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ABSTRACT

The synthesis of ureas and carbamates has been accomplished using a wide variety of
approaches over the past several decades. However, the development of such methods continues
to be an important research topic as a result of advancing technology as well as efforts to reduce
cost and environmental impact. Bao ef al. (2018) previously reported a new synthetic method for
aryl ureas and carbmates which is defined by the combination of benzoyl chloride with various
nucleophilic starting materials. However, several disadvantages have been identified with the use
of benzoyl chloride which can compromise product yield. Therefore, a revised method which
replaced the role of benzoyl chloride with the combination of a carboxylic acid and HATU was
developed. Once the parameters of the HATU method had been optimized, its versatility was
tested through the synthesis of twenty aryl ureas and five aryl carbamates. In addition, ten of the
twenty aryl ureas were synthesized a second time using a different combination of starting
materials in order to better understand how reagent selection affects product yield. Although
none of the aryl carbamate yields exceeded 70%, several aryl urea yields above 90% were
obtained. After testing of the HATU method was completed, its alternative application as an
approach to primary amine synthesis was briefly explored by using water as the nucleophilic
starting material. However, all attempts to optimize the application resulted in negligible product
formation. Afterwards, a total synthesis for the anticancer drug Sorafenib was designed using
aspects of the HATU method. However, employment of the total synthesis revealed that only the
Sorafenib precursors could be successfully prepared through this approach. It is possible that the
effectiveness of the HATU method could be improved with additional refinements to both the
synthetic and purification procedures. Also, its use in amine preparation and the total synthesis of

drugs requires further investigation before such applications can be considered practical.
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1. INTRODUCTION
1.1 Overview of Ureas and Carbamates

Ureas and carbamates are carbonyl functional groups in which both a-carbon atoms are
replaced with heteroatoms. Although these functional groups are structurally similar, the
nitrogen atoms that occur at both a-positions in ureas causes their physical and chemical
properties to resemble those of amides. However, the presence of a second a-nitrogen atom
causes ureas to have three main resonance structures instead of two, granting them higher
stability under acidic and basic conditions as well as greater resistance to hydrolysis (Figure
1.1). In contrast, only one a-position is occupied by a nitrogen atom in carbamates while the
other contains an oxygen atom. This results in carbamates having physical and chemical
properties that are not unlike those of esters.' Since carbamates are restricted to having two
main resonance structures, their stability under acidic and basic conditions is inferior to that of
ureas and therefore, carbamates are more susceptible to hydrolysis. Furthermore, the absence of
nitrogen atoms at the a-positions of esters prevents the existence of resonance structures, causing
them to be hydrolyzed more readily than carbamates. However, the hydrolysis of ureas,
carbamates, and esters can all readily occur through metabolic processes.'

O o]
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I I ! !
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R, Alkyl or Aryl Group, Heterocycle with R,

Figure 1.1 - Urea and carbamate resonance structures.



In addition to providing higher stability, the greater electron delocalization in ureas
allows them to engage in stronger dipole-dipole interactions than carbamates, especially
hydrogen bonding. Along with the carbonyl oxygen atom, the a-nitrogen atoms in ureas are able
to form hydrogen bonds if they are non- or mono-substituted."? Also, these ureas are able to self-
associate in solution since they contain hydrogen bond donors and acceptors. This self-
association is enhanced when one or both a-nitrogen atoms are aryl-substituted since the
extensive conjugated m-electron system reduces electron density near the adjacent hydrogen
atoms, allowing the formation of stronger hydrogen bonds as a result. However, self-association
is limited in polar solvents since hydrogen bonding also occurs between urea and solvent
molecules, causing the former to be dissolved.**?

Unlike non- or mono-substituted a-nitrogen atoms in ureas, di-substituted a-nitrogen
atoms cannot engage in hydrogen bonding since they do not share bonds with hydrogen atoms
and are often too obstructed to interact with those in other molecules. Also, the absence of
hydrogen bond acceptors in these ureas inhibits self-association. Finally, the higher lipophilicity
of these ureas causes them to be more soluble in non-polar solvents, especially if the substituents
are large in size or have branched molecular structures.">* Although the hydrogen bonding
capability of carbamates is similar to that of ureas, it is also more restricted since hydrogen
atoms in adjacent molecules are unable to interact with the substituted a-oxygen atom that
occurs in place of a second a-nitrogen atom (Figure 1.2). Therefore, ureas generally have higher

boiling points and water solubility than carbamates.'
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Figure 1.2 - Influence of methyl group substitution on hydrogen bonding ability of a-nitrogen
atoms in ureas and carbamates.

The hydrogen bonding capabilities of ureas as well as carbamates have found countless
applications in medical and related fields. For example, the presence of urea, carbamate, and
amide monomers in foldamers allow these oligomers to take on secondary structures that are not
unlike those adapted by proteins (Figure 1.3).%7 Therefore, foldamers are able to interact with
various biomolecules in similar ways. In addition, the option to assemble a foldamer backbone
using any combination of these carbonyl functional groups grants greater control over the
conformations that comprise secondary structures.®’ This advantage has resulted in the
development of foldamers which are specifically designed to alter the function of DNA, inhibit

interaction between proteins, and mimic the molecular structure of antimicrobial peptides.®
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Figure 1.3 - Secondary structures of foldamers containing ureas and carbamates.

