arginine; (2) a leaving group that triggers formation of a reactive
electrophile in the active site;25 2% and (3) a carboxyl group that anchors the inhibitor in

the active site through hydrogen bonds with several amino acid side chains. The proposed
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mechanism is shown in Scheme 2.1. After binding to the active site of arginase, the guani-
dinium group on the inhibitor is first hydrolyzed by arginase to generate an aromatic amine.
This intermediate undergoes rapid 1,6-elimination to give a para-azaquinone methide, which
is a strong electrophile. The azaquinone methide reacts with a proximal nucleophilic residue
in the active site of arginase, and results in irreversible covalent labeling of the enzyme. Two
leaving groups, fluoride and acetate, were chosen due to their stability in aqueous solution

and reasonable leaving group ability.

L ( L Nu-Arginase
HO S Arginase HO 1,6-Elimination (
o) | P B — ‘ X _ > HO N
NH O &
/& A NH; (0] ’,\m @
HoN NH 2
= L=0Ac
Nu-Arginase
Nucleophilic Addition Hom/(@
\
O NH CO NH
Z S NH, >: /E

Scheme 2.1 Proposed mechanism of action of the irreversible inhibitors.

We generated a computer-based model of inhibitor 1 docked into the active site of
arginase using the crystal structure of the arginase-ABH complex (PDB 2AEB)?’ in con-
junction with a flexible side chain docking strategy. The ABH molecule in the crystal
structure was first removed, then inhibitor 1 was docked and energy minimized in the bind-
ing site. Figure 2.3A illustrates that the guanidinium group of inhibitor 1 can hydrogen
bond with the side chains of His126, Asp128, Asp232 and Asp234, while the carboxylate
can hydrogen bond with Asn130, Ser137 and Asn139. An overlay of the crystal structure
of ABH with the model of inhibitor 1 suggests that the two inhibitors can bind in a similar
manner (Figure 2.3B). Similar docking studies with inhibitor 2 (Figure 2.3C and D) suggest
that inhibitor 2 also fits into the binding site, but with less favorable interactions compared

with inhibitor 1.
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Figure 2.3 (A) Docking of inhibitor 1 (cyan) in the active site of arginase (yellow). Hydro-
gen bonds are shown as green dotted lines. (B) Overlay of the docking model of inhibitor
1 (cyan) with the crystal structure of ABH (magenta) bound in the active site of arginase.
(C) Docking of inhibitor 2 (cyan) in the active site of arginase (yellow). Hydrogen bonds
are shown as green dotted lines. (D) Overlay of the docking model of inhibitor 2 (cyan)
with the crystal structure of ABH (magenta) bound in the active site of arginase.

2.3.2 Synthesis

Inhibitors 1 and 2 were synthesized as shown in Scheme 2.2. 2-(4-Nitrophenyl)acetic acid
3 was esterified to give methyl 2-(4-nitrophenyl)acetate 4. Bromination followed by hy-
drolysis of the intermediate benzylic bromide 5 gave alcohol 6. The nitro group was
reduced using Pd/C and H,, and the resulting aromatic amine 7 was reacted with 1,3-
bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea to form the Boc protected guanidine
compound 8. Inhibitor 1 was then prepared from 8 by converting the alcohol to a fluoride
using DAST, and removing the methyl ester and Boc protecting groups with aqueous KOH
and TFA, respectively. Inhibitor 2 was synthesized from 8 by saponifying the methyl ester,
followed by acylating the benzylic alcohol with acetic anhydride to give compound 12. TFA

removed the Boc protecting groups to give inhibitor 2.

2.3.3 Kinetic Assays of Irreversible Inhibitors with Arginase

We used the substrate thioarginine, in conjunction with the colorimetric reagent 5,5-dithio-
bis-(2-nitrobenzoic acid) (DTNB), to measure the activity of arginase.3 After thioarginine
is hydrolyzed by arginase, the resulting free thiol group undergoes thiol-disulfide inter-
change with DTNB to give 2-nitro-5-thiobenzoate (TNB). TNB has a yellow color and can

be quantified by measuring its absorbance at 412 nm (Scheme 2.3). We used this substrate
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Scheme 2.2 Synthesis of inhibitors 1 and 2. Reagents and conditions: (a) MeOH, H,SO,,
reflux, 5 h; (b) AIBN, NBS, CCl,, reflux, overnight; (c) Ag,S0,, dioxane:water = 1:1,
reflux, 3 h; (d) 5% Pd/C, H,, rt, overnight; (e) AgNO;, TEA, rt, overnight; (f) DAST, 0
°C, 1 h; (g) IM KOH, rt, 3 h; (h) TFA:DCM = 1:1, rt, 24 h; (i) Ac,O, DMAP, DCM, rt, 5
h.

to measure K,, and V.., values for arginase 1 and 2 that are similar to the values re-
ported in the literature (Figure 2.4).3%32 The minor differences between our experimental
and literature values are likely due to minor differences in the assay conditions including

temperature, pH, and the presence of additives.

NH +
N Arginase H,N DTNB
HsN \(\/\S)]\ NH, —_— NSH _— >

(olole} coo . o,
h O)D/S\SJJH(OH
Thioarginine ON °

Absorbance at 412 nm

Scheme 2.3 Colorimetric assay to measure arginase activity.

Inhibitors 1 and 2 were assayed against arginase using thioarginine as the substrate.
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Figure 2.4 Data for thioarginine hydrolysis by arginase. (A) for arginase 1 and (B) for
arginase 2. The solid line represents a fit of the data to the Michaelis-Menten equation.

Based upon our mechanistic proposal, we expected to observe time- and concentration-
dependent irreversible inhibition. Arginase 1 and 2 were incubated with varying con-
centrations of the inhibitors, and at several time points aliquots were removed and as-
sayed for remaining enzyme activity by measuring the initial hydrolysis rate of the sub-
strate using a UV-Vis micro-plate reader. The apparent exponential decay rate con-
stant (kqpp) was plotted against the inhibitor concentration according to the equation
kapp = Einact % [inhibitor] /(K + [inhibitor]) to calculate inhibition constants K and inac-
tivation rate constants kj,qct. The full data set is shown in the Figure 2.5 and the inhibition
results are summarized in Table 2.1. The K values of both inhibitors are significantly lower
than the K, values for the thioarginine substrate (1.4 and 1.5 mM for arginase 1 and 2,
respectively). This may be due to the greater hydrophobicity of the inhibitors compared
to the substrate. Inhibitor 1 is slightly more potent than inhibitor 2 against both enzymes.
This observation is consistent with our docking studies that indicate that the smaller fluo-
ride leaving group allows inhibitor 1 to make more favorable contacts with the active site
when compared with the larger acetate leaving group of inhibitor 2. The inhibitors have
similar inactivation rate constants k.. against both enzymes, suggesting a similar mech-
anism of action. While the K values reported here are higher than those for the reversible
inhibitors shown in Figure 2.2 (for example, BEC, K; = 20 uM), compounds 1 and 2 may
show significant selectivity since they are mechanism-based inhibitors that are designed to

react only with the active form of arginase.
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Figure 2.5 Measurement of kinetic parameters for inhibitors 1 and 2 with arginase 1. (A)
Time and concentration-dependent inhibition of arginase 1 by inhibitor 1. (B) Apparent
inhibition rate constant (k.pp) vs. inhibitor concentration for inhibitor 1. (C) Time and
concentration-dependent inhibition of arginase 1 by inhibitor 2. (D) Apparent inhibition
rate constant (kqpp) vs. inhibitor concentration for inhibitor 2.

Table 2.1 Kinetic inhibition parameters with arginase.

| Arg1-Inh1 Argl-Inh2 Arg2-Inh1  Arg2-Inh?2

Ki(uM) 275 £ 19 382 £ 68 322 £ 32 437 + 41
Kinact(min=1) | 0.029 4+ 0.001  0.032 £ 0.003  0.048 & 0.002  0.033 4 0.002

2.3.4 Tandem Mass Spectra of Arginase 1 - Inhibitor 1 Complex

Since the kinetic assays demonstrated that the inhibitors are irreversible, we wanted to
determine the site or sites on the enzyme that are covalently labeled by the inhibitor. To
determine the labeling site(s), we analyzed proteolytic digests of arginase 1 that had been in-
cubated with inhibitor 1. After the incubation, arginase 1 was digested using chymotrypsin,
and the resulting peptides were analyzed by tandem mass spectrometry. By matching the
masses of the precursor and fragment ions, we observed only one labeled peptide. The pre-
cursor ion (m/z = 797.879, MH2) corresponds to the peptide T3, TTSGNLHGQPVSF -,
where the underline denotes the modified Thr135 residue. In the tandem mass spectrum,

we observed masses corresponding to a number of labeled and unlabeled peptide fragments
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(Figure 2.6). Peptide fragment ions are indicated by b if the charge is retained on the N-
terminal fragment and by y if the charge is retained on the C-terminal fragment. B/y ions
indicate that the peptide has been cleaved on both the C and N termini. In the b-ion series,
we observe labeled fragments that contain at a minimum T134 and T135 (b2). In the y-ion
series, we do not observe labeled fragments that contain any of the residues from S137 to
F147. However, we do observe the labeled y13 fragment corresponding to T135-F147. In the
b/y ion series, we do not observer labeled fragments that contain any of the residues from
T136 to S146. Taken together, these data are consistent with Thr135 as the primary site
on arginase 1 that is labeled by inhibitor 1. In the tandem MS we also observe the benzylic
cation at m/z = 150.05 (4-aminophenylacetic acid fragment as shown in Figure 2.6) that
results from breakage of the peptide-inhibitor fragment bond. Benzyl-modified residues
can undergo benzylic cleavage under collision induced dissociation (CID) conditions.3? In
the case of the labeled peptide, the peptide-inhibitor fragment bond is particularly labile,
since the resulting benzylic cation is stabilized by resonance from the amino group at the
4-position of the aromatic ring. The docking model is also consistent with Thr135 as the
site of covalent modification by inhibitor 1. The distance between the side chain hydroxyl

group of Thr135 and the benzylic carbon of inhibitor 1 is 5 A (Figure 2.7).

2.4 Conclusion

We have described the design and synthesis of two irreversible inhibitors that label the
active site of arginase 1 and 2. Kinetic assays demonstrated that treatment of arginase
with the inhibitors causes irreversible inactivation in a time- and concentration-dependent
manner. Tandem mass spectrometry shows that arginase forms a covalent bond with the
inhibitor through the nucleophilic side chain of Thr135 near the active site. In summary,
we have developed a new type of irreversible inhibitors for arginase that can serve as the
basis for therapeutics to treat parasitic infections, and also as tools to more fully explore

the biology of arginases.
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Figure 2.6 The tandem mass spectrum of the peptide from arginase 1 (residues 134-147)
that is labeled by inhibitor 1. The unlabeled y-, b- and b/y-ions are colored in red, blue
and yellow, respectively. The y- and b-ions that are labeled by the inhibitor (4+149.05 Da)
are colored in green. Masses of the unlabeled and labeled ions are color coded, and shown
on the right side of the figure. All ions have a +1 charge unless indicated otherwise in
parentheses next to the observed mass.

e

Figure 2.7 The structure of the energy-minimized complex between inhibitor 1 and arginase
1 determined using a docking model (same data as shown in Figure 2.3). This structure
indicates that side chain hydroxyl group of Thr135 is 5 A from the electrophilic benzylic
carbon of inhibitor 1.
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2.5 Experimental section

2.5.1 Docking procedure for arginase with inhibitors 1 and 2

The 3D structures of inhibitors 1 and 2 were created using Avogadro software. The arginase
structure (PDB 2AEB) was used as the template for docking of the ligands into the active
site of the enzyme using AutoDock Vina. Before docking, the existing ligand was removed
from the complex structure of the PDB file. In order to obtain the initial docking positions
of the inhibitors, the covalent single bonds in the inhibitors were allowed to rotate freely to

generate the energy-minimized complex between inhibitors and arginase.

2.5.2 Arginase irreversible inhibition kinetic assay

To determine the kinetics of arginase inhibition by the inhibitors, arginase (2.8 uM) was
incubated in buffer (50 mM Tris, 50 mM NaCl, 10% glycerol, pH = 9) with various con-
centrations (0, 10, 20, 50, 100, 500 uM) of inhibitors at room temperature. To 40 pL
of thioarginine (400 uM) buffer solution was added 10 pL of the incubation mixture at
various time points (5, 30, 90, 180, 360 min) during the incubation. The rates of thioargi-

nine hydrolysis were measured using a UV micro-plate reader (A, = 412 nm) at each

abs
time point. Each kinetic experiment was performed twice. The remaining arginase activity
at each time point was fitted to an exponential decay rate expression A; = Ag x e~ Farpt
determine the apparent inhibition rate constant (kgpp,) at specific inhibitor concentrations
[inhibitor]. The kqpp vs. [inhibitor] data were fit to the irreversible inhibition rate equation

kapp = Kinact X [inhibitor] /(K + [inhibitor]) to obtain the inhibition constant (/K7) and

inactivation rate constant (kinact), as shown in Figure 2.5.

2.5.3 Tandem mass spectra of the labeled arginase 1 active site

Arginase 1 (10 pg) was pre-incubated in Tris buffer (50 mM Tris, 50 mM NaCl, 10% glycerol,
pH = 9) with 500 uM of inhibitor 1 at room temperature. Labeled arginase 1 protein was
then re-suspended in 150 pL of 50 mM Tris buffer (pH = 8.0). To this solution was added
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2.0 ug of chymotrypsin (4 uL of a 0.5 pug/uL stock, Promega). The digestion was incubated
at 37 °C for 16 h, and then terminated by acidification with 1% formic acid. Subsequently,
Ziptip C18 pipette tips (EMD Millipore) were utilized to purify the digest. The eluent was
then injected into the Thermo Fisher ) Exactive mass spectrometer for analysis. Tandem
MS data were analyzed with a mass match tolerance of 40 ppm using ProteoWizard to
identify sites of covalent modification. The analysis indicates that inhibitor 1 modified

Thr135, which is located proximal to the catalytic residue near the active site.

2.5.4 Synthesis of compound 4

To a solution of 4-nitrobenzene acetic acid (9.0 g, 50 mmol) in absolute methanol (60 mL),
concentrated sulfuric acid (1 mL) was added. The reaction mixture was refluxed for 5
hours. After the completion of the reaction, the residue was concentrated under vacuum,
poured into deionized water (20 mL) and then extracted with ethyl acetate (3x10 mL). The
organic layers were combined and washed with saturated aqueous NaCl (10 mL), dried over
anhydrous sodium sulfate and concentrated under vacuum. The crude product was purified
by silica gel column chromatography using ethyl acetate/hexane (1:8, v:v) as an eluent to
afford 4 as yellow solid. Yield: 8.9 g (91%, 45.5 mmol). 'H-NMR (400 MHz, CDCl,) &
[ppm] = 8.21 (d, 3J(H,H) = 8.8 Hz, 2H), 7.48 (d, 3J(H,H) = 8.8 Hz, 2H), 3.76 (s, 2H),
3.75 (s, 3H). 3C-NMR. (100 MHz, CDCl,) & [ppm] = 170.6, 147.2, 141.3, 130.3, 123.8, 52.4,
40.8. GC-MS (M) T calculated for CyHyNO, 195.05, found 195.0.

2.5.5 Synthesis of compound 5

Compound 4 (7.8 g, 40 mmol), N-bromosuccinimide (7.8 g, 44 mmol) and azobisisobuty-
ronitrile (AIBN, 820 mg, 5 mmol) were mixed in tetrachloromethane (60 mL). The reaction
mixture was then refluxed overnight. After the completion of the reaction, the residue was
poured into deionized water (100 mL) and then extracted with CH,Cl, (3x50 mL). The
organic layers were combined and washed with saturated aqueous NaCl (150 mL), dried

over anhydrous sodium sulfate and concentrated under vacuum. The crude product was
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purified by silica gel column chromatography using ethyl acetate/hexane (1:8, v:v) as an
eluent to afford 5 as a white solid. Yield: 8.3 g (76%, 30.4 mmol). H-NMR, (400 MHz,
CDCl;) & [ppm] = 8.22 (d, 3J(H,H) = 8.8 Hz, 2H), 7.74 (d, 3J(H,H) = 8.8 Hz, 2H), 5.42 (s,
H), 3.82 (s, 3H). 3C-NMR (100 MHz, CDCl,) § [ppm] = 168.0, 148.2, 142.5, 129.9, 124.0,
53.8, 44.2. GC-MS (M) ™ calculated for CoHgBrNO, 272.96, found 273.0.

2.5.6 Synthesis of compound 6

Compound 5 (5.5 g, 20 mmol) and silver sulfate (7.5 g, 24 mmol) were dissolved in 60 mL
of a mixed solvent of dioxane/deionized water (1:1, v:v). The reaction mixture was then
refluxed for 3 hours. After the completion of the reaction, the residue was concentrated
under vacuum and then extracted with ethyl acetate (3x15 mL). The organic layers were
combined and washed with saturated aqueous NaCl (30 mL), dried over anhydrous sodium
sulfate and concentrated under vacuum. The crude product was purified by silica gel column
chromatography using ethyl acetate/hexane (1:6, v:v) as an eluent to afford 6 as white solid.
Yield: 3.1 g (73%, 14.6 mmol). "H-NMR, (400 MHz, CDCl,) & [ppm] = 8.22 (d, 3J(H,H) =
8.8 Hz, 2H), 7.65 (d, 3J(H,H) = 8.4 Hz, 2H), 5.32 (s, H), 3.80 (s, 3H). *C-NMR (100 MHz,
CDCl,) & [ppm] = 172.9, 147.9, 145.0, 127.5, 123.7, 72.0, 53.6. HRMS [M+H] T calculated
for CgHgNO,: 212.0561 found 212.0569.