The self-association of ureas containing primary or secondary nitrogen atoms can
occur through two main patterns of intermolecular hydrogen bonding (Figure 1.4). The chain
pattern of hydrogen bonding results in a sequence of connected urea molecules that are oriented
in the same direction. In contrast, the ribbon pattern of hydrogen bonding results in a sequence of
connected urea molecules that are alternately oriented in opposing directions. Urea self-
association through hydrogen bonding in a chain pattern has been employed as a method of
physical cross-linking between gelators in various supramolecular gels.”!® As a result, the
mechanical properties of supramolecular gels are highly responsive to changes in environmental
conditions such as temperature, pressure, and acidity as well as the variation of sound intensity.
This allows for a high amount of control over the incorporation and release of guest molecules,
demonstrating the potential of these gels in drug delivery.'1213:1415
In contrast, urea self-association through hydrogen bonding in a ribbon pattern has found

use in the construction of host complexes which can contain guest molecules. Many of these

complexes consist of ureas as well as ions and other functional groups.'®!” However, guest



molecules can also be hosted within crystals of pure urea. Also, it must be noted that although
pure urea adopts a tetragonal crystal structure, a hexagonal crystal structure is favoured when
incorporating a guest molecule. The formation of this polymorph allows cylindrical tunnels to
form within the crystal structure where the guest molecules can be hosted.'®!” Also, the
molecular framework surrounding the guest molecules has demonstrated the ability to protect
them against moisture-induced degradation as well as improve their water solubility. However,
these abilities are strongly affected by factors such as the size and shape of the guest molecule as
well as its interaction with the molecular framework. Nevertheless, the potential application of

this polymorph in drug preservation and transport is clearly evident.?%2!

o
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Figure 1.4 - Hydrogen bonding patterns leading to self-association of ureas containing mono-
substituted a-nitrogen atoms.

The transformation of amino groups into carbamates has long been used in peptide
synthesis to protect a-nitrogen atoms from side reactions. Many carbamates are particularly
useful as protecting groups due to their reactivity and stability under specific conditions (Figure
1.5).% For example, N*-Boc is stable under basic conditions while N*-Fmoc is much less
reactive under acidic conditions. However, both N*-Fmoc and N*-Boc are generally resistant to

hydrogenolysis. In contrast, N*-Cbz exhibits stability near neutral conditions, but is highly



susceptible to hydrogenolysis.?? These variations in reactivity allow carbamates to be used
orthogonally in peptides. Also, it should be noted that many preferred approaches to their
removal involve cleavage of the bond shared by the a-oxygen atom and adjacent -carbon atom.
This is due to the formation of an unstable carbamic acid intermediate which conveniently

decomposes into carbon dioxide and the unprotected amino group.??

oot o O “‘{N*ofo

N°-Boc N°-Cbz N°-Fmoc

Figure 1.5 - Carbamates used for amino group protection in peptides.

Although the stability of ureas and carbamates has contributed to their importance in drug
design, each functional group has also been found to be especially useful for certain applications.
This can be illustrated by noting that carbamates often act as the site of metabolic activation in
prodrugs due to their higher susceptibility to hydrolysis while the superior hydrogen bonding
potential of ureas makes them suitable for enhancing interactions between drugs and
receptors.?324232627 I addition to these applications, the molecular structures of ureas and
carbamates can be designed to influence specific chemical properties of the drugs that they
partially comprise. For example, the lipophilicity and stereochemistry of a drug which contains
one or more of these functional groups can be modified by varying the degree of substitution at
the a-positions as well as the size of the substituents. This has proven useful when adjustments
to drug permeability and absorptivity in the human body are required.?*?>?%2%3% As a result, both
functional groups can be found in the molecular structures of drugs that treat a wide range of
diseases and disorders. This includes drugs that are classified as anti-inflammatories,

antiretrovirals, and antihypertensives (Figure 1.6).23:2%-31:32.33



Zafirlukast Celiprolol
(Anti-inflammatory) (Antihypertensive)

Ritonavir
(Antiretroviral)
Figure 1.6 - Drugs containing ureas or carbamates.
1.2 Synthetic Techniques for Ureas and Carbamates
The oldest synthetic techniques for ureas and carbamates were reported in the nineteenth
century (Scheme 1.1).The earliest known synthesis of urea was achieved in 1828 by the German
chemist Friedrich Wohler. Wohler discovered that the combination of silver cyanate and
ammonium chloride in aqueous solution would generate urea when heated. In addition, the
reaction was the first recorded synthesis of an organic product that was prepared using only
inorganic starting materials.>**> Wohler has also been credited with preparing ethyl carbamate in
1845 along with his colleague, Justus von Liebig. This was accomplished by dissolving urea in
ethanol and heating the solution.*®*” Approximately four decades later, Aleksandr Bazarov was
able to prepare urea by heating ammonia and carbon dioxide gases under high pressure. This
reaction initially results in the formation of ammonium carbamate as an intermediate which can
then dissociate into urea and water through dehydration, following the removal of heat. The
successful optimization of this reaction in subsequent years has caused it to be employed on a

commercial scale.’*38
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Scheme 1.1 - Early synthetic techniques for preparation of ureas and carbamates.

Phosgene is a gas discovered by John Davy in 1812 which has been commonly used to
prepare ureas and carbamates on various scales.’® This is achieved by first combining phosgene
with a primary amine, secondary amine or alcohol. The intermediate which subsequently forms
is dependent on the identity of the nucleophile (Scheme 1.2). For example, the addition of a
primary amine to phosgene causes the formation of an isocyanate intermediate while the use of a
secondary amine leads to a carbamoyl chloride intermediate instead. Similarly, the reaction
between phosgene and an alcohol results in a chloroformate intermediate.>® Afterwards, the
formation of a urea can be achieved by combining a secondary amine with an isocyanate or
carbamoyl chloride intermediate. In contrast, a reaction between an alcohol and either of these
intermediates results in a carbamate. However, it is also possible to form a carbamate by
combining a secondary amine with a chloroformate intermediate.*® Although this demonstrates
the versatility of phosgene as a starting material, the gas is highly toxic and difficult to handle.
This problem has been partially solved by the use of liquid or solid derivatives, including di- and
triphosgene.> Nevertheless, other methods of urea and carbamate preparation are continuously

being developed for the purposes of safety as well as environmental sustainability. 404142
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Scheme 1.2 - Synthetic pathways for ureas and carbamates involving phosgene.

The preparation of ureas and carbamates from isocyanate intermediates has been
employed repeatedly for industrial as well as research purposes. However, the preparation of
isocyanates can be hazardous even when phosgene is not among the starting materials. This is
due to many isocyanates also exhibiting a high level of toxicity.>* As a result, many modern
synthetic techniques incorporate Curtius, Hofmann, or Lossen rearrangements since these

reactions are also able to form isocyanates in solution, preventing their direct handling (Scheme



1.3).4344% However, all three reactions must be performed in the absence of moisture. This is
due to the side reaction that can occur from the combination of water and isocyanate which
results in the formation of a carbamic acid that subsequently dissociates into a primary amine

and carbon dioxide through decarboxylation.*®
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H H H R
Hofmann Rearrangement
0 0 O O 0
o MO, oo
-0, T RSO, 0 T
H H Ri

Lossen Rearrangement

R, = Alkyl or Aryl Group
R, = Alkyl or Aryl Group

Scheme 1.3 - Reaction mechanisms for Curtius, Hofmann, and Lossen rearrangements.
The Curtius rearrangement is conducted by simply heating an acyl azide to a sufficient
temperature which results in conversion to its isocyanate derivative and nitrogen gas as a by-

t.46

product.”® However, azides must be used with extreme caution since they are capable of

exploding when exposed to rapid changes in temperature or pressure. In addition, azide salts can

t.47 Fortunately, the danger of explosion can be reduced by

explode if disturbed by a strong impac
using liquid azides such as DPPA and maintaining mild reaction conditions.*® Unlike the Curtius
rearrangement, the Hofmann rearrangement is initiated by the addition of a hypobromite to a

primary amide.*¢ Although hypobromites are not explosive, their preparation requires the

combination of a hydroxide salt with liquid bromine, the latter of which emits toxic vapour at
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room temperature due to its high volatility.* In order to circumvent the use of liquid bromine,
hypobromites can be substituted with similar reagents such as hypervalent iodobenzenes.’
Alternatively, the Lossen rearrangement can be employed for isocyanate preparation instead
since commencement of the reaction only requires deprotonation of the O-acyl hydroxamate
starting material by a base such as a hydroxide.*® Also, like primary amides, O-acyl
hydroxamates do not share the risk of explosion that is associated with acyl azides.
Unfortunately, the hydroxamic acid precursors from which O-acyl hydroxamates are
traditionally prepared have low commercial availability. Therefore, the use of other hydroxamate
analogues prepared from more accessible precursors such as a carboxylic acid is often
preferred.’!%%3
1.3 Coupling Reagents

The direct conversion of a carboxylic acid to a hydroxamate by combining it with a
hydroxylamine derivative cannot be easily achieved under mild reaction conditions.’** This is
partly due to the low electrophilicity of the carbonyl carbon atom in the carboxylic acid which
limits the rate of nucleophilic attack by the hydroxylamine acid derivative. In addition, the
hydroxyl group which is released upon nucleophilic attack has low stability in anionic form and
can form other reactive by-products such as water, making it a poor leaving group.36-37-3:39:60
Therefore, the hydroxyl group must be converted into a moiety which is highly stable as an anion
and capable of enhancing the electrophilicity of the carbonyl carbon atom through electron
density removal. This can be achieved by combining the carboxylic acid with a coupling reagent
prior to the addition of the hydroxylamine derivative, resulting in the formation of an activated

derivative of the precursor (Scheme 1.4).657-58.59.60
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Scheme 1.4 - Reaction mechanism for conversion of carboxylic acid to O-acyl hydroxamate
using hydroxylamine derivative and DCC coupling reagent.

Coupling reagents were first developed in the middle of the twentieth century, beginning
with carbodiimides such as DIC and DCC.%!:%263 These particular coupling reagents were
frequently employed in reactions that led to amide bond formation between peptides. However,
their use was often found to cause product epimerization when the carboxyl group contained a
chiral a-carbon atom. This was due to the frequent cyclization of the activated derivative into an
oxazolone which can exist as one of two epimers under basic conditions, allowing a nucleophilic
attack by the amino group to occur on either.%** Product epimerization was later found to be
minimized through the addition of a 1 H-benzotriazole since this interfered with the formation of
the oxazolone. Also, it was discovered that the 1 H-benzotriazole stabilized the approach of the
amino group toward the activated derivative of the carboxyl group through hydrogen bonding,

resulting in a higher amount of product formation (Scheme 1.5).61:63.65:66
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Scheme 1.5 - Amide bond formation between peptides using DIC coupling reagent with and
without HOBt additive.

Although HOBt was initially the preferred 1H-benzotriazole additive for reactions that
formed amide bonds using a carbodiimide coupling reagent, its popularity was later overtaken by
HOAt which was found to reduce product epimerization even more efficiently. Also, the further
improvement in product formation was attributed to the nitrogen atom in the pyridine moiety of
HOAL since it allowed more hydrogen bonding to occur with the amine starting material than
was possible with HOBt.5!%7 The effectiveness of these additives eventually led to the
development of salt-based coupling reagents such as HATU and HBTU that each contain a 1H-
benzotriazole moiety in their molecular structures. Therefore, the employment of these coupling
reagents in reactions that result in amide bond formation eliminates the need to add a 1H-
benzotriazole separately.’* However, the early decades of the twenty-first century have
revealed that many 1H-benzotriazoles are explosive under certain conditions, even when
incorporated into coupling reagents.®!*>’* Therefore, efforts to prepare other effective additives

and coupling reagents without a 1 H-benzotriazole moiety are ongoing (Figure 1.7).7172%73
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Figure 1.7 - Coupling reagents not containing 1 H-benzatriazole moiety.
1.4 Carboxylic Acid Reactivity

The steric hindrance and electron density near the carbonyl carbon atom of a carboxylic
acid heavily influence its reactivity since it often takes on the role of an electrophile. These
factors also affect the nucleophilicity of the hydroxyl group once it is deprotonated. Furthermore,
the electron density surrounding the hydroxyl group determines how readily it can be
deprotonated.'”’* When a carboxylic acid is transformed into O-acyl hydroxamate using a
coupling reagent that contains a 1H-benzotriazole moiety, both the hydroxyl group and carbonyl
carbon atom participate in the reaction.®'%® Therefore, the use of various carboxylic acids
in such a reaction in order to make a yield comparison requires an understanding of
how differences in their molecular structures as well as the position and identity of
substituents can affect product formation.'”