2.5.7 Synthesis of compound 7

Compound 6 (3.0 g, 14 mmol) and 5% Pd/C (300 mg) were combined in methanol (20 mL).
The reaction mixture was then stirred at room temperature overnight under an atmosphere
of H, using a ballon filled with H,. After the reaction was complete, the residue was filtered,
and the organic solution was concentrated under vacuum. The crude product was purified
by silica gel column chromatography using ethyl acetate/hexane (1:3, v:v) as an eluent to
afford 7 as white solid. Yield: 2.4 g (95%, 13.3 mmol). 'H-NMR (400 MHz, CD,0D) &
[ppm] = 7.15 (d, 3J(H,H) = 8.0 Hz, 2H), 6.70 (d, 3J(H,H) = 8.4 Hz, 2H), 5.05 (s, H), 3.69
(s, 3H). 3C-NMR (100 MHz, CD,0D) & [ppm] = 174.0, 147.9, 129.4, 127.6, 114.8, 72.8,
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51.1. HRMS [M+H] " calculated for C4H;;NO;: 182.0819 found 182.0824.

2.5.8 1,3-Bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea

S-methylisothiourea sulfate (6.95 g, 50 mmol) was dissolved in a mixture of H,O (80 mL)
and dioxane (80 mL) followed by addition of 2 M aq NaOH solution (50 mL, 100 mmol)
and di-tert-butyl dicarbonate (26.2 g, 120 mmol, 1.2 equiv). The reaction mixture was
stirred at room temperature overnight. After the completion of the reaction, the residue
was concentrated under vacuum and then extracted with ethyl acetate (3x30 mL). The
organic layers were combined and washed with saturated aqueous NaCl (50 mL), dried over
anhydrous sodium sulfate and concentrated under vacuum. The crude product was purified
by silica gel column chromatography using ethyl acetate/ hexane (1:8, v:v) as an eluent to
afford product as white solid. Yield: 11.9 g (82%, 41 mmol). "H-NMR (400 MHz, CDClI,)
5 [ppm] = 2.37 (s, 3H), 1.50 (s, 9H), 1.49 (s, 9H). *C-NMR (100 MHz, CDCl,) & [ppm] =
171.5, 146.7, 85.1, 28.2, 28.0, 27.8, 27.4, 14.4. HRMS [M-+H] " calculated for C,,H,,N,0,S:
291.1380 found 291.1371.

2.5.9 Synthesis of compound 8

Compound 7 (1.8 g, 10 mmol), 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea (3.2
g, 11 mmol), silver nitrate (2.0 g, 12 mmol), and triethylamine (1.7 ml, 12 mmol) were mixed
in CH,Cl, (60 mL). The reaction mixture was stirred at room temperature overnight. After
the completion of the reaction, the residue was poured into deionized water (50 mL) and then
extracted with ethyl acetate (3x30 mL). The organic layers were combined and washed with
saturated aqueous NaCl (50 mL), dried over anhydrous sodium sulfate and concentrated
under vacuum. The crude product was purified by silica gel column chromatography using
ethyl acetate/hexane (1:6, v:v) as an eluent to afford 8 as white solid. Yield: 3.1 g (74%,
7.4 mmol). 'H-NMR (400 MHz, CDCl;) § [ppm] = 11.65 (br s, H), 10.36 (br s, H), 7.59
(d, 3J(H,H) = 8.8 Hz, 2H), 7.36 (d, 3J(H,H) = 8.4 Hz, 2H), 5.13 (s, H), 3.73 (s, 3H), 3.56
(br s, H), 1.53 (s, 9H), 1.50 (s, 9H). '*C-NMR (100 MHz, CDCl;) & [ppm] = 174.0, 153.5,
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153.3, 136.9, 134.6, 127.2, 122.3, 83.8, 79.7, 72.4, 53.0, 29.7, 29.6, 29.4, 28.1, 28.0. HRMS
[M+H] ™ calculated for CoqHygN3O;: 424.2086 found 424.2082.

2.5.10 Synthesis of compound 9

Compound 8 (846 mg, 2 mmol) was dissolved in CH,Cl, (20 mL) followed by addition of
diethylaminosulfur trifluoride (289 pL, 354 mg, 2.2 mmol) in CH,Cl, (5.0 mL). The reaction
mixture was stirred at 0 °C for 30 min, and was then quenched by addition of a saturated
solution of NaCl (10 mL), and allowed to stir for an additional 15 min. After the completion
of the quenching reaction, the residue was poured into deionized water (30 mL), and then
was extracted with CH,Cl, (3x10 mL). The organic layers were combined and washed
with saturated aqueous NaCl, dried over anhydrous sodium sulfate and concentrated under
vacuum. The crude product was purified by silica gel column chromatography using ethyl
acetate/hexane (1:8, v:v) as an eluent to afford 9 as white solid. Yield: 697 mg (82%, 1.64
mmol). "H-NMR, (400 MHz, CDCl,) & [ppm] = 11.65 (s, H), 10.42 (s, H), 7.67 (d, 3J(H,H)
= 6.8 Hz, 2H), 7.43 (d, 3J(H,H) = 6.8 Hz, 2H), 5.76 (d, 2J(H,F) = 47.6 Hz, H), 3.78 (s,
3H), 1.55 (s, 9H), 1.52 (s, 9H). '*C-NMR. (100 MHz, CDCl;) & [ppm] = 169.1, 168.8, 163.4,
153.5, 153.3, 138.1, 130.3, 130.1, 127.5, 127.4, 122.3, 89.0 (d, ' J(C,F) = 184 Hz), 84.0, 79.9,
52.7, 28.2, 28.1. YF-NMR (376 MHz) & [ppm] = -178.8 (d, 2J(H,F) = 48.8 Hz). HRMS
[M-+H] ™" calculated for CyqHygFN;Og: 426.2042 found 426.2051.

2.5.11 Synthesis of compound 10 and inhibitor 1

Compound 9 (553 mg, 1.3 mmol) was dissolved in a mixture of H,O (2 mL) and methanol (2
mL) followed by addition of 1 M aq KOH solution (2 mL) dropwise. The reaction mixture
was stirred at room temperature for 3 hours. After this time, methanol was removed under
reduced pressure. The residual aqueous solution was diluted with H,O (5 mL) and extracted
with Et,O (2x10 mL). The aqueous layer was then acidified with 1 M aqueous HCI which
resulted in the precipitation of a white solid. The aqueous phase was then extracted with

Et,0 (3x5 mL). The organic layers were combined and washed with saturated aqueous
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NaCl (10 mL), dried over anhydrous sodium sulfate and concentrated under vacuum. The
crude product 10 was dissolved in a mixture of CH,Cl,/TFA (1:1; 2 mL) and stirred at
room temperature for 24 h, after which time the CH,Cl, and TFA were removed under
reduced pressure. The crude product was purified by HPLC to afford inhibitor 1 as a white
solid. Yield: 78 mg (29%, 0.37 mmol). 'H-NMR (400 MHz, CD;0D) & [ppm] = 7.63 (d,
3J(H,H) = 7.2 Hz, 2H), 7.38 (d, 3J(H,H) = 6.8 Hz, 2H), 5.77 (d, 2J(H,F) = 48.4 Hz, H).
I3C-NMR (100 MHz, CD,0D) & [ppm] = 178.0, 153.3, 138.2, 129.9, 127.6, 124.5, 89.0 (d,
1J(C,F) = 185 Hz). YF-NMR (376 MHz) & [ppm] = -178.9 (d, 2J(H,F) = 48.8 Hz). HRMS
[M+H]* calculated for CoH,,FN;0,: 212.0837 found 212.0845.

2.5.12 Synthesis of compound 11

Compound 8 (846 mg, 2 mmol) was dissolved in a mixture of H,O (2 mL) and methanol
(2 mL) followed by addition of 1 M aq KOH solution (2 mL) dropwise. The reaction
mixture was stirred at room temperature for 3 hours, after which time the methanol was
removed under reduced pressure. The residual aqueous solution was diluted with H,O (5
mL) and extracted with Et,O (2x10 mL). The aqueous layer was then acidified with 1M
aqueous HCI, which resulted in the precipitation of a white solid. The aqueous phase was
then extracted with Et,O (3x5 mL). The organic layers were combined and washed with
saturated aqueous NaCl (10 mL), dried over anhydrous sodium sulfate and concentrated
under vacuum. The crude product was purified by silica gel column chromatography using
ethyl acetate/hexane (1:1, v:v) as an eluent to afford 11 as white solid. Yield: 654 mg (80%,
1.6 mmol). "H-NMR (400 MHz, CD;0D) & [ppm] = 7.58 (d, 3J(H,H) = 8.8 Hz, 2H), 7.35
(d, 3J(H,H) = 8.4 Hz, 2H), 5.12 (s, H), 1.52 (s, 9H), 1.49 (s, 9H). 3C-NMR (100 MHz,
CD5;0D) b [ppm] = 178.0, 153.6, 153.3, 137.1, 134.6, 127.3, 122.4, 84.0, 79.9, 72.8, 28.6,
28.3. HRMS [M+H]™ calculated for C;gH,,N;0,: 410.1929 found 410.1933.
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2.5.13 Synthesis of compound 12 and inhibitor 2

Compound 11 (531 mg, 1.3 mmol), pyridine (0.5 mL), acetic anhydride (306 mg, 3 mmol)
and 4-dimethylaminopyridine (10 mg) were mixed in CH,Cl, (10 mL). The reaction mix-
ture was stirred at room temperature for 5 hours. After the completion of the reaction, the
reaction mixture was poured into deionized water (10 mL), acidified with 1M aqueous HCI
and then extracted with CH,Cl, (3x10 mL). The organic layers were combined and washed
with saturated aqueous NaCl (30 mL), dried over anhydrous sodium sulfate and concen-
trated under vacuum. The crude product 12 was dissolved in a mixture of CH,Cl,/TFA
(1:1, 2 mL) and stirred at room temperature for 24 h. After this time the CH,Cl, and TFA
were removed under reduced pressure. The crude product was purified by HPLC to afford
inhibitor 2 as white solid. Yield: 83 mg (25%, 0.33 mmol). '"H-NMR (400 MHz, CD;0D) &
[ppm] = 7.61 (d, 3J(H,H) = 8.4 Hz, 2H), 7.40 (d, 3J(H,H) = 8.8 Hz, 2H), 6.05 (s, H), 2.15
(s, 3H). '*C-NMR (100 MHz, CD,;0D) & [ppm] = 178.5, 168.7, 153.2, 138.5, 129.5, 128.1,
125.3, 73.1, 20.2. HRMS [M+H] ™ calculated for C;;H;3N;0,4: 252.0986 found 252.0991.

2.6 Characterization of compounds
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Spectra of compound (5)
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Spectra of compound (6)
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Spectra of compound (7)
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Spectra of 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea
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Spectra of compound (8)
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Spectra of compound (9)
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Spectra of compound (11)
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Spectra of inhibitor (2)
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3.1 Abstract

We report a facile interface assembly method to assemble a monolayer array of nitrogen-
doped graphene (NG) and nanoparticles (NPs) and then to transfer the dual monolayers
onto a solid substrate. Using 3 nm NiPd NPs as an example, we demonstrate that NiPd-
NG-Si can function as a catalyst probe and show maximum NiPd catalysis for the hydrolysis
of ammonia borane (H;NBH;, AB) with a TOF = 4896.8 h~! and E, = 18.8 kJ/mol. The
NiPd-NG-Si is also highly active for catalyzing transfer hydrogenation from AB to nitro
groups, leading to the green chemistry synthesis of quinazolines in water. Our assembly
method can be extended to other graphene and NP catalyst materials, providing a new 2D

NP catalyst platform for catalyzing multiple reactions in one-pot with maximum efficiency.

3.2 Introduction

The recent push for green chemistry syntheses of functional molecules and materials requires
new and efficient catalysts that are able to catalyze multiple chemical reactions. Such
catalysts can also serve as models for developing a better understanding of how to design
and optimize multifunctional catalysts. One way that this problem has been addressed is
to have catalysts arranged in a two-dimensional (2D) array so that each single catalyst
unit is exposed to reactants equally for a specific reaction. This is conventionally achieved
by using the lithography process in which a catalytically active material is deposited on a
pre-patterned substrate. ' 8 Recently, self-assembly techniques have advanced to a level that
functional nanoparticles (NPs) can be deposited on a flat surface® ¢ and serve as a catalyst
layer to achieve higher catalytic activity.!” 22 However, this approach has been limited to
NP deposition on bulk solid surfaces. Efforts to deposit NPs on a flat nanoscale support,
such as graphene (G), have met with only limited success for catalytic applications because
14,23-27

of difficulties in controlling monodisperse NP deposition on a flat G surface, or in

unfolding the NP-modified G into a flat NP-G array. 2832
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Here we report a facile assembly approach to consecutive monolayer assembly of nitrogen-
doped G (NG) and NPs to achieve a monolayer NP deposition on NG and further on a flat
solid substrate, as outlined in Figure 3.1. Our assembly strategy is based on liquid/liquid
self-assembly of NPs reported as a way for rapid fabrication of 2D nanostructures.33 3
By controlling solvent types and solvent evaporation on the water phase, we are able to
assemble a monolayer array of NG (Figure 3.1a), and then a monolayer assembly of NPs
(Figure 3.1b). By lifting a solid substrate (S) from a water phase, we can transfer the
monolayer assembly of NPs and NG onto S, giving NPs-NG-S (Figure 3.1¢). The assembly
method can be extended to G in general, but pristine G cannot stabilize NPs well enough to
survive the NP activation process tested in this paper for catalysis. NG is a better choice for
anchoring/stabilizing NPs for catalytic studies due to the N-doping induced disruption of
the m-electron cloud on the G surface. #3537 When proper NPs are chosen for the assembly,
the NPs-NG-S can serve as a convenient catalyst probe: Inserting the probe into a solution
containing all required reactants will trigger a series of cascade reactions, while pulling the

probe out of the solution will stop the reactions (Figure 3.1c). In this way, we can achieve

rational control of reaction kinetics and product formation.

Figure 3.1 (a) Schematic illustration of the interface assembly of monolayer NG. (b)
Interface assembly of NPs-NG. (c) Assembled NPs-NG on both sides of S as a probe to
catalyze a solution phase reaction with “on” representing the probe insertion to trigger the
catalytic reaction, and “off” indicating the pulling of the probe from the solution to stop
the reaction.
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3.3 Results and discussion

We first demonstrate our new strategy to prepare NPs-NG-S. NG was synthesized as re-
ported,3® and was dispersed in ethanol. Representative NPs of 3 nm Nis,Pd,, (denoted
as NiPd in this paper),3 8 nm Fe3O440 and 9 nm Pd*' were also prepared as reported.

3442 and performed

We modified a previous report on the assembly of graphene oxide (GO)
our assembly by dropping pentane (5 mL) onto a water (5 mL) surface (20 cm?) to create
a pentane-water inter-surface. Then we added 1 mL of ethanol dispersion of NG (0.05
mg/mL) via a syringe into the water phase without disrupting the interface. Evaporation
of half of the pentane at room temperature led to formation of a reflective NG film at the
interface. When we added 2.5 mL of NP pentane dispersion (0.012 mg/mL) dropwise at
this stage and let the pentane completely evaporate, we obtained a monolayer array of NPs
directly on the NG film. The film was collected on a SiO-coated Cu grid or a silicon wafer
by lifting the substrate up through the water phase, and dried in air. During this process,
lifting the substrate at different stages can give us either NG-Si or NPs-NG-Si.

The NG-Si was characterized by atomic force microscope (AFM, Figure 3.2a). Line
scanning across a representative sheet gave a height profile and film thickness of 0.6 nm,
corresponding to the thickness of a single layer of NG.3%%3 The transmission electron mi-
croscope (TEM) images clearly show the monolayer assembly of 3 nm NiPd NPs on NG
(Figure 3.2b). The NP arrays can be further characterized by AFM analysis (Figure 3.2c).
For example, the average thickness of the NiPd-NG is measured to be 3.1 nm. Subtracting
the NG thickness of 0.6 nm (Inset of Figure 3.2a) gives a NP height of 2.5 nm, close to
the average NP size measured by TEM, indicating the successfully preparation of a dual-
monolayer assembly of NPs and NG (AFM measurements often give smaller dimensions
than TEM measurements, especially for NPs with dimensions less than 10 nm due to tip-
sample interactions).** 46 Under these assembly conditions with a properly controlled NP
dispersion concentration, we did not observe NP deposition on the non-NG area of S, indi-

cating that our assembly approach is very selective for the formation of NPs-NG. However,
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Figure 3.2 (a) AFM image of NG-S (S = Si). Inset: line profile of scanning across the
NG. (b) TEM image of 3 nm NiPd-NG-S (S = SiO Type-A supported Cu grid). (c¢) AFM
image of NiPd-NG-Si. Inset: line profile of scanning across part of the NiPd-NG-Si. (d)
TEM image of 3 nm NiPd-NG-S (S = SiO Type-A supported Cu grid) annealed at 400 °C.
(e) AFM image of the annealed NiPd-NG-Si. (f) AFM height profile of line scanning across
the annealed NiPd-NG-Si in e).

increasing the NP concentration to 0.016 mg/mL or higher caused the NPs to stack in multi-
layers at the interface (Figure 3.3a), denoted as (NiPd).;—NG—Si, while reduction of the
NP dispersion concentration to 0.008 mg/mL or below resulted in patchy NP assemblies on
the NG surface (Figure 3.3b), denoted as (NiPd)_, —NG—Si.

Monolayer assembly of NPs on NG allows maximum exposure of NPs for catalysis.
The NG serves as a Lewis basic support, providing anchoring sites not only for the NPs,
but also for Lewis acidic reactants, facilitating the enhancement of NP catalysis.*" %0 For
comparison purposes, we also prepared NiPd-G-Si (Figure 3.4), as well as a physical mixture
of NiPd+NG (or G) by mixing NPs and NG (or G) (mass ratio 3/5) in hexane followed by
hexane washing. These NPs were activated by annealing in Ar at 400 °C for 2 h. The NiPd-

NG-Si shows no NP aggregation (Figure 3.2d). The AFM image of a representative patch
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Figure 3.3 TEM images of NiPd-NG obtained from deposition of NiPd NPs at the con-
centration of (a) 0.016 mg/mL and (b) 0.08 mg/mL.

of the annealed sample shows nearly the same height (3.0 nm) when compared to the height
measured for a freshly-deposited, unannealed sample (Inset of Figure 3.2c). However, the
NiPd NPs in the NiPd-G-Si structure shows signs of stacking after this annealing treatment
(Figure 3.4c). These observations indicate that the NG indeed provides anchoring sites that

stabilize the NPs during the NP activation process.