As mentioned previously, a decrease in electron density near the carbonyl carbon atom in
a carboxylic acid increases its electrophilicity. Similarly, the removal of electron density near the
hydroxyl group enhances its acidity."’* The distribution of electron density throughout a
carboxylic acid is strongly influenced by substituents on the alkyl or aryl group which is
connected to the carboxyl group. The presence of EDGs on the alkyl or aryl group causes more
electron density to be exerted toward the carboxyl group while the presence of EWGs removes it.
Furthermore, substituents can affect electron density distribution through the inductive or

mesomeric effect (Figure 1.8)."”* However, the strength of each effect depends on the chemical
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properties of the substituent from which it originates. For example, a methyl group primarily

contributes electron density through the inductive effect while a cyano group mainly removes

electron density through the mesomeric effect.”>’¢

5 <

o S T &“/A
Inductive Effect Mesomeric Effect
With EDG With EDG

il N 1 o

CI‘§(6/U\OH NSC/\/U\OH - N§ 4\/“\
Inductive Effect Mesomeric Effect
With EWG With EWG

Figure 1.8 - Inductive and mesomeric effects exerted in carboxylic acids by substituents with
varying influences on electron density.

When present on an aryl group, all EDGs act as ortho,para-directors of electron density
and most EWGs act as meta-directors. However, halogen atoms also act as ortho,para-directors
despite being classified as EWGs (Figure 1.9). This is due to halogen atoms weakly contributing
electron density through the mesomeric effect while simultaneously removing it through the
inductive effect that is slightly greater in strength.”>’® Also, the positions on an aryl group to
which a substituent directs electron density can be altered if other substituents are present on the
group as well. In such cases, electron density becomes distributed based on the combined
influenced of all the substituents on the aryl group’’’ Finally, it should also be noted that the
influence of the inductive effect on electron density diminishes away from the permanent dipole
moment that causes it while the impact of the mesomeric effect remains consistent throughout

the conjugated n-electron systems over which it occurs.’
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Figure 1.9 - High electron density positions in aromatic carboxylic acids para-substituted with
EDG, halogen atom, or EWG other than halogen atom.

In addition to the influence of electron density distribution, the electrophilicity of the
carbonyl carbon atom in a carboxylic acid can be affected by intermolecular steric hindrance.”
This often results when the carboxyl group is connected to an alkyl group with a branched
molecular structure that obstructs nucleophilic attack on the carbonyl carbon atom. However,

intermolecular steric hindrance can also occur when the carboxyl group is connected to an aryl

group if one or more substituents on the latter are directly adjacent to the former.” Furthermore,

intramolecular steric hindrance exerted by these substituents can cause the bond which connects

the carboxyl and aryl groups to rotate, disrupting the planarity of the carboxylic acid (Figure
1.10). As a result, the conjugated m-electron system that extends throughout the molecule is
interrupted, inhibiting electron delocalization.”

Bond Rotation
Disrupts Coplanarity
Between Aryl and
Carboxyl Groups

t-Butyl Group Obstructs -__ .
Carbonyl Carbon Atom ¢ g
_.-Methyl Group

™, _.~~"  Obstructs Carbonyl

\/ Carbon Atom

Intermolecular Intermolecular and Intramolecular
Steric Hindrance Steric Hindrance

Figure 1.10 - Carboxylic acids exhibiting steric hindrance caused by branched alkyl group or
ortho-substituted aryl group.
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1.5 Amine and Alcohol Reactivity

The steric hindrance and electron density near the amino group of an amine as well as the
hydroxyl group of an alcohol is an important factor in their reactivity since both often act as
nucleophiles.’™ One frequently employed reaction which requires an amine or alcohol in this
role is the conversion of isocyanates into ureas or carbamates respectively.”**°-8! In such a
reaction, the different yields achieved from a particular amine and its alcohol analogue are
mainly a consequence of their atomic composition. However, the comparison of yields obtained
from various amines or alcohols requires an understanding of how product formation is affected
by their different molecular structures as well as the identity and position of substituents, as
previously indicated for carboxylic acids.'”

In general, amines exhibit a stronger nucleophilicity than their alcohol analogues due to
oxygen atoms having a higher electronegativity than nitrogen atoms which results in the stronger
retention of non-bonding electron pairs.>’* Aside from this difference, the nucleophilicity of
amines as well as alcohols is otherwise similarly influenced by electron density distribution. For
example, non-substituted aliphatic amines and alcohols often exhibit stronger nucleophilicity
than those that are aromatic.>’* This is due to the concentration of electron density near the
amino and hydroxyl groups since they are unable to act as EDGs through the mesomeric effect
when not connected to a conjugated m-electron system. However, less electron density is retained
near amino and hydroxyl groups which are connected to aryl groups due to electron
delocalization (Figure 1.11).747>76 This is in direct contrast to carboxyl groups which act as
EWGs. Nevertheless, the presence of other EDGs and EWGs on the aryl group similarly
influences the electron density distribution in aromatic amines, alcohols and carboxylic

acids.74’75’76
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Figure 1.11 - Electron density distribution in aliphatic and aromatic amines.

The classification of primary, secondary, and tertiary amines is based on the number of
alkyl or aryl groups that are connected to the nitrogen atom of the amino group. In contrast, the
distinction between primary, secondary, and tertiary alcohols refers to the number of alkyl or aryl
groups connected to the carbon atom which also shares a bond with the hydroxyl group (Figure
1.12).2 As a result, secondary as well as tertiary amines often exhibit more intermolecular steric
hindrance than secondary and tertiary alcohols. Furthermore, the high amount of intermolecular
steric hindrance obscuring the nitrogen atom in tertiary amines generally causes their
nucleophilicity to be weaker than that of primary and secondary amines.>’* However, the high
electron density near nitrogen atoms which are connected to three alkyl groups greatly
strengthens their basicity. In addition, the alkyl groups interfere with salt formation following
protonation of the nitrogen atom. As a result, such tertiary amines are often effective base

catalysts.’#8283
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Figure 1.12 - Influence of substitution on steric hindrance exhibited by amines and alcohols.

The nucleophilicity of amines and alcohols is also affected by the solvent in which they

are dissolved. For example, most amines and alcohols are able to form hydrogen bonds with the

molecules that comprise a protic solvent.?*88¢ Although this solvation aids in their solubility, it

also weakens their nucleophilicity through stabilization. Therefore, nucleophilic addition and

substitution reactions should be carried out in aprotic solvents instead.?*%38¢ Also, the use of a

polar solvent is ideal when using microwave irradiation to heat the solution in order to increase

the rate of nucleophilic attack. This is due to the ability of polar solvents to absorb microwave

radiation more efficiently than non-polar solvents.?’ Finally, it is particularly important to

minimize acidic conditions in solution when using alcohols as nucleophiles since their

protonation can result in a dehydration side reaction. Furthermore, tertiary alcohols are more

susceptible to dehydration reactions than primary and secondary alcohols due to their higher

basicity.®®
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1.6 Project Hypothesis and Objectives

As mentioned previously, ureas as well as carbamates are frequently employed in the
synthesis of drugs, foldamers, and other medically important molecules.®72%2!-2332 This has
created a demand for their preparation using efficient methods that can be applied to a wide
range of starting materials.**3%8! Previously, Bao et al. (2018) reported the synthesis of several
aryl ureas and carbamates under an argon atmosphere by combining benzoyl chloride with
various amine as well as alcohol starting materials. The reaction carried out in the synthetic
procedure commenced with the dissolution of HOSA in anhydrous DCM with the aid of DIPEA
which acted as a base catalyst. Benzoyl chloride was then added which caused the formation of a
hydroxamate that was immediately converted to an isocyanate through a Lossen rearrangement.
Finally, the isocyanate was transformed into an aryl urea or carbamate, depending on the identity
of the nucleophile that was subsequently added (Scheme 1.6). In order to drive the reaction to
completion, the reaction mixture was heated using a microwave synthesizer.*® The product was
then purified using FC and when necessary, triturated with chloroform. The yields achieved for
many of the aryl ureas exceeded 70%, although several lower yields were also reported. In
addition, all yields obtained for the aryl carbamates were below 50%.%

) 1. HOSA H

2. DIPEA N X<
c + R —— IR
DCM (Anhyd.) o)
A
Benzoyl 1°, 2° Amine Aryl Urea or
Chloride or Alcohol Carbamate
X =NH, NR,, O

R, = Alkyl or Aryl Group, Heterocycle with R,
R, = Alkyl or Aryl Group, Heterocycle with R,

Scheme 1.6 - Synthesis of aryl ureas and carbamates using synthetic procedure employed by
Bao et al. (2018).
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Although these results demonstrate that this method is versatile, it was hypothesized that
product yield could be improved by replacing the role benzoyl chloride with benzoic acid that is
subsequently transformed into an activated ester using HATU (Scheme 1.7). This postulated
improvement in product yield is based on several factors. First, benzoyl chloride is susceptible to
hydrolysis while benzoic acid is not. Therefore, the presence of any water in the reaction mixture
can inactivate a portion of the benzoyl chloride through this side reaction.’”*° Secondly, the
hydrochloric acid which forms as a by-product when benzoyl chloride is combined with HOSA
can react with the amine or alcohol that is subsequently added to the reaction mixture, reducing
its availability.””-3%°! Finally, the “OAt moiety of the activated ester that is formed from benzoic
acid and HATU is expected to reduce the energy that is required to form the hydroxamate by
stabilizing HOSA during its nucleophilic attack through hydrogen bonding.®”- In addition to the
substitution of benzoyl chloride, the solvent in which the reaction is conducted was switched
from anhydrous DCM to anhydrous MeCN since the higher polarity of the latter absorbs
radiation emitted by the microwave synthesizer more efficiently.?””> Along with these changes to
the synthetic procedure, the product was extracted into a less polar solvent such as EtOAc or
DCM and washed with water prior to the use of FC during purification. The purpose of this step

was to pre-emptively separate the product from as many highly polar impurities as possible.”>**

0 1. HATU, DIPEA H
2. HOSA N X<
Jo o+ rx oA R R,
R7 “OH 2 MeCN (Anhyd.) ?f
o o H A

Carboxylic 1 ! 2° Amine Arvi U

: or Alcohol ryl Urea or
Acid Carbamate
X = NH, NR,, O

R, = Alkyl or Aryl Group
R, = Alkyl or Aryl Group, Heterocycle with R,
R, = Alkyl or Aryl Group, Heterocycle with R,

Scheme 1.7 - Synthesis of aryl ureas and carbamates using synthetic procedure employed in
HATU method.
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The first step of the proposed reaction mechanism begins with the consecutive addition of
a carboxylic acid starting material, followed by HATU, and finally, DIPEA. The reaction is
initiated by the deprotonation of the hydroxyl group in the carboxylic acid by DIPEA. The
anionic oxygen atom then acts as a nucleophile, attacking the central carbon atom in the
guanidinium moiety of HATU, causing the release of “OAt. A nucleophilic attack on the
carbonyl carbon atom by the anionic oxygen in “OAt, immediately follows, resulting in the
concurrent formation of an activated ester and TMU by-product (Scheme 1.8).
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Scheme 1.8 - First step of proposed reaction mechanism for synthetic procedure employed in
HATU method.

The second step of the reaction mechanism commences through the addition of HOSA.
The amino group of HOSA acts as a nucleophile which attacks the carbonyl carbon atom of the
activated ester, transforming it into a hydroxamate while “OAt is once again released. A Lossen
rearrangement is then promptly initiated through the deprotonation of the nitrogen atom in the
hydroxamate by the anionic oxygen in "OAt. This converts the hydroxamate to an isocyanate
while simultaneously forming HOAt by-product. Upon formation of the isocyanate, the nitrogen
atom is deprotonated by HSO4 which had been released from the hydroxamate during the

Lossen rearrangement, resulting in sulfuric acid by-product (Scheme 1.9).
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Scheme 1.9 - Second step of proposed reaction mechanism for synthetic procedure employed in

HATU method.