Figure 3.4 (a) TEM image of NiPd-G-S (S = SiO Type-A supported Cu grid). (b) AFM
image of NiPd-G-Si. Inset: Height profile along the red line in (b). (¢) TEM image of
NiPd-G-S after annealing.

We first tested the assembled NiPd NPs as a catalyst for the hydrolysis of ammonia
borane (AB) (the assembled Pd and Fe;O, NPs were much less active than the NiPd NPs).
We used the reaction conditions that have been optimized for the NiPd NP catalyst (10 mL
of 300 mM AB at 298 K)3? for comparison purposes, and plotted the data in Figure 3.5a and
b. Compared with other controls, the NiPd-NG-Si catalyst shows much-enhanced activity
for AB hydrolysis. (NiPd).;—-NG-Si, (NiPd)_;—-NG-Si and even NiPd-G-Si are all less

active than the monolayer assembly NiPd-NG-Si. NiPd + NG (or G) is much less active than
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the NiPd-NG-Si and requires that the NiPd loading be increased to 0.15 mg/mL for the rate
of H, production to be comparable with the NiPd-NG-Si (1.5 ppm). These results indicate
that 1) monolayer assembly can indeed maximize NiPd catalysis; and 2) the presence of
NG enhances the NiPd catalysis due to the NG’s role in stabilizing the NiPd NPs and
activating H;N—BH; bonding by the NG—BH; interaction. The temperature dependence
of the catalytic reaction from 298 K-328 K was also measured as shown in Figure 3.5c.
From the slope of the linear plot of In TOF versus 1/T in Figure 3.5d, we calculated the
activation energy for H, evolution from AB to be E, = 18.8 kJ/mol, and TOF to be

4896.8 mol HQmolX,% Pdmin_l. The NiPd-NG-Si has the lowest E, and highest initial TOF

ever reported for AB hydrolysis.®!92
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Figure 3.5 (a) Stoichiometric hydrogen evolution from AB hydrolysis catalyzed by NiPd-S
prepared via different assembly methods ([AB] = 300 mM, T = 298 K. For NiPd-NG-Si
or NiPd-G-Si, [NiPd] = 1.5 ppm and 1.7 ppm, respectively. For (NiPd)_;—NG-Si and
(NiPd).;—NG-Si, [NiPd] = 1.0 ppm and 2.1 ppm, respectively. For NiPd + Support,
[NiPd] = 0.15 mg/mL). (b) TOF values of NiPd-S prepared via different assembly methods.
(c) Stoichiometric hydrogen evolution at different temperatures ([AB] = 300 mM, [NiPd] =
1.5 ppm). (d) TOF values of NiPd-NG at different temperatures. Inset: Arrhenius plot of
In TOF vs (1/T).
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Since AB hydrolysis has been used directly in transfer hydrogenation reactions for or-

ganic reductions, 1853756

we explored the advantages of our new catalyst probe for the AB-
initiated transfer hydrogenation and for the high-yield synthesis of quinazolines - the key
components present in heterocycle compounds for displaying antibacterial, antifungal and
anticancer activities.?” % Our NiPd-NG-Si catalyzed the one-pot synthesis of quinazolines
from o-nitroacetophenone and benzaldehydes with AB hydrolysis providing the necessary
H, and NH; (NH," == NH; + H") sources, as summarized in Figure 3.6a. We screened
reaction conditions and found that reaction in water at 60 °C for 8 h to be optimal. The
NiPd-NG-Si was the most active catalyst, giving 4-methyl-2-phenylquinazoline in an excel-
lent yield of 99% in the presence of only 0.016 mol% of NiPd. We tested the NiPd-NG-Si
catalyst for similar reactions and found it to be equally active in producing quinazoline
derivatives (la-5a) regardless of the presence of electron-donating or electron-withdrawing
groups on the benzaldehyde. Furthermore, an aliphatic aldehyde, which is much less active
under conventional reaction conditions, also reacts well to give 6a in 84% yield. In the syn-
thesis, we simply inserted the NiPd-NG-Si probe into the solution to initiate the one-pot
reaction. From the reaction system photos (Figure 3.6b), we can see that after the probe
is inserted into the reaction solution, the balloon expands quickly due to the fast release of
H, from AB hydrolysis. As the reaction proceeds, the balloon shrinks due to the consump-
tion of H,y during the subsequent transfer hydrogenation and other reactions. We can pull
the catalyst probe out from the reaction system to stop the reaction and to separate the
reaction product. Using the reaction leading to the formation of la, we tested the stability
of the NiPd-NG-Si catalyst after 5 consecutive reaction runs. In each case, after pulling
the catalyst from the reaction solution and washing it with water, the catalyst was ready
for the next round of reaction. We found no significant loss of catalytic activity (la yield
stayed >95%, Figure 3.6c) and no obvious change in catalyst morphology, indicating that
the NiPd-NG-Si catalyst is not only active, but also stable under the reaction conditions.
We further performed three control experiments (Figure 3.7) to study the possible reac-

tion mechanism. From control experiment 1, we can see that the reaction without aldehyde
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Figure 3.6 (a) Reaction results of 2-nitroacetophenone and various aldehydes. Reac-
tion conditions: 2-nitroacetophenone (1 mmol), aromatic or aliphatic aldehyde (1.2 mmol),
NiPd-NG-Si (0.016 mol%), water (20 mL) and AB (3 mmol), 60 °C, 8 h. (b) Schematic pho-
tos showing the NiPd-NG-catalyzed one-pot synthesis of quinazolines using AB in water.
(c) Separation yields of quinazoline la in successive runs using recycled NiPd-NG-Si.

gave aromatic amines. The formation of amine and imine products shows that the hydroly-
sis of AB provides both Hy and NHj; for the reactions. Control experiment 2 indicates that
NH; is a reaction component required for the formation of quinazoline. Control experiment
3 confirms that the catalyst is active for dehydro-aromatization, and can further catalyze
a second transfer hydrogenation reaction to C=C of styrene. Based on these control ex-

60-63

periments and previous reports, we can propose a possible mechanism to explain how

the reactions proceed to form the final product (Scheme 3.1). Overall, compared with pre-

6467 our new catalyst probe shows maximum activity for

vious syntheses of quinazolines,
catalyzing one-pot cascade reactions for the formation of quinazolines in water under mild

conditions without the addition of any other additives or oxidants.
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Figure 3.7 (1) The reaction of 2-nitroacetophenone catalyzed by NiPd-NG-Si in the pres-
ence of AB at 60 °C for 1 h; (2) The reaction of 2-aminoacetophenone and benzaldehyde
catalyzed by NiPd-NG-Si in the presence of ammonia at 60 °C for 8 h; (3) The reaction of
2-aminoacetophenone, benzaldehyde and styrene catalyzed by NiPd-NG-Si in the presence
of ammonia at 60 °C for 8 h.

3.4 Conclusion

We have developed a facile interfacial assembly method to prepare a monolayer array of NG
and NPs consecutively, and to transfer the NPs-NG onto a solid substrate (S), obtaining
the dual NP and NG assemblies on S, NPs-NG-S. This NPs-NG-S can be used as a catalyst
probe to turn a catalytic reaction on by inserting the probe into the reaction solution
and off by pulling the probe out of the solution. Using 3 nm NiPd NPs as an example,
we have demonstrated that the monolayer NiPd-NG-Si shows the maximum catalysis not
only for AB hydrolysis, but also for the following transfer hydrogenation, imine formation,
and condensation of aromatic nitro-compounds and aldehydes, leading to the one-pot, high-
yield synthesis of quinazolines in water with only 0.016 mol% catalyst loading. Our assembly
method can be extended to other G and NPs, providing a new 2D NP platform for catalyzing

reactions with optimum efficiency.
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Scheme 3.1 Plausible reaction mechanism for the one-pot aromatization of 2-
nitroacetophenone and benzaldehyde.

3.5 Experimental section

Synthesis of NigoPd,, NPs 0.2 mmol of Pd(acac), and 0.2 mmol of Ni(acac), were
dissolved in 3 mL of OAm. The precursor mixture was quickly injected into a mixture of
200 mg of BBA, 3 mL of OAm, and 7 mL of ODE at 100 °C under magnetic stirring in
an argon environment. The reaction was allowed to proceed for 1 h and cooled to room
temperature. Then acetone/ethanol (v/v = 7/3) was added, and the NP product was
separated by centrifugation at 9000 rpm for 10 min. The NPs were redispersed in hexane

and then stored for further use.

Synthesis of Fe;O, NPs Fe(acac); (2 mmol) was dissolved in benzyl ether (10 mL)
and OAm (10 mL). The above mixture solution was dehydrated at 110 °C for 1 h under a
flow of nitrogen, and under a blanket of nitrogen, was heated to 300 °C and kept at this
temperature for 2 h. The black-brown mixture was cooled to room temperature. Ethanol
(40 mL) was added to the mixture and precipitate was collected by centrifugation at 8000

rpm. Finally, the product was redispersed in hexane.
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Synthesis of Pd NPs In a reaction flask with a continuous N, flow and magnetic stirring,
0.5 mmol of Pd(acac), was dissolved in 15 mL of OAm, and the solution was heated to 40
°C. After 30 min of heating at 40 °C, 2.5 mmol of borane morpholine complex pre-dissolved
in 4 mL of OAm was injected into the solution, leading to an instant color change from
transparent yellow to black-brown. The solution was then heated to 90 °C at a rate of 3 °C
/min and kept at this temperature for 1 h. Once cooled down to room temperature, the Pd
NPs were collected by adding ethanol and centrifugation. The NPs were further purified

with hexane/ethanol and redispersed in hexane for further use.

Synthesis of nitrogen-doped graphene (NG) 2.0 g melamine and 0.4 g single-layered
GO were mixed in 400 mL deionized water and stirred at room temperature for 48 h. Water
was then evaporated at 60 °C. The resulting solid product was first annealed at 350 °C for
0.5 h and then at 900 °C for 1 h in a N, atmosphere. After cooled to room temperature,

the powder was ready for further use.

Monolayer assembly of NPs-NG-S Pentane (5 mL) was firstly added on the top of
water (5 mL) to form a biphasic interface between pentane and water phase. NG was mixed
with ethanol (0.05 mg/mL) and 1 mL of its solution was injected into the water phase. Once
half of pentane was evaporated at room temperature, 2.5 mL of NPs/pentane solution (0.012
mg/mL for Nig Pd-,, 0.02 mg/mL for Fe;O,, 0.02 mg/mL for Pd) was added dropwise to
the pentane phase. After pentane evaporation, a monolayer array was assembled on the
water surface and was transferred onto S (14x6 mm silicon wafer (RCA clean process) or

SiO Type-A supported Cu grid) for characterization.

AB hydrolysis A two-necked reaction flask (25 mL) containing a Teflon-coated stir bar
was placed on a magnetic stirrer and thermostated to 25.0 °C by using a constant tempera-
ture bath. A gas burette filled with water was connected to one neck of the flask (the other
neck was sealed) to measure the volume of hydrogen gas evolved from the reaction. The

catalyst deposited on both side of silicon wafer was added into 10 mL of water containing
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100.0 mg (3 mmol) of AB under stirring. The volume of hydrogen gas evolved was mea-
sured by recording the volume of water displaced. The reaction was considered to cease

when hydrogen gas generation was no longer observed.

General procedure for producing quinazolines via NiPd-NG-Si 2-Nitroaceto- phe-
none (1 mmol), aldehyde (1.2 mmol) and water (20 mL) were stirred for 5 min in the reactor
at 60 °C. The NiPd-NG-Si was inserted into the solution and AB (3 mmol) was added to
the reaction mixture (the flask was sealed by a balloon). The solution was stirred at 800
rpm at 60 °C for 8 h. Once the reaction was completed, the catalyst was taken out and
washed with water for the next reaction. The organic product was extracted with ethyl
acetate and the organic phase was evaporated under vacuum. The residue was purified by

flash column chromatography (hexane/ethyl acetate = 8:1) to give the solid product.

Catalyst stability test After each model reaction, the catalyst probe was pulled out,

washed with water and dried. Then the probe was reused directly in the subsequent reaction.

3.5.1 Characterization data of products

4-methyl-2-phenylquinazoline (1a) 'H-NMR (400 MHz, CDCl;) & [ppm] = 8.66-8.63
(m, 2H), 8.11-8.09 (m, 2H), 7.90-7.86 (m, 2H) 7.62-7.52(m, 4H), 3.04 (s, 3H); 1*C-NMR. (100
MHz, CDCl) § [ppm] = 168.2, 160.1, 150.3, 138.2, 133.5, 130.4, 129.2, 128.6, 128.5, 126.8,
125.0, 123.0, 22.0. HRMS [M+H]* calculated for CysH,3N,: 221.1084 found 221.1076.

4-methyl-2-p-tolylquinazoline (2a) 'H-NMR (400 MHz, CDCl;) & [ppm] = 8.54 (d,
J = 8.8 Hz, 2H), 8.10-8.06 (m, 2H), 7.89-7.85 (m, 1H), 7.60-7.56 (m, 1H), 7.37-7.34 (m,
2H), 3.03 (s, 3H), 2.46 (s, 3H); '*C-NMR. (100 MHz, CDCl;) & [ppm] = 168.1, 160.2, 150.4,
140.5, 135.5, 133.4, 129.3, 129.1, 128.4, 126.6, 125.0, 122.9, 22.0, 21.5. HRMS [M+H]*"
calculated for C;sH;sNy: 235.1239 found 235.1231.
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2-(4-methoxyphenyl)-4-methylquinazoline (3a) 'H-NMR (400 MHz, CDCI,) & [ppm]
= 8.60 (d, J = 8.4 Hz, 2H), 8.09-8.03 (m, 2H), 7.87-7.83 (m, 1H), 7.58-7.54 (m, 1H), 7.05
(d, J = 9.2 Hz, 2H), 3.92 (s, 3H), 3.01 (s, 3H); 3C-NMR (100 MHz, CDCl,) & [ppm] =
168.0, 161.6, 160.0, 150.4, 133.4, 130.9, 130.1, 129.0, 126.4, 125.0, 122.7, 113.8, 55.4, 22.0.
HRMS [M+H] " calculated for C;4H;5N,0: 251.1188 found 251.1180.

2-(4-fluorophenyl)-4-methylquinazoline (4a) 'H-NMR (400 MHz, CDCl;) & [ppm]
= 8.67-8.64 (m, 2H), 8.11-8.06 (m, 2H), 7.90-7.86 (m, 1H), 7.62-7.58 (m, 1H), 7.24-7.19 (m,
2H), 3.03 (s, 3H); '*C-NMR (100 MHz, CDCl,) & [ppm] = 168.3, 165.8, 163.3, 159.2, 150.3,
134.4, 133.6, 130.7, 129.1, 126.9, 125.0, 122.9, 115.4, 22.0. HRMS [M+H] " calculated for
C s HpN,F: 239.0985 found 239.0977.

4-(4-methylquinazolin-2-yl)benzonitrile (5a) 'H-NMR (400 MHz, CDCl,) & [ppm]
= 8.75 (d, J = 8.4 Hz, 2H), 8.16-8.10 (m, 2H), 7.95-7.91 (m, 1H), 7.82 (d, J = 8.8 Hz, 2H),
7.69-7.65 (m, 1H), 3.05 (s, 3H); 3C-NMR (100 MHz, CDCl;) & [ppm] = 168.7, 158.1, 150.1,
142.3, 134.0, 132.3, 129.3, 129.0, 127.8, 125.1, 123.2, 119.0, 113.5, 22.0. HRMS [M+H]™"
calculated for C;sH;5N3: 246.1033 found 246.1025.

2-cyclohexyl-4-methylquinazoline (6a) 'H-NMR (400 MHz, CDCl;) & [ppm] = 8.05
(d, J = 8.0 Hz, 1H), 7.97 (d, J = 8.4 Hz, 2H), 7.85-7.81 (m, 1H), 7.57-7.53 (m, 'H), 3.00-2.96
(m, 1H), 2.94 (s, 3H), 2.10-2.06 (m, 2H), 1.92-1.88 (m, 2H), 1.80-1.76 (m, 3H), 1.50-1.35
(m, 3H); BC-NMR (100 MHz, CDCl,) & [ppm] = 170.1, 167.9, 150.0, 133.2, 128.6, 126.4,
124.8, 122.6, 47.9, 31.9, 26.3, 26.0, 21.8. HRMS [M+H] " calculated for CysH,,N,: 227.1550
found 227.1541.

3.6 Characterization of compounds
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Spectra of 4-methyl-2-phenylquinazoline (1a)
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Spectra of 4-methyl-2-p-tolylquinazoline (2a)
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Spectra of 2-(4-methoxyphenyl)-4-methylquinazoline (3a)
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Spectra of 2-(4-fluorophenyl)-4-methylquinazoline (4a)
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Spectra of 4-(4-methylquinazolin-2-yl)benzonitrile (5a)
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Spectra of 2-cyclohexyl-4-methylquinazoline (6a)
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Chapter 4

NiPd Nanoparticles Assembled on
Nitrogen-Doped Graphene for the
Reductive Hydrodehalogenation

Reactions'

TThis chapter was adapted and modified from: Guo, X.; Yu, C.; Yin, Z.; Sun, S.; Seto, C. T. Hydrode-
halogenation of polyhalogenated aromatics catalyzed by NiPd nanoparticles supported on nitrogen-doped
graphene. ChemSusChem, 2018, 11, 1617-1620.
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4.1 Abstract

We report a Nig,Pd,/nitrogen-doped graphene (NG) catalyst that hydrodehalogenates
halogenated aromatics under mild reaction conditions. It reduces mono- or dichloroarenes
to the corresponding dehalogenated arenes in >90% yield in 10% aqueous isopropanol sol-
vent at or below 50 °C within 5 hours. Tests on a variety of substrates containing various
functional groups show that the catalyst is selective for reduction of C-Cl and C-Br bonds.
In addition, this catalyst completely hydrodehalogenates high concentration solutions of
dioxin, polychlorinated biphenyls (PCBs), chloroaromatic constituents of the defoliant agent
orange, and polybrominated diphenyl ethers (PBDEs) in 12 hours. The catalyst is reusable
and shows no morphological or compositional changes after 5 cycles. This methodology
offers a powerful, low-cost and safe technology for the degradation of polyhalogenated aro-
matics, and may be useful for preventing proliferation of these toxins in the environment

from causing serious health issues.

4.2 Introduction

Polyhalogenated aromatics (PHASs), such as polychlorinated biphenyls (PCBs) and poly-
brominated diphenyl ethers (PBDEs), are a class of persistent organic pollutants that ad-
versely affect human health. Due to the stability of C,,-Cl (97.1 kcal/mol) and C,,-Br
(84.0 kecal/mol) bonds,! these PHAs are extremely difficult to degrade in the natural en-
vironment, and can accumulate and pass from one organism to another through the food
chain.?* Activation of C,,-X (X = Cl or Br) bonds to achieve full conversion to C, -H is
the key step in PHA degradation. Conventional methods to accomplish this transformation
rely on hydrodehalogenation reactions in the presence of a catalyst with either isopropanol
or pressurized H, as the hydrogen source. Transition metal complexes of Pd,> " Rh,% 10
Ni, ! Co,'2 or Fe,'! are often selected as hydrodehalogenation catalysts under homoge-
neous reaction conditions, but these complexes often show limited stability and re-usability.

For example, a Rh® catalyst requires strong base (tBuOK), high temperature (100 °C)
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and a long reaction time (24 h) to dehalogenate chlorobenzene. Mild biological reagents
have also been developed to degrade halogenated pollutants, but these systems require
extremely long reaction times, and only work with low concentrations of PHAs. For exam-

15717 or cyanobacteria®19 to dechlorinate

ple, bio-remediation processes using microalgae
PHASs require weeks to months to achieve only partial dechlorination of low concentrations
of PHAs in soil.

Recently, a nanostructured composite of Fe(0) and Pd(0) was studied as a catalyst
to degrade PHAs in water.?%?! Fe reacts with water to generate H, for the subsequent
Pd catalyzed-hydrodechlorination reaction. In this process, Fe(0) is oxidized and must
be regenerated by a stronger reducing agent such as sodium borohydride for the catalysis
to proceed. Still, the composite catalyst is not efficient for the dechlorination of high
concentrations of PHAs. Supported transition metal catalysts have also been developed for

22-24 However, these reactions often use pressured hydrogen

hydrodehalogenation reactions.
gas, which makes them difficult to apply outside of the lab to remediate polluted soil
or water. As part of the development of the hydrogen economy, ammonia borane (AB,
H;NBH,) has emerged as an appealing sustainable fuel source because it is a solid with a
high hydrogen storage capacity. In addition, energy-efficient chemical processes have been
developed to regenerate AB from its dehydrogenation products, making it an attractive
alternative to Hy gas for hydrodehalogenation reactions.?> 27 Pd-based NPs catalyze the
dehydrogenation of AB for subsequent hydrogenation of nitro compounds to amines. 832
Combining the Pd-catalyzed C,,-X reduction with the AB-initiated transfer hydrogenation,
here we report an efficient NiPd nanoparticle (NP) catalyst for hydrodehalogenation of high
concentrations of chlorinated and brominated aromatics to the corresponding aromatics
in near quantitative yield. The NP catalyst is comprised of 3 nm NiPd NPs assembled
on nitrogen-doped graphene (NG). It catalyzes the one-pot dehydrogenation of AB and
subsequent hydrodehalogenation of halogenated aromatics in 10% aqueous isopropanol at

or below 50 °C. It is effective for converting C, -X to C,,-H, not only for monohalogenated

aromatics, but also for PHAs, including PCBs and PBDEs.
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4.3 Results and discussion

We first tested MPd (M = Ni, Co, Fe) NP catalysts for AB-initiated C,,-Cl conversion to
Cy,-H. 3-4 nm MPd NPs were first prepared and deposited onto the carbon (C) or graphene
(G) supports in order to study their roles in catalyzing AB-initiated hydrodechlorination of
chlorobenzene. 333* We found NiPd NPs to be more active than either CoPd or FePd. To fur-
ther enhance NiPd catalysis, we deposited these NPs on nitrogen-doped graphene (NG)3%36
so that the NPs are better anchored to the surface, and to guard against aggregation via
pyridine-N coordination. In the reaction, the NG serves as a NP anchor, while NG and
AB neutralize the HCI] generated during the reaction, enhancing catalysis and stabilizing
the catalyst. We assembled 3 nm Nis Pd.; NPs on NG by mixing and sonicating a hexane
dispersion of NPs and NG. We tested the assembly conditions and used a 1:1 w/w mixture
of NPs/NG to form a well-dispersed monolayer of NPs on the NG surface (Figure 4.1a).
We further prepared Niy,Pd-,/C, Nig Pd-,/G, Ni;,Pd,;/NG, Nig,Pds3/NG and Pd/NG
(Table 4.1 and Figure 4.1b-d). After testing the AB-initiated transfer hydrogenation and
hydrodechlorination of chlorobenzene and dichlorobenzene, we found Nis,Pd.,/NG to be
the most efficient catalyst for the hydrodechlorination reaction (Table 4.1).

To demonstrate that AB is the source of hydrogen in the reactions, and not isopropanol,
we performed the hydrodechlorination of dichlorobenzene in 10% aqueous isopropanol with-
out adding AB and found the yield of dechlorinated products to be less than 3%. We
also tested the reaction in aqueous AB solution without adding isopropanol as a cosol-
vent, and obtained a 76% yield of benzene. The reduction in yield from 99% (10% aque-
ous isopropanol solvent) to 76% (pure water as the solvent) is likely caused by the poor
solubility of dichlorobenzene in pure water. When 10% isopropanol was added to im-
prove the dichlorobenzene solubility, the reaction was completed within 5 hours and all the
dichlorobenzene was converted to benzene. AB serves as both the hydrogen source, and as
a base to neutralize the hydrochloric acid generated during the reaction, which is key to

maintaining the pH of the reaction mixture and to stabilizing the NiPd/NG catalyst.



84

100 nm

Figure 4.1 (a) TEM image of 3.0 nm Nig,Pd,;/NG, (b) TEM image of 3.4 nm
Ni;,Pd,;s /NG, (c) TEM image of 3.8 nm Nig,Pdss /NG, (d) TEM image of 4.0 nm Pd/NG.
These NiPd /NG samples were prepared by mixing hexane dispersions of NiPd NPs and NG
in 1:1 mass ratio. Each TEM sample was prepared by adding a drop of hexane dispersion of
NiPd/NG on an amorphous carbon coated Cu grid followed by hexane evaporation under
ambient conditions.

Using Nig,Pd,,/NG (abbreviated as NiPd/NG) as the catalyst, we studied the time-
dependent AB initiated hydrodechlorination of chlorobenzene at 40 °C. Figure 4.2 shows
the concentration changes of chlorobenzene and benzene over time in the presence of 3
mol% NiPd/NG. The disappearance of chlorobenzene and growth of benzene follows the
exponential concentration changes of a first order reaction, indicating that the reaction
proceeds without formation of other detectable intermediates.

Using these reaction conditions, we examined a series of other mono-halogenated aro-
matic compounds (Table 4.2). NiPd/NG is an efficient and selective hydrodechlorination
catalyst for these substrates. Chlorobenzene, 2-chloronaphthylene and 3-chloropyridine are

reduced in greater than 94% yield (entries 1-3). The reaction is effective for substrates with
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Table 4.1 Hydrodehalogenation of dichlorobenzene catalyzed by Pd-based catalysts on
different carbon supports[a]

N Cl 3 mol% catalyst, HsNBH3 H
X - X
</ 10% aqueous isopropanol, 50 °C, 5h H

Cl
Entry Catalyst YieldP! (%)
1 NigoPd7o/C 81
2 NigoPd/G 84
3 Ni3oPd,o/NG 99
4 Pd/NG 69
5 Nig,Pd 46/NG 72
6 Nig;Pdgs/NG 44

(4] Reaction conditions: dichlorobenzene (1 mmol), ammonia borane (6 mmol), 10% aqueous isopropanol
(3.0 mL) and catalyst (3 mol %) for 5 h at 50 °C. P! Yields determined by GC-MS.
either electron-donating (entries 4-9, 13-14) or electron-withdrawing groups (entries 10-12,
15). The conversion is not sensitive to the position of the halogen atom relative to other
functional groups (entries 4-12). Hydroxyl, amine, amide, and carboxylic acid groups are
not reduced under the reaction conditions. Furthermore, the reaction can be extended to
brominated substrates (entries 16-21).

Encouraged by the general applicability of NiPd/NG to mono-halogenated substrates,
we extended the study to substrates containing multiple Cl or Br atoms. Using 1,2-
dicholorobenzene as an example, we examined its time-dependent hydrodechlorination at
50 °C. As shown in Figure 4.3, the first hour of the reaction gives exponential decay of
dichlorobenzene accompanied by an increase in both the chlorobenzene and benzene con-
centrations. This pattern is typical of a stepwise process in which the two chlorine atoms are
reduced sequentially. The chlorobenzene concentration reaches a maximum at two hours,
and subsequently decreases with a corresponding increase in the concentration of the ben-

zene final product. The reaction is complete after 5 hours. During the course of the reaction
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Yield (%)

Time (h)

Figure 4.2 Time-dependent hydrodechlorination of chlorobenzene catalyzed by NiPd/NG
catalyst. Reaction conditions: chlorobenzene (1 mmol), ammonia borane (2 mmol), 10%
aqueous isopropanol (3.0 mL) and NiPd/NG (3 mol%) at 40 °C.

we do not detect any other intermediates by GC-MS.

Using these reaction conditions, we examined other polyhalogenated substrates (Ta-
ble 4.3). Dichlorinated substrates (entries 1-6) are dehalogenated to their parent com-
pounds in high yield. The environmental pollutants 2,4-dichlorophenoxyacetic acid, 2,4,5-
trichlorophenoxyacetic acid and 2,3,7,8-tetrachlorodibenzodioxin (entries 7-9) are all com-
pletely dechlorinated in high yield under the reaction conditions. We also examined five
chlorinated biphenyl substrates (entries 10-14). Compounds 10-12 that contain chlorine
atoms meta and/or para to the biphenyl bond are fully reduced under the standard condi-
tions. In contrast, substrates with chlorine atoms ortho to the biphenyl bond are reduced
more slowly (entries 13 and 14). These are the most sterically hindered positions in the
molecule, and the ortho chlorine substituents enforce a perpendicular geometry of the two
phenyl rings. These substrates require 12 hours to achieve complete reduction of all of the
C-Cl bonds. In a similar manner, the four bromine atoms in PBDE (entry 12) that are
ortho to the ether oxygen reside in sterically hindered positions, and PBDE also requires

12 hours for full dehalogenation.
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Table 4.2 Hydrodehalogenation of mono-halogen substituted compounds [2]

R(\ X 3 mol% NiPd/NG, HzNBHg R—'\ H
2 10% aqueous isopropanol, 40 °C, 3h N
Entry Ar-X Yield] (%) | Entry Ar-X Yieldb! (%); Entry Ar-X Yield[®! (%)
cl : cl 3 Ol
BECARE) B ol RIS
‘ : =
: : N
cl § O i O
4 ©/\ 98 | 5 | 99l | 6 | 99fc]
| | Z
O al

o
I

cl | |
7 @[ 91 i 8 - 91 i 9 93
OH 3 3 HO
| | c
10 @[ 97 oo 97 1 12 Q/ 98
COOH 3 HOOG
i 3 !
cl ; cl ; H
13 /©/ 87 i 14 /©/ % i 15 N 92
~ ; ;
(¢ ; HaN ;

o)
/
Q

\

Q
(]
(@]
T

c
o)
Br 3 Br B
16 o9l | 17 o7l | 18 (j/ 99t
: ' P>
Br Br Br
19 @ 99l | 20 /©/ % | 2 @[ 97
; HO 3 COOH

(4] Reaction conditions: aryl halides (1 mmol), ammonia borane (2 mmol), 10% aqueous isopropanol (3.0
mL) and NiPd/NG (3 mol%) for 3 h at 40 °C. ! Isolated yield except where noted otherwise. [ Yield
determined by GCMS.

z

We have also examined if the NiPd/NG catalyst can be recycled through several sequen-
tial hydrodehalogenation reactions. We measured the stability of the catalyst by observing
NiPd NP morphology and composition changes before and after the hydrodechlorination
of dichlorobenzene. After the first reaction was complete, we separated the catalyst from
the reaction solution by filtration, and washed it with water and isopropanol. We then
re-used it in the next hydrodehalogenation reaction. Our tests showed that after the 5th
reaction/separation cycle, the catalyst had no obvious loss in activity and the product yield

remained >91%. TEM and ICP-AES analyses of the catalyst after the 5th reaction cycle
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Yield (%)

Figure 4.3 Time-dependent hydrodechlorination of dichlorobenzene catalyzed by
NiPd/NG catalyst. Reaction conditions: dichlorobenzene (1 mmol), ammonia borane (6
mmol), 10% aqueous isopropanol (3.0 mL) and NiPd/NG (3 mol%) at 50 °C.

showed that the NPs display no obvious morphology changes or aggregation (Figure 4.4),
and the NP composition is stabilized at NiygPd,,. These results suggest that NG offers the
necessary anchoring sites to stabilize NiPd NPs against aggregation. The combination of
NG and AB neutralizes the hydrochloric acid generated during the reaction, and prevents

Ni from leaching out of the NiPd NPs.

Figure 4.4 TEM of NiPd/NG after 5th recycling.
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Table 4.3 Hydrodehalogenation of multi-halogen substrates®

3 mol% NiPd/NG, HsNBH H
R S X mol% Ni aNBHj3 o @
K/ X 10% aqueous isopropanol, 50 °C, 5h o H
Entry Ar-X Yield[b! (%) Entry Yield®! (%) ! Entry Ar-X Yield®! (%)

cl 3 EN cl
1 (:[ ggldl 2 | P g7l 3 /@: gglel
cl 3 cl
| I 3 |
c c | ~ c | o
OH 97 15 AN 9 6 /E:[ 93
: : H I
o 3 | lo} c
o ;
: bl o cl
QO\)J\OH 0 8 D: 87 9 D: D: g2led
oA . (o} cl
3 cl cl
CI 99kl 1 11 oglel {12 98lcl
T e Cha ™ e oo
ciel cl CI
T gt g ST Ij ﬁj
cl Br Br

ClCl Cl Cl Cl

(4] Reaction conditions: organic halides (1 mmol), ammonia borane (3.0 equiv with respect to halogen
atoms), 10% aqueous isopropanol (3.0 mL) and NiPd/NG (3 mol%) at 50 °C. "l Isolated yield except
where noted. [ Yield determined by GCMS. @ 0.003 mmol (1 mg) of dioxin was used in the reaction. [e]
Reaction was run for 12 h. ™ 0.04 mmol of decachlorobiphenyl was used in the reaction.

4.4 Conclusion

In conclusion, the NiPd/NG catalyst reported here shows superior performance for the hy-
drodehalogenation of PHAs under mild and environmentally friendly reaction conditions.
Dehalogenation reactions often require strong bases, strong reducing agents and harsh re-
action conditions including high temperatures. In contrast, this NiPd/NG system uses
ammonia borane as the hydrogen source and base, and an aqueous solvent system. The re-
action is compatible with a variety of functional groups including hydroxyl groups, amines,
amides and carboxylic acids. Under these mild conditions, the NiPd/NG catalyst promotes
the complete dehalogenation of several severe environmental contaminants including the
components of agent orange, dioxins, PCBs and PBDEs, which are extremely difficult to

decontaminate using conventional methods. This concept of exploiting nanoparticles for
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green chemistry applications may provide a promising avenue for the rational design and
assembly of nanostructured catalysts for solving long-standing problems in environmental

chemistry.

4.5 Experimental section

Synthesis of Pd NPs Under a gentle flow of N,, 200 mg of BBA, 6 mL of OAm, and 4
ml of ODE were mixed, stirred by a magnetic bar and heated to 120 °C for 10 min. The
solution was kept at this temperature for another 30 min before it was cooled to 100 °C.
In a separate vial, 4.0 mmol of Pd(acac), was dissolved in 3 mL of ODE and the solution
was added via a syringe quickly into the 100 °C solution. The mixed solution was stirred
at 100 °C for 1 h and cooled to room temperature. Then ethanol was added, and the
NP product was separated by centrifugation at 9000 rpm for 15 min. Next, the NPs were
washed with hexane/ethanol (v/v= 1:15) by centrifugation at 9000 rpm for 20 min. The

obtained powder was dispersed in hexane for further use.

Synthesis of Nig Pd,, alloy NPs The synthesis was similar to what was described in
the synthesis of Pd NPs except that in a separate vial, 2.0 mmol of Pd(acac), and 3.0 mmol
of Ni(acac), were dissolved in 3 mL of ODE.

Synthesis of Cog;Pdgg alloy NPs The synthesis was similar to what was described in
the synthesis of Pd NPs except that in a separate vial, 1.5 mmol of Pd(acac), and 3.5 mmol
of Co(acac), were dissolved in 3 mL of ODE.

Synthesis of Cug;Pdgg alloy NPs The synthesis was similar to what was described in
the synthesis of Pd NPs except that in a separate vial, 2.2 mmol of Pd(acac), and 2.8 mmol
of Cu(acac), were dissolved in 3 mL of ODE.

Synthesis of Fe;,Pdgg alloy NPs The synthesis was similar to what was described in

the synthesis of Pd NPs except that in a separate vial, 1.3 mmol of Pd(acac), and 3.7 mmol
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of Fe(acac), were dissolved in 3 mL of ODE.

Synthesis of Ni, ,Pd,4 alloy NPs The synthesis was similar to what was described in
the synthesis of Pd NPs except that in a separate vial, 2.0 mmol of Pd(acac), and 4.0 mmol
of Ni(acac), were dissolved in 3 mL of ODE.

Synthesis of Nig,Pds; alloy NPs Synthesis of Ni67Pd33 Alloy NPs: The synthesis
was similar to what was described in the synthesis of Pd NPs except that in a separate vial,

1.5 mmol of Pd(acac), and 4.0 mmol of Ni(acac), were dissolved in 3 mL of ODE.

Synthesis of nitrogen-doped graphene (NG) 2.0 g melamine and 0.4 g single-layered
graphene oxide were mixed in 400 mL deionized water and stirred at room temperature for
48 h. Water was then evaporated at 60 °C. The resulting solid product was first annealed
at 350 °C for 0.5 h and then at 900 °C for 1 h under a N, atmosphere. After cooled to room

temperature, the powder was ready for further use.