The third step of the reaction mechanism begins when the amine or alcohol starting

material is added. A nucleophilic attack by the amino or hydroxyl group occurs on the carbon

atom of the isocyanato group in the isocyanate, forming a zwitterion of the aryl urea or

carbamate product. The zwitterion is quickly converted to a neutral molecule through an

intramolecular proton transfer from the cationic nitrogen or oxygen atom to the anionic nitrogen

atom (Scheme 1.10).
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Scheme 1.10 - Third step of proposed reaction mechanism for synthetic procedure employed in

HATU method.

The first objective of the project was the optimization of the HATU method in order to

maximize product yield. This optimization was carried out through the repeated synthesis of
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N,N’-diphenylurea from benzoic acid and aniline while varying parameters such as reagent
proportions as well as reaction conditions. The parameters which resulted in the highest yield
of N,N’-diphenylurea were then used for all subsequent reactions involving the HATU method,
except where noted. The second objective of the project was the preparation of several aryl
ureas using benzoic acid and various amines as starting materials. Similarly, the third objective
of the project was the preparation of several aryl carbamates using benzoic acid and
various alcohols as starting materials. The preparation of each aryl urea and carbamate was done
in duplicate. Also, the yield reported herein for each product corresponds to the higher yield
obtained from each pair of reactions. Among the aryl ureas and carbamates synthesized
were those which had been previously prepared by Bao et al. (2018). Therefore, completion of
these reactions not only provided insight into the versatility of the HATU method, but also
allowed for direct comparisons to be made with the method employed by Bao et al. (2018).
Although many of the strengths and limitations of the HATU method were revealed
through the variation of the amine as well as alcohol starting materials, it was determined that
the use of different carboxylic starting materials was also necessary in order to gain a better
understanding of how their chemical properties affect product yield. Therefore, the fourth
objective of the project was the preparation of additional ureas using various carboxylic acids
and aniline, many of which had already been synthesized from benzoic acid and certain amines.
Once again, the preparation of each aryl urea was done in duplicate and only the higher yield
obtained from each pair of reactions was reported herein. The preparation of several aryl ureas
using two different combinations of starting materials provided an opportunity to determine
which was more appropriate for the synthesis of each product based on comparisons between

product yields.
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Once the preparation of the additional aryl ureas had been completed, the fifth objective
of the project shifted focus to the evaluation of primary amine synthesis as an alternative
application for the method. The potential for primary amine preparation through the HATU
method exists since such products could be formed by using water as the nucleophilic starting
material. Unlike the addition of an amine or alcohol, the addition of water results in the
isocyanate being converted to a carbamic acid which subsequently dissociates into carbon
dioxide and the primary amine (Scheme 1.11).%¢ In order to determine the effectiveness of the
HATU method as an approach to primary amine synthesis, a few attempts to prepare aniline
from benzoic acid and water were carried out using slightly different parameters for the synthetic

as well as purification procedures.
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Scheme 1.11 - Alternative third step of proposed reaction mechanism for synthetic procedure
employed in HATU method when modified for synthesis of aniline.

After the potential use of the HATU method for primary amine synthesis had been tested,
the project was concluded with a sixth objective that explored the application of the method to
drug synthesis by adapting it to an existing synthetic pathway for Sorafenib.”> Sorafenib is
marketed by Bayer and Onyx Pharmaceuticals in tosylate salt form under the brand name
Nexavar. It is mainly used to treat kidney, liver, and thyroid cancer.’®"” However, Sorafenib is
expensive to manufacture and this results in a high cost of approximately $45 per 200mg tablet
for patients. Furthermore, these tablets must be taken in 400mg doses twice each day.””® As a

result, a reduction in the manufacturing costs of this drug is extremely important in order to
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make it an economically viable option for treatment. In addition, revisions to an existing
synthetic pathway have the potential to lessen its environmental impact or expand its application
to the preparation of other products with similar molecular structures.

Previously, Kumar ef al. (2019) synthesized Sorafenib by first preparing N-[4-chloro-3-
(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea and 4-chloro-N-methyl-2-
pyridinecarboxamide as precursors. The two precursors were then connected through an aryl
ether group that forms following an SNAr reaction between the hydroxyl group of N-[4-chloro-3-
(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea and the carbon atom that shares a bond with
the chlorine atom in 4-chloro-N-methyl-2-pyridinecarboxamide.”® Since one of the precursors
used in this approach was an aryl urea, it was possible to synthesize it using the HATU method.
Also, the aryl amide precursor could be prepared through the HATU method by simply

excluding the addition of HOSA in the synthetic procedure (Scheme 1.12).

H
cl COA/\ o} ll\l:/
X (e} | B Cl H
| \ No Cl -HCI | NG
H —_— _N \,N /N
)
N X

N. H
s
Activated Methylammonium
Ester Chloride l
i OH N
NN <HOAL ¢ o+ N
v H D) NSy
Z _N H o

4-Chloro-N-methyl-2-
pyridinecarboxamide

Scheme 1.12 - Alternative second step of proposed reaction mechanism for synthetic procedure
employed in HATU method when modified for synthesis of 4-chloro-N-methyl-2-
pyridinecarboxamide.

Finally, DIPEA was employed as the base catalyst for the SnAr reaction which connected the

two precursors, despite such reactions often using alkoxide or amide bases instead due to their

higher basicity (Scheme 1.13).7>%1% [n order to compensate for the lower basicity of DIPEA,
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the reaction mixture was heated in the microwave synthesizer for 30 minutes to maximize
product formation.