Assembly of NPs on NG 10 mg of the NPs were dispersed in 5.0 mL of hexane and
the dispersion was added drop-wise into a suspension of 10.0 mg of NG in ethanol (60 mL)
in an ultrasonic environment. After the addition of the NP dispersion, the ethanol/hexane

mixture was sonicated for 2 h to ensure complete adsorption of the NPs onto NG.

Synthesis of the PCB substrates Chloroaryl bromide (5 mmol), chloroaryl boronic
acid (5 mmol), KsPO, (10 mmol), Pd(OAc), (10 mg) and 20 mL of DMF/H,0 (v/v =1/1)
were added to a round bottom flask. The reaction mixture was stirred at room temperature
for 24 hours. The aqueous phase was extracted with EtOAc (3x20 mL), the combined
organic extracts were washed with H,O (3x50 mL), dried over Na,SO, and the solvents

were removed in vacuo. The crude product was purified by flash column chromatography.

General procedure for the hydrodehalogenation reactions Aryl halide (1 mmol),

NPs/NG (10 mg, 3 mol %), H;NBH; (3 mmol) and 10% aqueous isopropanol (3 mL) were
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stirred in a 10 mL sealed tube at 50 °C for 5 hours. After the reaction was complete, the
catalyst was filtered and the mixture was extracted with ethyl acetate. The organic phase
was evaporated under vacuum and purified by flash column chromatography (hexane/ethyl

acetate = 8:1) to give the final product.

Cl balance during reaction After the dehalogenation of dichlorobenzene, the catalysts
was separated from reaction mixture and titrated in the product solution with AgNO,.
AgCl rapidly precipitated from the reaction mixture as a white solid. We separated, dried
and weighed the AgCl precipitate, and calculated that 93% of the Cl was recovered. This

confirmed that Cl is present as chloride ion after the dehydrohalogenation reactions.

Catalyst re-use After the reaction was complete, the NPs/NG catalyst was filtered from
the reaction mixture and washed with water and isopropanol. The catalyst was then dried,

weighed, and used directly for the next round of reaction.

4.5.1 Characterization data of products

Phenol 'H-NMR (400 MHz, CDCl,) & [ppm] = 7.36 (t, J = 7.4 Hz, 2H), 7.08 (t, J = 7.4
Hz, 1H), 6.9 (d, J = 8.0 Hz, 2H), 6.514 (bs, 1H); *C-NMR (100 MHz, CDCl) & [ppm] =
155.1, 130.0, 121.3, 115.6.

Anisole 'H-NMR (400 MHz, CDCl,) & [ppm] = 7.38 (t, J = 7.4 Hz, 2H), 7.06-6.99 (m,
3H), 3.88 (s, 3H); *C-NMR (100 MHz, CDCl;) § [ppm] = 159.6, 129.5, 120.7, 114.0, 55.2.

Benzoic acid 'H-NMR (400 MHz, CDCl,) & [ppm] = 13.10 (bs, 1H), 8.19 (d, J = 7.6
Hz, 2H), 7.66 (t, J = 7.4 Hz, 1H), 7.52 (t, J = 7.4 Hz, 2H); *C-NMR (100 MHz, CDCl,)
5 [ppm] = 172.8, 133.9, 130.2, 129.4, 128.5.

Aniline 'H-NMR (400 MHz, CDCl;) & [ppm] = 7.28 (t, J = 7.4 Hz, 2H), 6.89 (t, J =
7.4 Hz, 1H), 6.77 (d, J = 7.6 Hz, 2H), 3.70 (bs, 2H); *C-NMR (100 MHz, CDCI,) & [ppm]
— 146.6, 129.4, 118.6, 115.24.
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2-phenoxyacetic acid 'H-NMR (400 MHz, CDCl;) & [ppm] = 11.67 (bs, 1H), 7.35 (t, J
= 7.2 Hz, 2H), 7.06 (t, J = 7.2 Hz, 1H), 6.96 (d, J = 7.6 Hz, 2H), 4.72 (s, 2H); *C-NMR
(100 MHz, CDCl,) & [ppm] = 175.1, 157.4, 129.7, 122.2, 114.7, 64.8. HRMS calculated for
CgHgO4 (M-H) ™ 151.0393, found 151.0395.

4-chloro-1,1’-biphenyl 'H-NMR (400 MHz, CDCl,) & [ppm] = 7.62-7.56 (m, 4H), 7.52-
7.40 (m, 5H); BC-NMR (100 MHz, CDCly) & [ppm] = 140.0, 139.7, 133.4, 129.0, 128.9,
128.5, 127.7, 127.0. GC-MS calculated for C;,HCl (M) 188.04, found 188.0.

3,4,4’-trichloro-1,1-biphenyl 'H-NMR (400 MHz, CDCl;) & [ppm] = 7.65 (s, 1H),
7.53-7.43 (m, 5H), 7.39 (d, J = 8.4 Hz, 1H); 3C-NMR, (100 MHz, CDCl;) & [ppm] = 140.0,
137.2, 134.4, 133.0, 131.8, 130.8, 129.2, 128.8, 128.2, 126.2. GC-MS calculated for C;,H,Cl,
(M) 255.96, found 256.0.

3,3’,4,4’-tetrachloro-1,1’-biphenyl 'H-NMR (400 MHz, CDCly) 6 [ppm| = 7.62 (d, J
= 8.0 Hz, 2H), 7.53-7.35 (m, 4H); "*C-NMR (100 MHz, CDCl,;) & [ppm] = 138.7, 133.5,
132.8, 131.5, 128.9, 126.4. GC-MS calculated for C;,HgCl, (M) 289.92, found 290.0.

2,2°,6,6’-tetrachloro-1,1>-biphenyl 'H-NMR (400 MHz, CDCl,) § [ppm] = 7.45 (d, J
= 8.0 Hz, 4H), 7.34 (t, J = 8.0 Hz, 2H); 3C-NMR (100 MHz, CDCl,) § [ppm] = 135.5,
135.4, 130.5, 128.5. GC-MS calculated for C;,H4Cl, (M) 289.92, found 290.0.

4.6 Characterization of compounds
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Spectra of benzoic acid
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Spectra of aniline

T 1§

'H-.NMR
b=
" g [
|
'\WJJ' /’
) T T T T T T
75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm
) ||
g 58 :
o~ - N o~
BCO.NMR
‘ | .
T T T T T
60 50 40 30 20 10 ppm

T T
160 150 140 130 120 110 100 90 80 70

97



Spectra of 2-phenoxyacetic acid
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Spectra of 4-chloro-1,1’-biphenyl
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Spectra of 3,4,4’-trichloro-1,1’-biphenyl
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Spectra of 3,3’,4,4’-tetrachloro-1,1’-biphenyl

'H-.NMR

R N A - L, L I [

8.0 7.

BO.NMR

e g

T
70 65 60 55 50 45 40 35 3.0 25 20

1.5

1.0 0

T
5 ppm

e

150 140 130 120 110 100 90 80 70 60 50 40

101



102

Spectra of 2,2°,6,6’-tetrachloro-1,1’-biphenyl
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Chapter 5

AgPd Nanoparticles Coupled to
WO, 79 Nanorods for the Synthesis

of Benzoxazole!

TThis chapter was adapted and modified from: Yu, C.; Guo, X.; Shen, B.; Xi, Z.; Li, Q.; Yin, Z.
et al. Omne-pot formic acid dehydrogenation and synthesis of benzene-fused heterocycles over reusable
AgPd/WO, ., nanocatalyst. Journal of Materials Chemistry A, 2018, 6, 23766—23772.
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5.1 Abstract

Using nanoparticles (NPs) to catalyze multiple chemical reactions in one-pot and to achieve
high-yield syntheses of functional molecules/materials is an important direction in NP chem-
istry, catalysis and applications. In this chapter, we report a nanocomposite of AgPd
NPs anchored on WO, -, nanorods (NRs) (denoted as AgPd/WO, 7,) as a general cata-
lyst for formic acid dehydrogenation and transfer hydrogenation from Ar-NO, to Ar-NH,
that further reacts with aldehydes to form benzene-fused heterocyclic compounds. The
AgPd/WO, -, catalysis is Ag/Pd dependent and Ag,sPd;, is the most active composition
for the multiple chemical reactions. The high activity of AgPd/WO, -, arises from strong
interfacial interaction between AgPd and WO, -,, resulting in AgPd lattice expansion and
electron polarization from AgPd to WO, ;5. The syntheses proceed in one-pot reactions
among formic acid, 2-nitrophenol (or 2-nitroaniline, or 2-nitrothiophenol) and aldehydes in
dioxane/water (2/1 = v/v) at 80-90 °C, leading to one-pot syntheses of benzoxazoles, benz-
imidazoles and benzothiazoles that are key ring structures present in functional compounds

for pharmaceutical, optical and polymer applications.

5.2 Introduction

Benzene-fused heterocycles, are common core structures found in compounds prepared for
biomedical, sensor and optical applications.'™ Some typical examples of these structures
are benzoxazoles where X = O, NH or S (Figure 5.1). Once properly functionalized for
polymer formation, the ring structure is also a key component of a class of rigid organic
polymers, such as polybenzozaxoles, that are important for ballistic fiber, flame retardant
and electronic textile applications.®® Conventional chemistry leading to the synthesis of
benzoxazoles often requires long reaction times (up to 24 h), harsh reaction conditions
(over 130 °C), reactive additives (H,0,), and toxic solvents.!®1* These conditions can
make it challenging to prepare aromatic ring structures with controlled functionalization to

tune their chemical and physical properties. Ideally, the syntheses could proceed using a
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one-pot reaction with easily available precursors in a green chemistry environment without

compromising the synthetic yield and selectivity.

X X =0,NH, S
R
» N/>—

Figure 5.1 The schematic illustration of Ag,sPds,/WO, -,-catalyzed one-pot syntheses of
benzoxazoles (where X = O, NH, S).

Catalytic dehydrogenation of small molecules to release hydrogen (H,) is an attractive
approach to organic hydrogenation reactions without using pure H, as a reactant.!!6 The
common H, storage materials explored for H, formation or hydrogenation reactions include
conventional alcohols and hydrides. !9 Recently, ammonia borane (H;NBH;) and formic
acid (HCOOH) have attracted a lot of attention as H, storage materials.203° HCOOH as
a H, carrier is especially appealing since it is easily available from oxidation of biomass, or
hydrogenation of CO,. Recently, AgPd and AuPd alloy nanoparticles (NPs) were found to
be active and stable for HCOOH dehydrogenation into Hy and CO,, and to initiate transfer
hydrogenation to RNO, to give RNH,.3!"36 Especially when AgPd NPs were coupled to
oxygen-deficient WO, -,, they catalyzed one-pot reactions among HCOOH, nitrophenol and
aldehydes in H,0/dioxane, providing a clean and safe method for preparing benzoxazoles. 32

Despite the exciting synthetic potential demonstrated in the AgPd/WO, -, catalyzed
one-pot reactions to yield benzoxazoles, there are two questions that remain unanswered:
1) why are these AgPd/WO, -, nanocomposites more active than AgPd NPs (AgPd is
still active but with lower efficiency)? 2) can this one-pot strategy be extended to produce
other aromatic analogues without significantly changing the reaction conditions? This paper
aims to answer these two questions by studying what makes AgPd/WO, -, more active than
simpler AgPd NPs, and by demonstrating that the one-pot synthesis can indeed be applied
not only to benzoxazoles, but also to other structures where X = NH and S (Figure 5.1).
The reactions provide a general approach to C-X bond formation and high yield production

of benzene-fused heterocyclic compounds.
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5.3 Results and discussion
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Figure 5.2 (a) TEM image of the Ag,sPd.,/WO, -, nanocomposite. Inset: HRTEM
image of Ag,Pds, /WO, -5. (b) XRD pattern of the Ag,;Pds, /WO, -, and Ag,sPd;, NPs
synthesized without WO, -,. Inset: XRD patterns of Ag-gPdyy /WO, 7, Ag--Pd,3/ WO, -,
AgygPd5e/ WOy 79, AgsgPdg /WO, 75 and AgyyPdgy/ WO, 7.

The AgPd/WO, -, catalyst contains AgPd NPs perched on WO, 7, nanorods (NRs),
as shown in Figure 5.2a. WO, ., NRs were prepared by reacting WCl, with oleic acid
(OA) and oleylamine (OAm) in 1-octadecene (ODE) at 280 °C,3" while AgPd/WO,, -, was
obtained by growing AgPd NPs at 180 °C in the presence of the WO, -, NRs.3® Under
these reaction conditions, the molar ratios of Ag/Pd and the mass ratios of AgPd/WO, -,
were controlled by varying the amounts of the Ag- and Pd-precursors and WCl,, and were
determined using inductively coupled plasma-atomic emission spectroscopy (ICP-AES). We
prepared AgrgPdyy /WOy 79, Ags;Pdy3/WO, 75, AgysPdsy/WO, 75, AgggPdg /WO, 7, and
AgyoPdgy /WO, -y, with a fixed ratio of AgPd to WO, ;5 of 3:5 mol/mol. Representative
TEM images of Ag,sPd-,/WO, -, (Figure 5.2a) show that the NPs have an average diame-
ter of 2.3 £ 0.1 nm and perch on 40 x 5 nm WO, -, NRs. High-resolution TEM (HRTEM)
images of the composite (Inset in Figure 5.2a) show that the WO, ., NRs have a good
crystalline structure with an interfringe distance of 3.8 A, which corresponds to the (010)
interplanar spacing of monoclinic WO, -, (3.78 A, JCPDS NO. 65-1291). The Ag,sPd;,

NPs attached to the WO, , NRs have an interfringe distance of 2.5 A, which is larger
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than the (111) interplanar spacing of 2.3 A observed for independent Ag,sPdsy NPs. X-ray
diffraction (XRD) of the Ag,;Pd;, NPs exhibit a wide (111) peak around 40° (Figure 5.2b).
Once attached to WO, -5, the (111) peak shifts to a smaller angle, indicating that AgPd
NPs coupled to WO, -, have their lattice expanded. The (111) peaks of AgPd/WO, -,
show Ag/Pd-composition-dependent shifts (Figure 5.2b) and the corresponding lattice pa-
rameters lie along the theoretical line based on Vegard’s law, confirming the formation of
an alloy structure of AgPd, not a core/shell structure. As a comparison, WO, -, does not
show obvious pattern changes. X-ray photoelectron spectroscopy (XPS) was further used
to characterize the AgPd NPs, WO, -, NRs and the AgPd/WO, -, composite structure
(Figure 5.3a-b). Once attached to WO, -5, the Ag 3d and Pd 3d binding energies of the
AgPd NPs increase slightly. The Ag 3d peaks shift less (from 368.1/374.1 eV to 368.2/374.2
eV) than the Pd 3d ones (from 336.4/341.8 eV to 336.8/342.1 eV). In contrast, the binding
energy of W 4f in the composite structure is down-shifted (Figure 5.3c). These observations
indicate that the electron density of AgPd is decreased in the composite structure, and that
Pd is affected more than Ag by the AgPd-WO, -, interactions.3943

The interaction between AgPd and WO, -, induces charge polarization from AgPd to
WO, ;5, which should increase the Lewis acidity of the AgPd NP, and the Lewis basicity
of WO, -,, facilitating AgPd binding of electrons and WO, -, absorption of protons. We
first studied the CO binding properties of the AgPd surface via the CO stripping test
(Figure 5.3d). From Pd to AgPd, the CO stripping peak is negatively shifted and broadened,
indicating that CO is oxidized more easily on the AgPd surface than on the Pd surface. Once
coupled with WO, -5, the CO stripping peak is much weaker and more negatively shifted,
demonstrating the improved CO-tolerance on the AgPd surface. We then evaluated the
catalytic properties of AgPd/WO, -, for formic acid (FA) dehydrogenation. We found that
the conditions, previously optimized in aqueous solution (10 mL of 900 mM FA, 323 K),
were still suitable for the current catalyst system. Gas chromatography (GC) analyses show
that the gas mixture consists of only CO, and H,, and no CO is present. Using a NaOH

trap to remove CO, from the gas mixture, we obtained the H, volume. Our studies show
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Figure 5.3 (a-c) XPS spectra of Ag,sPd;,/WO, -, and Ag,Pds, (Ag 3d, Pd 3d and W
4f). (d) CO stripping voltammetry of the Ag,sPd.,/WO, -, composites, Ag,sPd., and
commercial Pd obtained in 0.1 M HCIO, with a scan rate of 20 mV /s. The solid line is
from the first scanning cycle and the dashed line is from the second scanning cycle.

that AgPd/WO, -, catalyzes FA decomposition in a CO-free pathway, and that the strong
AgPd-WO, -, interaction makes AgPd more electrophilic, favoring the activation of FA
to generate HCOO* via O-H bond cleavage or *COOH via C-H bond cleavage. 1049 CO,
and H, are formed via the AgPd-promoted decomposition of HCOO* and *COOH, which
essentially blocks the CO-forming pathway.

Ag,sPd;y-catalyzed dehydrogenation of FA was evaluated at 323 K with [AgPd] = 3.1
mM. Figure 5.4a shows that 3/5 molar ratio is necessary to reach optimum catalytic activity.
Adding more Ag,sPd;, and WO, -, does not lead to the continued increase of TOF, rather
it decreases its value due to apparent over-loading of the catalyst. At [FA] = 900 mM
and [AgPd]/WO, -, = 3/5 mol/mol, it shows the best activity with a TOF value reaching

1718 h~!. This TOF is among the highest ever reported for Pd-based catalysts.?? ¢ We
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also tested the effects of different inorganic supports, such as conventional carbon (C),
silica (SiO2), graphene (G), or commercial WO5 and WO, 4 on the Ag,sPd., catalysis at
the 3/5 [AgPd]/[support| ratios (Figure 5.4b). These composites are all less active than

Ag,Pd-, /WO, ,, suggesting that AgPd coupling to WO, -, favors the dehydrogenation of

FA.
: : 2, 29 WO;, C sio,
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Figure 5.4 (a) Plot of time vs volume of gas generated from FA dehydrogenation catalyzed
by nanocomposites with different Ag,sPds,/WO, -, molar ratio ([AgPd] = 3.1 mM, [FA]
= 900 mM, T = 323 K). Inset: The dehydrogenation TOF values of nanocomposites with
different Ag,sPds, /WO, -, molar ratios. (b) Plot of time vs. volume of gas generated from
FA dehydrogenation catalyzed by Ag,sPds, on different supports ([AgPd] = 3.1 mM, [FA]
= 900 mM, T = 323 K). Inset: TOF values of Ag,sPd;, on different supports.