All three steps involved in the total synthesis of Sorafenib were conducted in duplicate
and only the higher yield achieved for each product was reported herein. The repeated use of a
single base catalyst and certain reagents throughout this total synthesis of Sorafenib was done in
an effort to make it more cost effective by eliminating the need to purchase an entirely different
set of chemicals for each reaction. Also, it was expected that the one-pot design of the synthetic
procedure in the HATU method would maximize the yields obtained for both precursors since
there was no need to isolate any intermediates.!%!'9%1% However, it must be emphasized that
these reactions were designed to be performed on a laboratory scale and therefore, their

employment on an industrial scale would likely present additional challenges.!**10
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Scheme 1.13 - Proposed SNAr reaction mechanism for synthesis of Sorafenib from N-[4-chloro-
3-(trifluoromethyl)phenyl]-N"-(4-hydroxyphenyl)urea and 4-chloro-N-methyl-2-
pyridinecarboxamide.
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2. EXPERIMENTAL

2.1 Synthesis of N,/N’-Diphenyl Urea Under Various Conditions Using Benzoic Acid and
Aniline

The optimization of the HATU method was conducted by repeatedly preparing
N,N’diphenylurea under different conditions (Scheme 2.1). An oven-dried 10mL microwave vial
containing a magnetic stir bar was closed off by a septum cap and placed under an argon
atmosphere. Benzoic acid (1-1.25eq) was then added to the vial followed by anhydrous MeCN
(5mL). The mixture was allowed to stir for a minute and HATU (1.05-1.25eq) was then added.
Following another minute of stirring, an amine base (5eq) was added. Once a third minute had
elapsed, HOSA (1.3-1.5eq) was added to the mixture and it was left to stir for 5 minutes. Finally,
aniline (1-1.3eq) was added to the vial and the mixture was given another five minutes to stir.
The vial was then removed from the argon atmosphere and heated in a microwave synthesizer
for 5 minutes (50-100°C). The vial was allowed to reach room temperature upon removal from
the microwave synthesizer.

The reaction mixture was poured into a 250mL separatory funnel. The product was
extracted with EtOAc or DCM (25mL) and washed with water (25mL). Any product which may
have been extracted into the water was back-extracted with more of the EtOAc or DCM (25mL).
The two portions of organic solvent were then combined and washed with brine (25mL) to
remove any traces of water. The EtOAc or DCM was transferred to a 125mL flask and the
presence of residual water was further minimized by the addition of a sufficient amount of
sodium sulfate. The EtOAc or DCM was then gravity filtered to remove the sodium sulfate and
rotoevaporated, leaving the crude product.

The crude product was loaded onto silica gel (40-60pm) and purified using FC (0:100

EtOAc/Hexane, 2min. — 0:100 to 10:90 EtOAc/Hexane, Imin. — 10:90 Ethyl Acetate/Hexane,
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10min. — 10:90 to 80:20 EtOAc/Hexane, 1min. — 80:20 Ethyl Acetate/Hexane, Smin. — 80:20

to 100:0 EtOAc/Hexane, Imin. — 100:0 Ethyl Acetate/Hexane, 2min.). The product was then
transferred to a 15mL sintered glass filter funnel and further purified by trituration with sufficient

amounts of chloroform. As the trituration proceeded, the dissolved impurities were removed by

vacuum filtration.

o) NH, H H
1. HATU, Base N N
2. HOSA
SR LIol-Noaas
MeCN (Anhyd.)
A
Benzoic Aniline N,N"-Diphenylurea

Acid

Scheme 2.1 - Synthesis of N,N -diphenylurea from benzoic acid and aniline using synthetic
procedure employed in HATU method.
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2.1.1 Synthesis of N,N’Diphenylurea (Entry 1a)

N,N’-Diphenylurea was prepared from benzoic acid (114mg, 0.935mmol) and aniline
(0.07mL, 0.75mmol) according to the synthetic procedure described in Section 2.1. The product
was extracted from the reaction mixture using two 25mL quantities of EtOAc which were
subsequently combined. Purification of the product was conducted using FC followed by
trituration with chloroform, resulting in a white solid (155.5mg, 95%) being isolated. The
identity of the product was verified by comparing recorded 'H NMR and '*C NMR APT data
with that reported in the literature.®® Variations of the synthesis (Table 3.1, Entries 1b-1j) were
also carried out using different proportions and conditions.

Rr=0.74 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.66 (s, 2H), 7.45 (d, J = 7.8Hz, 4H), 7.27 (t, J = 7.6Hz, 4H),
6.96 (t, J = 7.3Hz, 2H)

13C NMR APT (101MHz, DMSO-ds): § 152.5 (C), 139.7 (C), 128.8 (CH), 121.8 (CH), 118.2
(CH)
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2.2 Synthesis of Aryl Ureas Using Benzoic Acid and Various Amines

The HATU method was used to prepare several aryl ureas by combining benzoic
acid with different amines (Scheme 2.2). An oven-dried 10mL microwave vial containing a
magnetic stir bar was closed off by a septum cap and placed under an argon atmosphere. Benzoic
acid (1.25eq) was then added to the vial followed by anhydrous MeCN (5mL). The mixture was
allowed to stir for a minute and HATU (1.25eq) was then added. Following another minute of
stirring, DIPEA (5eq) was added. Once a third minute had elapsed, HOSA (1.5eq) was added to
the mixture and it was left to stir for 5 minutes. Finally, an amine (1eq) was added to the vial and
the mixture was given another five minutes to stir. The vial was then removed from the argon
atmosphere and heated in a microwave synthesizer for 5 minutes (100°C). The vial was allowed
to reach room temperature upon removal from the microwave synthesizer.

The reaction mixture was poured into a 250mL separatory funnel. The product was
extracted with EtOAc or DCM (25-50mL) and washed with water (25mL). Any product which
may have been extracted into the water was back-extracted with more of the EtOAc or DCM
(25-50mL). The two portions of EtOAc or DCM were then combined and washed with brine
(25mL) to remove any traces of water. The EtOAc or DCM was transferred to a 125mL flask and
the presence of residual water was further minimized by the addition of a sufficient amount of
sodium sulfate. The organic solvent was then gravity filtered to remove the sodium sulfate and
rotoevaporated, leaving the crude product.