Ag,sPdsy /WO, -, could further catalyze transfer hydrogenation from HCOOH to R-NO,
to give R-NH, at 50 °C. Using nitrobenzene as a model substrate, we optimized the reac-
tion conditions: 1 mmol nitrobenzene, 3.0 mmol FA, 3 mol% Ag,sPd;,/WO, -, in 9 mL
H,0O/dioxane (1:2 = v/v). Under these conditions the dehydrogenation of FA and hydro-
genation of nitrobenzene were complete within 30 mins, and aniline was isolated in a 98%
yield. Using similar reaction conditions, a variety of substituted nitrobenzene derivatives
could be reduced to the corresponding anilines in yields above 90% within 2 hours.

We further extended this reaction to a one-pot synthesis of benzoxazoles starting from
2-nitrophenol and an aldehyde (Table 5.1). Various benzoxazoles (entries 1-8) were obtained
in >90% yield at 80 °C within 8 h. The electronic properties of substituents at either the
para- or meta-positions of the benzaldehyde had little influence on the reaction outcome.

However, substituents at the ortho position decreased the yield somewhat (entries 9-10),
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likely due to steric hinderance. The good yield (91%) of the thiophene derivative (entry
11) shows that the reaction is tolerant to substrates containing a sulfur atom. However,

replacing the aromatic aldehyde with an aliphatic aldehyde does lower the yield (entry 12).

Table 5.1 Ag,sPd., /WO, 7,-catalyzed one-pot condensation of 2-nitrophenol with various
aldehydes!®
OH o] AgPd/WO, 75 o)
L, - O
NO, R™ 'H HCOOH, 80 °C N

CO OO O

1: 99% 2: 999%, 3: 99%
o -0 o
L0 OO OpOo
N Z N N
4: 98% 5: 97% 6: 98%
O_
@"@ O @E"@
/) V7
N/ N Z N
7: 93% 8: 92% 9: 83%
o/
o}
2 - CLO
/
©:N/ N \ N
10: 81% 11: 91% 12: 83%

(2] Reaction conditions: 2-nitrophenol (1 mmol), aldehyde (1.2 mmol), Ag,sPds,/WO, 75 (3 mol%),
dioxane (6 mL), water (3 mL) and FA (4 mmol), 8 h.

To determine if other steps in this multi-step reaction, in addition to FA dehydrogena-
tion and reduction of the nitro group, were dependent on the structure and composition of
the catalyst, we examined the synthesis of 2-phenylbenzoxazole starting from 2-aminophenol
and benzaldehyde. The reaction was performed using the same conditions as shown in Ta-
ble 5.1, and we used GC-MS to monitor the concentrations of the 2-aminophenol starting
material, the imine intermediate, and the benzoxazole product. The most efficient cata-

lyst for synthesis of 2-phenylbenzoxazole starting from 2-aminophenol is Ag,sPd-o/ WO,
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(Figure 5.5a). 2-Aminophenol was almost completely consumed after 3 h, and the reaction
was essentially complete after 7 h. Figure 5.5b shows the accumulation and subsequent
consumption of the imine intermediate (black circles) formed by dehydration of the amino
group of 2-aminophenol with benzaldehyde. This intermediate quickly accumulates during
the first two hours of the reaction, before it is transformed more slowly to the product.
Other AgPd-catalysts were not as efficient as Ag,gPd-,/WO, 7, for both the condensation
of 2-aminophenol and benzaldehyde to give the imine intermediate, and also the cyclization
and dehydrogenation of the intermediate to give the final benzoxazole product. Among
the catalysts studied, Ag is the least active catalyst for both of these processes. Taken
together, these synthetic data indicate that; 1) FA dehydrogenation, transfer hydrogena-
tion from Ar-NO, to Ar-NH,, and Ar-NH, reaction with aldehydes to form benzoxazoles
are all dependent on the AgPd composition and identity of the solid support of the cata-
lyst, 2) Ag,sPds,/WO, -, is the most effective catalyst for all of these reaction steps, and
3) the reactions are not significantly affected by the electronic character of substituents
on the aldehyde, but are influenced by the steric characteristics of the aldehyde. The
Ag,Pd-, /WO, -, catalyst was not only active, but also stable under the one-pot reaction
conditions. For example, in the formation of 2-phenylbenzoxazole, after the reaction was
complete the catalyst was precipitated by adding ethyl acetate, isolated and purified by
washing with water/methanol, and re-used. After 5 rounds of catalyst reuse, the catalyst
showed little drop in activity, and the yield of the final product remained above 95% for all
five reactions. In addition, the catalyst showed no obvious changes in morphology.

The AgPd/WO, -, catalyzed one-pot reaction was not limited to the formation of ben-
zoxazoles, but could also be extended to the synthesis of other benzene-fused heterocycles
(Figure 5.6a). By replacing 2-nitrophenol with 2-nitroaniline, N-methyl-2-nitroaniline or
2-nitrothiophenol, we obtained the corresponding benzimidazoles or benzothiazole in >83%
yield using the same one-pot reaction conditions (compounds 13-15). By raising the reac-
tion temperature from 80 to 90 °C, the yields were further improved to >94% (compounds

13-15 in parentheses). It is notable that the yield of 2-phenylbenzothiazole remains high
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Figure 5.5 Ag.Pd, /WO, -,-catalyzed condensation of 2-aminophenol and benzalde-
hyde. (a) Time-dependent formation of 2-phenylbenzoxazole (rectangles) starting from
2-aminophenol (triangles). (b) Time-dependent formation and consumption of the imine in-
termediate (circles). Note: (1) Ag, (2) Ag,gPdys, (3) Ags,Pdys, (4) AgysPdsy, (5) AggePdy;,
(6) AgyPdgy and (7) Pd.

at 94%. The AgPd/WO, ., catalyst is not negatively affected by the thiol group in the
2-nitrothiophenol starting material. This outcome is different than what has been reported
previously for other Pd-based nanocatalysts, which are typically poisoned by thiols.?" 60
This observation suggests that the presence of the WO, - helps to protect the AgPd catalyst
from poisoning.

The one-pot reaction could be further extended to prepare phenylene-bis-benzoxazole
(compound 16) and 2,6-diphenyl-benzobis(oxazole) (compound 17) from 2-nitrophenol/
terephthalaldehyde and 4,6-dinitroresorcinol/benzaldehyde under the same 80 °C reaction
conditions with >90% yields, making the reaction very promising for fabricating linear -
conjugated polymers (Figure 5.6b). By elevating the temperature to 100 °C, the reaction
was also suitable for condensation of two equivalents of 2-nitrophenol with thiophene-2,5-

dicarbaldehyde to give 2,5-bis(benzoxazol-2-yl)thiophene (compounds 18), the known com-

mercial fluorescent brightener 185. This brightener is normally prepared from the reaction



118

a
(jXH x-CHO _ AgPIWO,7, (I
. > < )
ZNo, U HCOOH, 80 °C
H
N
O OO 0O
N
13: 87 (96) % 14: 89 (97) % 15: 83 (94) %
©: 0 AgPd/WO2.72 @O: <:> (O:©
B — e Y/ \
H HCOOH, 80 °C N N
16: 92%
PO O e OO
\ Y
H HCOOH, 80°C N N
17: 91%
©:OH W AgPd/WO2.72 Q @
+
no, M\ H HCOOH, 100 °G W @ >_<j/
18: 63% 19: 21%

Figure 5.6 (a) Ag,sPdsy/WO, ;y-catalyzed synthesis of 2-phenylbenzimidazole, 1-
methyl-2-phenylbenzimidazole and 2-phenylbenzothiazole.  Reaction conditions: sub-
strate (1 mmol), benzaldehyde (1.2 mmol), Ag,sPd.,/WO, -, (3 mol%), dioxane (6
mL), water (3 mL) and FA (4 mmol), 8 h. The yields in parentheses were obtained
at 90 °C. (b) Ag,sPds,/WO, -,-catalyzed synthesis of phenylene-bis-benzoxazole, 2,6-
diphenyl-benzobis(oxazole) and 2,5-bis(benzoxazol-2-yl)thiophene.

between 2-aminophenol and thiophene-2,5-dicarboxylic acid in toluene and N-methyl-2-
pyrrolidone at 185 °C with boric acid as an additive. Compared with this conventional
approach, our one-pot reaction is milder and produces the brightener in a modestly good
yield. This 63% yield is somewhat lower than what we have observed for the other reac-
tions reported herein. This reduced yield is not due to poisoning of the catalyst by the
sulfur atom of thiophene. Rather, it is caused by reduction of one of the aldehyde groups

in thiophene-2,5-dicarbaldehyde to the corresponding methyl group (compound 19).

5.4 Conclusion

In this chapter, we extensively studied the AgPd/WO, -, catalyst and its general use for

the one-pot syntheses of benzene-fused heterocyclic compounds. Our studies first examined
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the WO, -, NR-mediated growth of AgPd NPs resulting in the formation of AgPd/WO, -,
composites. The interfacial interaction between AgPd and WO, ;5 leads to the desired alloy
NP lattice expansion and charge polarization from AgPd to WO, ,. This interaction en-
hances the AgPd/WO, -, catalysis of FA dehydrogenation at a temperature of 50 °C, with
TOF = 1718 h™!, Ea = 31 kJ/mol. The dehydrogenation reaction is Ag/Pd dependent,
and Ag,sPd;, /WO, -5 is found to be the most active catalyst to produce Hy and CO, via
a pathway that does not produce CO. The power of the AgPd/WO, -, catalyst is further
demonstrated by the transfer hydrogenation from FA to Ar-NO, to give Ar-NH, at 50 °C,
and to the reaction of Ar-NH, with an aldehyde at 80-90 °C to yield benzoxazoles. In the
one-pot synthesis of benzoxazoles, the catalysis is not affected by the electronic character
of substituents on the aldehyde, but is sensitive to steric hinderance on the aldehyde. In
addition, the one-pot reaction can be extended to prepare various benzoazoles with the
5-member ring containing C-O, C-NH, or C-S bonds. The AgPd/WO, -,-catalyzed one-pot
reaction offers a general approach to benzene-fused heterocyclic compounds for pharmaceu-

tical and functional polymer applications.

5.5 Experimental section

Synthesis of WO,, ., NRs 81 mg WCl, (0.25 mmol), 5 mL ODE, 3 mL OAm were first
mixed in a 20 mL vial through sonication to form a dark brown solution, and transferred
into a 100 mL four-neck round bottom flask. 10 mLL ODE and 6 mL OAc were then added
into the flask. The mixture solution was first heated to 120 °C in a gentle Ar flow and
magnetic stirring for 30 min to remove air and moisture from the reaction system. The
clear dark green solution was heated to 280 °C in 30 min (when the reaction temperature
reached 200 °C, the Ar gas was switched to form an Ar blanket over the reaction system
and the solution started to turn to blue). The reaction solution was kept at 280 °C for 10
h before it was cooled to room temperature. The product was separated from the solution

by adding 80 mL ethanol and centrifuging at 9500 rpm for 8 min. Then 20 mL hexane was
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added to re-disperse the synthesized NRs and centrifugation (6000 rpm, 4 min) was applied
to precipitate any undispersed. The product in the dispersion was then precipitated by
adding 35 mL ethanol followed by centrifugation. The NRs were purified again with 15 mL
hexane and 35 mL ethanol, and after separation by centrifugation, was dispersed in hexane

for further use.

Synthesis of AgPd/WO, ,, nanocomposites Under a gentle nitrogen flow, 0.084 g
of AgOAc (0.5 mmol), 0.15 g of Pd(acac), (0.5 mmol) and 0.34 g of WO, ., NRs (1.5
mmol) were magnetically stirred in 4.5 mL of OAc, 0.5 mL of OAm, and 10 mL of ODE.
The mixture was heated to 80 °C to generate a homogeneous solution and kept at this
temperature for 1 h. Then the solution was heated to 180 °C at a rate of 5-7 °C/min.
The reaction was allowed to proceed for 20 min and cooled to room temperature. 100
mL of isopropanol was added, and the product was separated by centrifugation at 9500
rpm for 15 min to remove the organic impurities and precursor residues. The product
was redispersed in 10 mL of hexane and then recollected by adding 40 mL of ethanol and
centrifugation (9500 rpm, 8 minutes). The products were washed twice with hexane/ethanol
(v/v = 1:15) and then suspended in 30 mL of acetic acid and the suspension was stirring
at 60 °C for 10 h. 30 mL of ethanol was added and the mixture was centrifuged at 9500
rpm for 8 minutes. This ethanol washing procedure was repeated three times, yielding
Ag,sPd-y /WO, -y, which were dispersed in hexane for future use. The composition of
AgPd/WO, -, was controlled by the molar ratio of metal precursors. For instance, with the
total amount of Ag/Pd-precursors fixed at 1.0 mmol, Ag,gPdyy /WO, 7, AgsrPd,3/ WOy 7o,
Ag,sPdsy /WO, 79, AgssPdgy /WO, 7o and Agy Pdg, /WO, -y were formed from the Ag/Pd-

precursors at the Ag/Pd ratios of 3:1, 2:1, 1:1, 1:2 and 1:3 respectively.

Decomposition of FA A two-necked reaction flask (25 mL) containing a Teflon-coated
stir bar was placed on a magnetic stirrer and thermostated to 50.0 + 1 °C by using a
constant temperature bath. A gas burette filled with water was connected to one neck of

the flask (the other neck was sealed) to measure the volume of gas mixture evolved from the
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reaction. 9.64 mL of aqueous suspension of the catalyst was transferred into the reaction
flask, and 0.36 mL (9 mmol) of FA was added into the stirred (800 rpm) solution. The
volume of gas mixture evolved was measured by recording the volume of water displaced.

The reaction was considered to cease when gas generation was no longer observed.

NaOH trap experiments To quantify the molar ratio of CO, to H, in the gas mixture
generated during the AgPd/WO, -, catalyzed dehydrogenation of aqueous FA solution (10
mL of 900 mM), the gas burette system was modified by placing a NaOH trap (10 M
NaOH solution) between the jacketed reactor and gas burette. The gas generated during
the reaction was passed through the NaOH trap and CO, was captured, leaving only H,.
The gas volume change observed before and after the NaOH trap experiment was used to

quantify CO, and H,.

General procedure for the catalytic tandem reactions for producing primary
amines Ar-NO, (1 mmol), Ag,gPdsy/WO, 75 (3 mmol%), dioxane (6 mL) and water (3
mL) were stirred for 5 min in a 25 mL flask at 50 °C. Next, FA (4 mmol) was added to the
reaction mixture, and the flask was sealed by a balloon. The solution was stirred at 800
rpm at 50 °C for different reaction times. The progress of the reaction and the yield of the

amine compounds were determined by GC-MS with benzyl ether as the internal standard.

General procedure for catalytic one-pot synthesis of benzoazoles 2-Nitrobenzene
substrate (1 mmol), aldehyde (1.2 mmol), Ag,sPd-,/WO, -, (3 mol%), dioxane (6 mL) and
water (3 mL) were stirred for 5 min in a 25 mL flask at 80 °C. Next, FA (4 mmol) was
added to the reaction mixture, and the flask was sealed by a balloon. The solution was
stirred at 800 rpm at 80 °C for 8 h. After completion of the reaction, a small amount of
ethyl acetate was added and the catalyst was removed by centrifugation at 9500 rpm and
washed three times with water or methanol. Then, the catalyst was allowed to dry for
further use. The solvent was removed under vacuum and the residue was purified by flash

column chromatography (hexane/ethyl acetate = 8:1) to give the product.
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Catalyst stability test for multi-step tandem reactions After each model reaction,
the catalyst was separated, washed with water/methanol and weighed. Then the same
reagents were added to the reaction system according to the feeding ratio. The process was

repeated for the next round of reaction.

5.5.1 Characterization data of products

2-phenyl-benzoxazole (1) 'H-NMR (400 MHz, CDCl;) & [ppm] = 8.30-8.28 (m, 2H),
7.82-7.80 (m, 1H), 7.63-7.56 (m, 4H), 7.40-7.38 (m, 2H). C-NMR (100 MHz, CDCl;) &
[ppm] = 163.3, 150.6, 142.7, 132.0, 129.6, 128.4, 128.2, 126.3, 125.0, 121.3, 110.9. HRMS
[M+H]* calculated for C,3H;,NO: 196.0764 found 196.0758.

2-(p-tolyl)-benzoxazole (2) 'H-NMR (400 MHz, CDCl;) § [ppm] = 8.15-8.12 (m, 2H),
7.82-7.79 (m, 1H), 7.68 -7.62 (m, 1H), 7.44-7.38 (m, 4H), 2.45 (s, 3H). 3C-NMR (100 MHz,
CDCl,) & [ppm] = 163.5, 151.6, 144.5, 144.3, 130.9, 128.3, 126.4, 125.7, 125.4, 121.3, 111.1,
21.9. HRMS [M+H] " calculated for C;,H;,NO: 210.0921 found 210.0914.

2-(4-methoxyphenyl)-benzoxazole (3) 'H-NMR (400 MHz, CDCl;) & [ppm] = 8.22-
8.19 (m, 2H), 7.88-7.86 (m, 1H), 7.58-7.54 (m, 1H), 7.38-7.34 (m, 2H), 7.07-7.05 (m, 2H),
3.92 (s, 3H). 3C-NMR (100 MHz, CDCl;) & [ppm] = 163.4, 162.4, 151.0, 142.5, 129.9,
124.7, 124.4, 119.8, 119.4, 115.0, 110.5, 55.47. HRMS [M+H]* calculated for C,,H;,NO,:
226.0870 found 226.0861.

2-(4-fluorophenyl)-benzoxazole (4) 'H-NMR (400 MHz, CDCl;) & [ppm] = 8.29-8.24
(m, 2H), 7.79-7.75 (m, 1H), 7.60-7.55 (m, 1H), 7.38-7.34 (m, 2H), 7.24-7.19 (m, 2H). 13C-
NMR, (100 MHz, CDCl;) § [ppm] = 166.7, 163.8, 162.4, 150.9, 142.3, 130.0, 125.4, 123.7,
120.1, 116.6, 110.6. HRMS [M+H] T calculated for C;3HoNOF: 214.0670 found 214.0663.

2-(4-chlorophenyl)benzo[d]oxazole (5) 'H-NMR (400 MHz, CDCl;) § [ppm] = 8.23-
8.21 (m, 2H), 7.81-7.79 (m, 1H), 7.62-7.59 (m, 1H), 7.55-7.51 (m, 2H), 7.41-7.37 (m, 2H).
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13C-NMR (100 MHz, CDCly) & [ppm] = 162.3, 150.3, 142.3, 138.0, 129.4, 129.0, 125.8, 125.5,
124.9, 120.3, 110.9. HRMS [M+H]* calculated for C;3HyNOCI: 230.0374 found 230.0381.

4-(benzo[d]oxazol-2-yl)benzonitrile (6) H-NMR, (400 MHz, CDCl,) & [ppm] = 8.41-
8.38 (m, 2H), 7.87-7.83 (m, 3H), 7.66-7.64 (m, 1H), 7.46-7.43 (m, 2H). 3C-NMR (100 MHz,
CDCly) & [ppm] = 161.0, 150.9, 141.9, 132.7, 131.2, 128.0, 126.2, 125.2, 120.6, 118.2, 114.8,
110.9. HRMS [M+H]* calculated for C;,HyN,O: 221.0717 found 221.0706.

2-(m-tolyl)-benzoxazole (7) 'H-NMR (400 MHz, CDCI,) & [ppm] = 8.13-8.07 (m, 2H),
7.81-7.79 (m, 1H), 7.62 -7.60 (m, 1H), 7.46-7.40 (m, 1H), 7.39-7.37 (m, 3H), 2.49 (s, 3H).
BC.NMR (100 MHz, CDCl;) & [ppm] = 163.6, 151.0, 142.3, 139.0, 132.6, 129.0, 128.4,
127.2, 125.2, 125.0, 124.7, 120.1, 110.7, 22.5. HRMS [M+H]* calculated for C,,H,,NO:
210.0921 found 210.0925.

2-(3-methoxyphenyl)-benzoxazole (8) 'H-NMR (400 MHz, CDCl,) & [ppm] = 7.82-
7.80 (m, 1H), 7.62-7.60 (m, 2H), 7.48-7.44 (m, 1H), 7.40-7.37 (m, 1H), 7.13-7.12 (m, 2H),
7.11-7.10 (m, 1H), 3.95 (s, 3H). *C-NMR, (100 MHz, CDCI,) & [ppm] = 163.2, 160.2, 151.0,
142.3, 130.2, 128.6, 125.4, 124.7, 120.3, 120.2, 118.5, 112.2, 110.8, 55.4. HRMS [M-+H]"
calculated for C;,H;,NOy: 226.0870 found 226.0863.

2-(o-tolyl)-benzoxazole (9) 'H-NMR (400 MHz, CDCI,) & [ppm] = 8.22-8.20 (m, 1H),
7.86-7.83 (m, 1H), 7.64 -7.61 (m, 1H), 7.47-7.36 (m, 5H), 2.85 (s, 3H). ¥C-NMR (100 MHz,
CDCl,) & [ppm]| = 163.7, 150.5, 142.2, 139.0, 132.1, 131.1, 130.2, 126.3, 126.2, 125.2, 124.6,
120.3, 110.7, 22.5. HRMS [M+H]* calculated for C,,H,,NO: 210.0921 found 210.0928.

2-(2-methoxyphenyl)-benzoxazole (10) 'H-NMR (400 MHz, CDCl,) § [ppm] = 8.18-
8.15 (m, 1H), 7.86-7.84 (m, 1H), 7.63-7.60 (m, 1H), 7.55-7.51 (m, 1H), 7.38-7.29 (m, 2H),
7.15-7.10 (m, 2H), 4.05 (s, 3H). ®C-NMR (100 MHz, CDCl;) & [ppm] = 161.9, 158.7, 150.4,
142.4, 133.1, 131.5, 125.1, 124.4, 120.8, 120.3, 116.4, 112.3, 110.6, 55.4. HRMS [M+H]*
calculated for C;,H,;,NO,: 226.0870 found 226.0872.
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2-(thiophen-2-yl)benzo[d]oxazole (11) 'H-NMR (400 MHz, CDCl;) & [ppm] = 7.96-
7.93 (m, 1H), 7.82-7.80 (m, 1H), 7.62-7.60 (m, 2H) 7.39-7.37 (m, 2H), 7.23-7.20 (m, 1H).
13C.NMR (100 MHz, CDCl,) § [ppm] = 159.3, 150.7, 143.1, 132.1, 130.1, 129.8, 128.3, 125.4,
124.8, 120.3, 110.6. HRMS [M+H] ™" calculated for C;;HgNOS: 202.0328 found 202.0334.

2-cyclohexyl-benzoxazole (12) 'H-NMR, (400 MHz, CDCl,) & [ppm] = 7.71-7.69 (m,
1H), 7.50-7.47 (m, 1H), 7.31-7.29 (m, 2H), 3.04-2.94 (m, 1H), 2.10-2.07 (m, 2H), 1.92-
1.88 (m, 2H), 1.80-1.77 (m, 3H), 1.51-1.36 (m, 3H). 3C-NMR (100 MHz, CDCl,) & [ppm]
= 170.2, 150.5, 140.7, 124.5, 124.3, 119.8, 110.7, 38.9, 31.0, 25.4, 25.1. HRMS [M+H]*
calculated for C3H;gNO: 202.1234 found 202.1225.

2-phenyl-1H-benzo[d]imidazole (13) 'H-NMR (400 MHz, d® DMSO) & [ppm] = 12.89
(s, 1H), 8.19-8.17 (m, 2H), 7.68-7.66 (m, 1H), 7.57-7.47 (m, 4H), 7.24-7.17 (m, 2H). '3C-
NMR (100 MHz, d® DMSO) & [ppm] = 151.2, 143.8, 135.0, 130.1, 129.8, 128.9, 126.4, 122.5,
121.6, 118.8, 111.3. HRMS [M+H] ™ calculated for C;3H;;Ny: 195.0924 found 195.0929.

1-methyl-2-phenyl-1H-benzo[d]imidazole (14) 'H-NMR (400 MHz, CDCl;) & [ppm]
= 7.86-7.85 (m, 1H), 7.81-7.79 (m, 2H), 7.56-7.54 (m, 3H), 7.44-7.42 (m, 1H), 7.36-7.34 (m,
2H), 3.90 (s, 3H) '3C-NMR (100 MHz, CDCl,) & [ppm] = 153.9, 143.2, 136.8, 130.4, 129.9,
129.6, 128.9, 122.9, 122.6, 120.1, 109.8, 31.9. HRMS [M+H]" calculated for C,H,;Ny:
209.1080 found 209.1074.

2-phenylbenzo[d]thiazole (15) 'H-NMR (400 MHz, CDCl;) & [ppm] = 8.20-8.18 (m,
3H), 7.92-7.90 (m, 1H), 7.53-7.45 (m, 4H), 7.40-7.38 (m, 1H) "*C-NMR (100 MHz, CDCl,)
§ [ppm] = 168.2, 154.2, 135.3, 133.6, 131.0, 129.1, 127.7, 126.3, 125.3, 123.3, 121.7. HRMS
[M-+H] ™" calculated for C;3H;(NS: 212.0536 found 212.0529.

1,4-bis(benzo[d]oxazol-2-yl)benzene (16) 'H-NMR (400 MHz, CDCl;) & [ppm] =
8.25 (s, 4H), 7.77-7.73 (m, 4H), 7.41-7.38 (m, 4H). *C-NMR (100 MHz, CDCl,) & [ppm]



125

— 162.8, 151.2, 141.6, 131.0, 128.3, 125.1, 123.6, 119.1, 109.7. GC-MS calculated for
CooH;5N5Oy: 312.09 found 312.1.

2,6-diphenylbenzo[1,2-d:5,4-d’|bis(oxazole) (17) 'H-NMR (400 MHz, CDCl,) & [ppm]
= 8.18-8.17 (m, 4H), 7.66-7.63 (m, 6H), 7.35 (s, 2H). 3C-NMR (100 MHz, CDCl,) 6
[ppm] = 163.1, 138.1, 133.8, 130.8, 129.4, 128.7, 127.5, 120.6, 110.8. GC-MS calculated for
CyoH, 5N, 0yt 312.09 found 312.1.

2,5-bis(benzo[d]oxazol-2-yl)thiophene (18) 'H-NMR (400 MHz, CDCI,) § [ppm] =
7.98 (s, 2H), 7.82-7.77 (m, 4H), 7.44-7.42 (m, 4H). BC-NMR (100 MHz, CDCl,) & [ppm]
— 152.7, 150.0, 141.6, 131.9, 128.3, 124.3, 123.5, 119.7, 110.8. GC-MS calculated for
C,gH;(N;0O,S: 318.05 found 318.1.

5.6 Characterization of compounds
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Spectra of 2-phenyl-benzoxazole (1)
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Spectra of 2-(p-tolyl)-benzoxazole (2)
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Spectra of 2-(4-methoxyphenyl)-benzoxazole (3)
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Spectra of 2-(4-fluorophenyl)-benzoxazole (4)
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2-(4-chlorophenyl)benzo|d]oxazole (5)
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4-(benzo[d]oxazol-2-yl)benzonitrile (6)
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2-(m-tolyl)-benzoxazole (7)
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2-(3-methoxyphenyl)-benzoxazole (8)
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2-(o-tolyl)-benzoxazole (9)
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2-(2-methoxyphenyl)-benzoxazole (10)
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2-(thiophen-2-yl)benzo[d]oxazole (11)
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2-cyclohexyl-benzoxazole (12)
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dazole (13)
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1-methyl-2-phenyl-1H-benzo[d]|imidazole (14)
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2-phenylbenzo[d|thiazole (15)
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1,4-bis(benzo[d]oxazol-2-yl)benzene (16)
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2,5-bis(benzo[d]oxazol-2-yl)thiophene (18)
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6.1 Abstract

Using nanoparticles (NPs) to catalyze chemical reactions for the formation of functional
polymers with controlled polymerization and properties is a new and important field of
materials research. In this article, we report an AuPd NP system as an active and stable
catalyst for the preparation of polybenzoxazole (PBO) in a one-pot reaction of formic acid,
1,5-diisopropoxy-2,4-dinitrobenzene, and terephthaldehyde. The polymerization reaction
is AuPd NP size- and composition-dependent and 8 nm AusgPdg; NPs are the best cat-
alyst for the formation of PBO (Mw = 3.6 kDa). The highly pure PBO shows excellent
thermal stability up to 600 °C and improved chemical and mechanical stability under chal-
lenging environmental conditions compared to commercial PBO (Zylon®, Mw = 40 kDa).
The reported NP-catalyzed one-pot reaction to polymerization is not limited to the forma-
tion of PBO, but can be extended as a general approach to rigid organic polymers that
are important for ballistic fiber, anti-flame, smart-textile and ionic/separation membrane

applications.

6.2 Introduction

Advances in nanoparticle (NP) synthesis have motivated extensive research into defining the
tuning knobs that can be used to control the physical and chemical properties of NPs. 6
An excellent example is the study of NP catalysts where NP structural and morphological
effects are employed to promote chemical reactions in much milder and greener reaction
conditions than conventional catalysts for sustainable chemical and energy applications. " 12
However, compared to the broad use of NPs for catalyzing reactions for the syntheses of
small molecules, > 18 there is no report to use NPs as a catalyst to promote reactions leading
to controlled polymerization.

Herein we report an example using synergistic effects of AuPd NPs to catalyze a one-pot

reaction of small molecules to form highly pure PBO. PBO is a sub-class of polybenzoazoles.

The highly aromatic nature and conjugated structure of alternating benzoxazole and phenyl
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rings provides the polymer with superior thermal and mechanical stability. 1922 These char-
acteristics make PBO fibers exceptional candidates for use as body armor, flame retardant
materials, smart electronic textiles, and ionic/separation membranes.?3 26 However, PBOs
are conventionally made by condensing diaminobenzene diol and terephthalic acid with
polyphosphoric acid as both solvent and catalyst. As a result, they are inevitably contami-
nated with phosphoric acid (PA) units that can catalyze the hydrolysis of benzoxazole ring
upon its exposure to humid and lighted environments (Figure 6.1), causing unexpected and

fast degradation of the mechanical integrity of the polymer fibers.27 29

HIO0-O 42 K020,

H4PO, l H,O

N NH,
KL O,
O OH n

Figure 6.1 Hydrolysis and ring opening of benzoxazole catalyzed by phosphoric acid.

Our new AuPd NP catalyzed one-pot polymerization to PBO is NP size- and composition-
dependent, and among the 4, 6, 8, 10 nm AuPd NPs studied, 8 nm AusqPdg; NPs are the
most efficient in catalyzing the reaction to the highest degree of polymerization (Mw =
3.6 kDa). Compared to the commercial PBO, Zylon® (Mw = 40 kDa), our lighter PBO
has not only comparable thermal stability (over 600 °C), but also much improved chemical
and mechanical stability against water- and organic solvent-induced polymer degradation.
Molecular Mechanics (MM) and Density Functional Theory (DFT) simulations reveal that
both surface strain and surface geometry of the NPs contribute to the size-dependent poly-
merization. Our studies show a general approach to NP-controlled catalysis applied to
polymerization. This method can be extended to prepare other rigid organic polymers that
are important for ballistic fibers, smart textiles, flame retardants, and membrane applica-

tions.
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10 nm

Figure 6.2 Preparation and characterization of AuPd alloy NPs. (A) TEM image of 8 nm
Au NPs. (B) TEM image of 8.240.4 nm AusqPdg; NPs deposited on C. (C) HAADF-STEM
image of the AuggPdg; /C and elemental mapping of NPs to show Au (red) and Pd (green)
distribution within the NPs.

6.3 Results and discussion

Recently, AuPd alloy NPs were studied as stable catalysts to dehydrogenate formic acid
into H, for hydrogenation reactions.?’33 These AuPd NPs were previously prepared by
co-reduction methods, under which it is difficult to control both sizes and compositions of
the NPs. We modified the synthesis and developed a unique seed-mediated growth-diffusion
method to prepare AuPd NPs with well-controlled sizes and compositions. In our synthesis,
4, 6, 8 and 10 nm Au NPs were first prepared as described.?* Then, in the presence of Au
seeding NPs, a controlled amount of Pd(acac), was reduced in oleylamine and oleic acid
(v/v = 50/1) at 260 °C to yield AuPd NPs. We further deposited these AuPd NPs onto
a Ketjen carbon support (C) and annealed the supported NPs, NPs/C, under forming

gas at 500 °C for 10 min to obtain catalytically active AuPd alloy NPs. Figure 6.2 shows
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Figure 6.3 AuyyPdg;-catalyzed reaction between 1,5-diisopropoxy-2,4-dinitrobenzene and
benzaldehyde. (A) A new synthetic route for producing a bis-imine via the condensation
of 1,5-diisopropoxy-2,4-dinitrobenzene and benzaldehyde. (B) The yields of bis-imine with
different compositions of 8 nm AuPd supported on C. Reaction conditions: AuPd/C (2.5
mol%), 1,5-diisopropoxy-2,4-dinitrobenzene (1 mmol), benzaldehyde (2.1 mmol), NMP (3
mL), and FA (10 mmol), 80 °C, 6 h. (C) The yields of bis-imine with four different sizes
of AusgPdg;/C as tandem catalyst. Reaction conditions: AuggPdg;/C (2.5 mol%), 1,5
diisopropoxy-2,4-dinitrobenzene (1 mmol), benzaldehyde (2.1 mmol), NMP (3 mL), and
FA (10 mmol), 80 °C, 6 h.

representative TEM images of 8 nm Au seeding NPs (Figure 6.2A) and 8.2+0.4 nm AuPd/C
(Figure 6.2B). Starting from 4, 6, 8, 10 nm Au NPs, we obtained 4.3+0.2, 6.4+0.3, 8.2+0.4,
10.540.2 nm AuggPdy, alloy NPs, showing a very small NP size increase after the alloy
formation. For simplicity of presentation, these AuPd NPs are denoted as 4, 6, 8, 10 nm
NPs in this paper. The alloy structure of the NPs was characterized by high-resolution
TEM (HRTEM), high angle annular dark field (HAADF) scanning transmission electron
microscopy (STEM) and elemental mapping (Figure 6.2C), and X-ray diffraction analysis.
From these analyses, we conclude that homogenous alloy AuPd NPs with a face-centered
cubic structure are obtained.

L, o Orone g IO, e HIC O

AN

pre-PBO PBO

Figure 6.4 A new synthetic route for producing PBO.
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The controls achieved in preparing AuPd NPs allow us to study size- and composition-
dependent catalysis for reactions leading to the formation of small subunits of PBO. In this
test, we studied FA-induced reduction of 1,5-diisopropoxy-2,4-dinitrobenzene, and the sub-
sequent condensation of the 1,5-diisopropoxy-2,4-aminobenzene product with benzaldehyde
to form (1E,1’E)-N, N’-(4,6-diisopropoxy-1,3-phenylene)-bis(1-phenylmethanimine) (denoted
as bis-imine) in N-methyl pyrrolidone (NMP) solvent (Figure 6.3A). We attached isopropyl
groups to the oxy-nitrobenzene structure to ensure that both reactants and products are
soluble.? The results of the AuPd-catalyzed reactions are summarized in Figure 6.3B and
C, from which we conclude that 8 nm AuggPdg; NPs are the most active catalyst for the

reduction/condensation reaction (Figure 6.3A).

A B
——PBO 1.2 ——PBO

v(C-0) 1.0 —— Zylon
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0.0

Transmittance (%)
<
20
z
e O
o
Absorbance

3000 2500 2000 1500 1000 300 400 500 600

Wavenumber (cm-') Wavelength (nm)

Figure 6.5 Conversion from pre-PBO to PBO. (A) FT-IR spectra of PBO and Zylon®.
(B) UV-Vis spectra of PBO and Zylon®.

The 8 nm AugyPdy; /C (2.5 mol%) was used to catalyze FA-induced reduction of 1,5-
diisopropoxy-2,4-dinitrobenzene and subsequent condensation with terephthalaldehyde in
NMP to form poly(p-phenylene-(4,6-diisopropoxy-1,3-phenylene) diethanimine), denoted as
pre-PBO, which was further subject to heating treatment at 300 °C under a N, atmosphere
for 6 h to remove isopropyl groups and to promote ring closure for the formation of PBO
(Figure 6.4). Thermal gravimetric analysis (TGA) under a N, atmosphere showed that
the pre-PBO has a weight loss of 25.7%, which agrees well with the calculated weight
loss of 27.3% for the pre-PBO/PBO conversion. IR spectra of the newly prepared PBO

show characteristic benzoxazole C=N, C-N, and C-O vibration peaks at approximately
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1620, 1360, and 1054 cm ™!, respectively, which are similar to that of the commercial PBO,
Zylon® (Figure 6.5A). UV-Vis absorption spectra taken in methane sulfonic acid solutions
of PBO and Zylon® show the nearly identical absorption peaks (Figure 6.5B), indicating the
highly aromatic nature and conjugated structure of alternating benzoxazole and phenyl rings
within PBO and Zylon®.3% The two split absorption peaks of 404 nm and 428 nm for PBO
are induced by intermolecular interactions, consistent with that of the Zylon® sample.3” A
more interesting aspect of this reaction is that the degree of polymerization is dependent on
the size of the AuPd NPs. Among 4, 6, 8 and 10 nm AuPd NPs tested, pre-PBO was formed
with a molecular weight (Mw) of 2.1, 2.4, 3.6 and 3.0 kDa, respectively, as measured by gel
permeation chromatography (GPC) (Figure 6.6). The 8 nm NPs induced the highest degree
of polymerization in the one-pot reaction process. ICP-AES measurements show that the
PBO synthesized using our method is metal- and PA-free. As a comparison, Zylon® contains
0.5% (by weight) of P, which means that there is one PA group for every 25 repeating PBO

units.

4 nm AuPd/C 1309 2094 1.67

\f\//\\“\&m O T T T

6 nm AuPd/C 1375 2440 ilo7/7/

Intensity

8nm AuPd/C 1436 3558 2.40

10 nm AuPd/C 1419 3020 2.19

[:IIIHIIIIIHIII.IIIIIIIIIIIIII
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Retention time (min)

Figure 6.6 The GPC chromatograms of pre-PBOs formed using different AuPd NPs.
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Figure 6.7 The thermal stability and mechanical properties of the as-prepared PBO. (A)
TGA data for Zylon® and PBO after immersing in H,O or DMSO at ambient temperature
for 1 month. (B) TGA data for Zylon® and PBO after immersing in boiling water for 5
days. (C) Tensile strength of Zylon® and PBO as a function of time at a rate of 0.1 mm /min
before and after immersing in boiling water for 5 days and 10 days, inset: the remaining
tensile stress versus the pristine tensile strength of samples.

A large concern on Zylon® has been its long-term field stability. Here we tested the
stability of PBO and Zylon® by exposing them to different environmental conditions and
measuring their thermal and mechanical stability changes. Thermal stability of the PBO
and Zylon® powders were assessed using TGA under a N, atmosphere (Figure 6.7). Our
pristine PBO (Mw = 3.6 kDa) displays an onset decomposition temperature at 600 °C,
whereas Zylon® (Mw = 40 kDa) has it at 650 °C. After immersion in water or DMSO under
ambient conditions for a month, the Zylon® sample had a significantly reduced (35 °C or 45
°C decrease) onset decomposition temperature, whereas our PBO remained fairly constant
(only 16 °C or 14 °C decrease) (Figure 6.7A). After the samples were immersed in boiling
water for 5 days, the onset decomposition temperature of Zylon® was reduced to 500 °C,
while the PBO was at 570 °C (Figure 6.7B). The difference in PBO and Zylon® thermal

stability was also observed in 5% (Tj) and 20% (Ty,) mass loss temperatures. Zylon®
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suffered a significant depression of Ty (587 °C) and T4, (689 °C) than the PBO (T;/T,,
at 635 °C/693 °C). Tensile stress measurements on 7.6 pm thick PBO and 10.5 pum thick
Zylon® films revealed that the Zylon® film was subject to a larger stress change than the
PBO one after immersion in boiling water, and after 10-days of immersion in boiling water,
the PBO film retained higher mechanical stress (20 MPa) than the Zylon® one (16 MPa)
(Figure 6.7C and the inset). Our studies demonstrate that highly pure PBO, even at a
significantly lower degree of polymerization than Zylon®, can show much improved thermal

and mechanical stability.
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Figure 6.8 (A) The TOF values for FA dehydrogenation catalyzed by AusgPdg,/C with
AuPd in four different sizes: 10, 8, 6 and 4 nm. Reaction conditions: AusqPdg, /C (2.5
mol%), NMP (3 mL), and FA (10 mmol), 80 °C, 1 h. (B) The AuPd NP size dependent
yields of 1,5-diisopropoxy-2,4-diaminobenzene synthesized by the AusqPd, /C-catalyzed
dehydrogenation of FA and the hydrogenation of 1,5-diisopropoxy-2,4-dinitrobenzene.
Reaction conditions: AuggPdg,/C (2.5 mol%), 1,5-diisopropoxy-2,4-dinitrobenzene (1
mmol), NMP (3 mL), and FA (10 mmol), 80 °C, 2 h. (C) The AuPd NP size de-
pendent yields of bis-imine formed by the AugoPdg,/C-catalyzed condensation of 1,5-
diisopropoxy-2,4-diaminobenzene and benzaldehyde. Reaction conditions: AusyPdg,/C (2.5
mol%), 1,5-diisopropoxy-2,4-diaminobenzene (1 mmol), benzaldehyde (2.1 mmol), NMP (3
mL), 80 °C, 3 h.

To understand why the formation of PBO in the one-pot reaction depends on the size of
AuPd NPs, we analyzed the model reaction of FA-induced reduction of 1,5-diisopropoxy-2,4-
dinitrobenzene and the amine condensation with benzaldehyde (Figure 6.3A) in three re-
action steps: FA dehydrogenation, reduction of the nitro groups, and condensation of the
diamine with aldehyde. From the NP size-dependent dehydrogenation of FA (Figure 6.8A),

we can see that the 4 nm NP catalyst provides the highest initial TOF value. As the
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size increases, the activity drops and the TOF decreases from 223 to 170 h™'. A sim-
ilar trend is observed for the hydrogenation of 1,5-diisopropoxy-2,4-dinitrobenzene (Fig-
ure 6.8B). However, for the condensation of two equivalents of benzaldehyde with 1,5-
diisopropoxy-2,4-diaminobenzene, larger NPs (8 and 10 nm) are more efficient, and 8 nm
NPs are the best catalyst for the reaction (Figure 6.8C), which is consistent with what we

observed in Figure 6.3C and in the PBO synthesis.
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Figure 6.9 Strain distributions on the AusqPds; NPs and free energy diagrams of the three
reaction steps. (A) Atomistic model of AuszqPdg; NP. (B) Color-coded strain distribution
on the (111) facets of AuPd NPs with different diameters. (C) Average surface compression
on the NPs as a function of their diameter. (D) Free energy diagram for the FA dehydro-
genation on the (111) surface of the NP under zero strain (black) and 2% compression (red).
(E) Free energy diagram for the hydrogenation of 1,5-diisopropoxy-2,4-dinitrobenzene on
the NP under zero (black) and 2% compression (red). (F) Free energy diagram for the
condensation of 1,5-diisopropoxy-2,4-diaminobenzene and benzaldehyde on the NP under
zero (black) and 2% compression (red). The adsorption geometries are shown in the insets:

yellow, cyan, gray, blue, red, and white spheres represent Au, Pd, C, N, O, and H atoms,
respectively.

FA dehydrogenation on metal surfaces has been studied by DFT,3® which indicates that
H* binds too strongly on pure Pd (111), but too weakly on pure Au (111). Using com-
bined classical MM3? and DFT simulations, we can elucidate the observed size-dependent
polymerization on the AuPd NPs. From the strain distribution on the AusoPdg; NP (111)

surface (Figure 6.9A), we find that the smaller NPs exhibit a higher degree of compression
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(Figure 6.9B), and the average surface compression on 4, 6, 8, and 10 nm AugqPd; NPs is
1.37, 1.08, 0.86, and 0.66%, respectively (Figure 6.9C). The free energy diagrams are cal-
culated to estimate the overpotential for each reaction step (Figure 6.9D-F). We find that
on an AuPd slab without the compressive strain, the metal surface binds H* too strongly,
resulting in a high overpotential of 0.62 V; on an AuPd surface with 2% compression, the
overpotential is lowered to 0.5 V. Since 4 nm NPs have the largest surface compression
of 1.37%, they should be the most active catalyst for FA dehydrogenation. In the -NO,
hydrogenation reaction step, migration of surface H* towards O-NO is the only endother-
mic reaction step (Figure 6.9E); the surface compression decreases the migration energy
barrier and promotes the hydrogenation reaction. Thus, the smaller the NPs (4 nm in the
study), the higher the activity. In the condensation reaction step, the formation of the
C-N bond is the rate-determining step, which is also enhanced by the surface compression
thanks to weakened adsorption of the amino and carbonyl groups (Figure 6.9F). On the
other hand, the condensation reaction involves two large molecules (amine and aldehyde),
requiring larger NPs for the reaction (Figure 6.10). Otherwise, the reactants are too close
to the under-coordinated edge sites, lowering the reaction activity.4? By taking both strain
and geometric factors into consideration, we conclude that 8 nm NPs are the most active

for catalyzing the condensation and further polymerization reactions.

6.4 Conclusion

We report a new NP-based catalytic approach to synthesize functional polymers with con-
trolled polymerization, purity and properties. Using the rigid organic polymer PBO as the
model system, we have demonstrated that AuPd alloy NPs are especially efficient catalyzing
multiple chemical reactions in one-pot, including FA dehydrogenation, nitro-hydrogenation
and amine/aldehyde condensation, to form PBO. The AuPd NPs show both size and com-

position dependent catalytic polymerization, and 8 nm AusgPdg; NPs are the most efficient



163

8 nm 10 nm

Figure 6.10 Atomic structures of the DFT optimized amino and carbonyl groups on the
MM optimized AuPd TO (111) surfaces. Yellow, cyan, gray, blue, red, and white spheres
represent Au, Pd, C, N, O, and H atoms, respectively.

catalyst for the formation of PBO (Mw = 3.6 kDa). The PBO shows excellent thermal sta-
bility up to 600 °C, which is comparable to commercial PBO (Zylon®, Mw = 40 kDa). More
importantly, this lighter PBO exhibits much improved chemical and mechanical stability
compared to Zylon® after exposure to water and DMSO under either ambient or boiling con-
ditions. Our new synthesis solves the long-standing PBO purity and degradation problems
by demonstrating that the AuPd NP catalyzed one-pot reaction is key to obtaining highly
pure PBO, and chemical purity is essential for the PBO to maintain its thermomechanical
stability. The NP catalyzed reaction is not limited to the formation of PBO, and we are
actively working to extend this method as a general approach to highly pure rigid organic
polymers for broad ballistic fiber, anti-flame, smart-textile and ionic/separation membrane

applications.
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6.5 Experimental section

Synthesis of 4 nm Au seeds 0.2 g HAuCl, was dissolved in 10 mL of tetralin and 10
mL of OAm at 4 °C under Ar flow and vigorous magnetic stirring. 0.5 mmol of BBA was
dissolved in 1 mL of tetralin and 1 mL of OAm via sonication. The solution was then
injected into the HAuCl, solution. The mixed solution was then stirred for 1 h at 45 °C
before 40 mL of acetone was added to collect Au NPs via centrifugation (8500 rpm, 8 min).
The product was dispersed in 20 mL hexane, precipitated out by adding 40 mL of ethanol

and centrifugation, and re-dispersed in hexane.

Synthesis of 6 nm Au seeds 0.2 g HAuCl, was dissolved in 10 mL of tetralin and 10
mL of OAm at 4 °C under Ar flow and vigorous magnetic stirring. 0.5 mmol of BBA was
dissolved in 1 mL of tetralin and 1 mL of OAm via sonication. The solution was then
injected into the HAuCl, solution. The mixed solution was then stirred for 1 h at 4 °C
before 40 mL of acetone was added to collect Au NPs via centrifugation (8500 rpm, 8 min).
The product was dispersed in 20 mL hexane, precipitated out by adding 40 mL of ethanol

and centrifugation, and re-dispersed in hexane.

Synthesis of 8 nm Au seeds 30 mg of 6 nm Au NPs was added to a solution made
from 10 mL ODE, 10 mL OAm and 0.1 g HAuCl, at room temperature under Ar flow and
vigorous magnetic stirring. The reaction solution was then heated to 80 °C at 5 °C/min
and kept at this temperature for 2 h. The reaction solution was cooled down to room
temperature and the 8 nm Au NP product was separated as described in the synthesis of 6

nm Au NPs.

Synthesis of 10 nm Au seeds 30 mg of 8 nm Au NPs was added to a solution made
from 10 mL ODE, 10 mL OAm and 0.12 g HAuCl, at room temperature under Ar flow and
vigorous magnetic stirring. The reaction solution was then heated to 80 °C at 5 °C/min

and kept at this temperature for 2 h. The reaction solution was cooled down to room
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temperature and the 8 nm Au NP product was separated as described in the synthesis of 6

nm Au NPs.

Seed-mediated synthesis of AuggPdg;/C from 4 to 10 nm 76 mg of Pd(acac),,
15 mL OAm, and 0.30 mL OAc were mixed under N, at 70 °C for 30 min to form a clear
solution. Then 18 mg of Au seeds from 4 to 10 nm dispersed in 2 mL hexane was dropped
into the solution. The solution was heated to 260 °C at 2 °C/min and kept at 260 °C
for 1 h before it was cooled to room temperature. The AusqPds; NPs were separated by
adding 100 mL ethanol and centrifuging at 9500 rpm for 8 min. The product was purified
by dispersing in hexane and flocculating with ethanol, and precipitating by centrifugation
(9500 rpm, 8 min). The purification process was repeated once, and the final NP product
was redispersed into hexane for further use. 10 mg of AugoPd;; NPs were dissolved in
hexane in a 20 mL vial and 20 mg of Ketjen carbon support was carefully added to it.
This colloidal mixture was sonicated for 2 h. The reaction mixture was then cooled down
to room temperature. 30 mL of ethanol was added, and the mixture was centrifuged at
8000 rpm for 8 mins. This procedure was repeated twice. The AuggPdg;/C NPs were
recovered by adding acetone. Acetone was evaporated and the resultant AusqPdg, /C NPs
were weighed, followed by annealing under 95% Ar + 5% H, at 500 °C for 10 mins, which

gave AugaPdy, /C NPs with different sizes for further study.

Synthesis of 1,5-diisopropoxy-2,4-dinitrobenzene To a mixture of potassium car-
bonate (5.5 g, 40 mmol) and 2-propanol (40 mL), 1,5-difluoro-2,4 dinitrobenzene (2.04 g, 10
mmol) was added while stirring under nitrogen. After reacting for 2 days at room temper-
ature, a generated precipitate was filtered and then rinsed several times with water. The
obtained solid was dried at 80 °C for 12 h in a vacuum to provide a yellow powder (2.243
g, 79%).
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Synthesis of pre-PBO precursor Under a nitrogen atmosphere, 1,5-diisopropoxy-2,4-
dinitrobenzene (0.284 g, 1.0 mmol) was dissolved in NMP (3 mL), to which terephthalalde-
hyde (0.134 g, 1.0 mmol), formic acid (10 mmol) and AuPd/C (30 mg, 7%) were added,
and then the mixture was stirred at 80 °C for 24 h. The solution was poured into 80
mL of methanol to produce a precipitate, which was filtered and rinsed several times with
methanol. The obtained solid was then dried at 80 °C for 24 h in a vacuum to produce a

dark purple powder (0.336 g, yield 93%).

Conversion of pre-PBO to PBO The pre-PBO was heated at 300 °C under a N2

atmosphere for 6 h to ensure complete conversion to PBO.

Stability test of the PBO and Zylon at room temperature The PBO (100 mg) and
Zylon (100 mg) was immersed in different solvents (10 mL) and stored at room temperature

for a month. After that, the solid was filtered and dried at 80 °C for 24 h under vacuum.

Stability test of the PBO and Zylon in boiling water The PBO (100 mg) and Zylon
(100 mg) was boiled in water at 100 °C for 5 days. After that, the solid was filtered and

dried at 80 °C for 24 h under vacuum.

Fabrication of PBO films The PBO or Zylon (500 mg) was dissolved in methanesulfonic
acid at 80 °C for 5 h. The solution was then cast on a glass substrate to obtain a thin film,
which was dried at 80 °C for 3 h and 130 °C for 3 h. The film was peeled off the glass
substrate by immersing the substrate in water. The obtained film was dried at 80 °C for

12 h under vacuum for further mechanical tests.

DFT calculation DFT calculations were performed using the Vienna ab initio Simula-
tion Package (VASP) with the projector-augmented wave pseudopotentials. The exchange-
correlation interaction was described by Perdew-Burke-Ernzerhof (PBE) functional. A
plane-wave energy cutoff of 400 eV was used for all calculations. The Au/Pd (111) sur-

face for FA dehydrogenation was modeled by a four-atomic-layer slab (64 atoms). For
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the hydrogenation of nitro groups and the condensation of amino and carbonyl groups, a
three-atomic-layer slab (144 atoms) was adopted. The adjacent computational slabs were
separated by a 15 A vacuum in the normal direction of the surface. The atoms in the top two
layers were fully relaxed, while the rest of the atoms were fixed in the equilibrium positions.
The Brillouin-zone was sampled with a 3 x 3 x 1 k-mesh according to the Monkhorst-Pack

scheme. The free energy of reaction intermediate was calculated as:
G = Eppr+ ZPE + /deT ~TS (6.1)

where Eppp is the total energy of the surface with the intermediate. ZPE, Cp, and -TS
are the zero-point energy, heat capacity, and entropy corrections calculated based on the
molecular vibration analysis at T = 300 K. We assume that any changes in the vibrations

of the metal surface caused by the adsorbate are minimal.
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