The crude product was loaded onto silica gel (40-60um) and purified using FC (0:100
EtOAc/Hexane, 2min. — 0:100 to 10:90 EtOAc/Hexane, 1min. — 10:90 Ethyl Acetate/Hexane,
10min. — 10:90 to 80:20 EtOAc/Hexane, 1min. — 80:20 Ethyl Acetate/Hexane, Smin. — 80:20

to 100:0 EtOAc/Hexane, Imin. — 100:0 Ethyl Acetate/Hexane, 2min.). The product was then
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transferred to a 15mL sintered glass filter funnel and further purified by trituration with sufficient
amounts of chloroform or hexane-chloroform (90:10, v/v). As the trituration proceeded, the

dissolved impurities were removed by vacuum filtration.

0 H Ry
R R 1. HATU, DIPEA N N\R

OH 1. ,R2 2. HOSA
e ST oyt

H MeCN (Anhyd.)

A

Benzoic Amine Aryl Urea
Acid

R, = H, Me, Heterocycle with R,
R, = Alkyl or Aryl Group, Heterocycle with R,

Scheme 2.2 - Synthesis of aryl ureas from benzoic acid and various amines using synthetic
procedure employed in HATU method.
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2.2.1 Synthesis of N-(2-Methylphenyl)-N’-phenylurea Using o-Toluidine (Entry 2a)
N-(2-Methylphenyl)-N’-phenylurea was prepared from benzoic acid (114mg,
0.935mmol) and o-toluidine (0.08mL, 0.75mmol) according to the synthetic procedure described
in Section 2.2. The product was extracted from the reaction mixture using two 25mL quantities
of EtOAc which were subsequently combined. Purification of the product was conducted using
FC followed by trituration with chloroform, resulting in a white solid (124.7mg, 76%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR
APT data with that reported in the literature.®
Rr=0.78 (70% EtOAc/Hexane)

' NMR (400MHz, DMSO-ds): 5 8.99 (s, 1H), 7.90 (s, 1H), 7.83 (d, J = 7.2Hz, 1H), 7.46 (d, J =
7.5Hz, 2H), 7.28 (t, J = 7.4Hz, 2H), 7.18-7.12 (m, 2H), 6.98-6.92 (m, 2H), 2.24 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): § 152.6 (C), 139.8 (C), 137.3 (C), 130.1 (CH), 128.7 (CH),
127.5 (C), 126.1 (CH), 122.6 (CH), 121.6 (CH), 121.0 (CH), 117.9 (CH), 17.8 (CH3)
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2.2.2 Synthesis of N-(4-Methylphenyl)-N’-phenylurea Using p-Toluidine (Entry 2b)
N-(4-Methylphenyl)-N’-phenylurea was prepared from benzoic acid (114mg,
0.935mmol) and p-toluidine (80.4mg, 0.75mmol) according to the synthetic procedure described
in Section 2.2. The product was extracted from the reaction mixture using two 25mL quantities
of EtOAc which were subsequently combined. Purification of the product was conducted using
FC followed by trituration with chloroform, resulting in a white solid (137mg, 81%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR
APT data with that reported in the literature.®
Rr=0.78 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): 5 8.58 (s, 1H), 8.51 (s, 1H), 7.44 (d, J = 7.5Hz, 2H), 7.33 (d, J =
8.4Hz, 2H), 7.27 (t, J = 7.4Hz, 2H), 7.08 (d, J = 8.2Hz, 2H), 6.95 (t, J = 7.3Hz, 2H), 2.24 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): 5 152.5 (C), 139.7 (C), 137.1 (C), 130.6 (C), 129.1 (CH),
128.7 (CH), 121.6 (CH), 118.2 (CH), 118.1 (CH), 20.3 (CH3)
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2.2.3 Synthesis of N-(3-Methylphenyl)-N’-phenylurea Using m-Toluidine (Entry 2c)
N-(3-Methylphenyl)-N’-phenylurea was prepared from benzoic acid (114mg,
0.935mmol) and m-toluidine (0.08mL, 0.75mmol) according to the synthetic procedure described
in Section 2.2. The product was extracted from the reaction mixture using two 25mL quantities
of EtOAc which were subsequently combined. Purification of the product was conducted using
FC followed by trituration with chloroform, resulting in a white solid (106mg, 63%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR
APT data with that reported in the literature.'%
Rr=0.77 (70% EtOAc/Hexane)
"H NMR (400MHz, DMSO-ds): & 8.64 (s, 1H), & 8.58 (s, 1H), & 7.445 (d, J=7.5Hz, 2H), § 7.29-
7.21 (m, 4H), 8 7.15 (t,J = 7.5Hz, 1H), 8 6.96 (t, /= 7.3Hz, 1H), § 6.78 (d, /= 7.3Hz, 1H),

§2.27 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): 5 152.5 (C), § 139.7 (C), & 139.6 (C), 8 137.9 (C), 5 128.7
(CH), & 128.6 (CH), & 122.5 (CH), & 121.7 (CH), & 118.6 (CH), & 118.1 (CH), & 115.3 (CH),
§21.2 (CHs)

35



2.2.4 Synthesis of N-(2,4-Dimethylphenyl)-V’-phenylurea Using 2,4-Dimethylaniline (Entry
2d)

N-(2,4-Dimethylphenyl)-N’-phenylurea was prepared from benzoic acid (114mg,
0.935mmol) and 2,4-dimethylaniline (0.09mL, 0.75mmol) according to the synthetic procedure
described in Section 2.2. The product was extracted from the reaction mixture using two 25mL
quantities of EtOAc which were subsequently combined. Purification of the product was
conducted using FC followed by trituration with chloroform, resulting in a white solid (132mg,
76%) being isolated. The identity of the product was verified by comparing recorded 'H NMR
and '°C NMR APT data with that reported in the literature.®’

Rr=0.79 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): § 8.90 (s, 1H), 7.81 (s, 1H), 7.65 (d, J = 8.1Hz, 1H), 7.45 (d, J =
7.5Hz, 2H), 7.27 (t, J = 7.4Hz, 2H), 6.98-6.93 (m, 3H), 2.22 (s, 3H), 2.20 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): § 153.2 (C), 140.5 (C), 135.2 (C), 132.1 (C), 131.2 (CH),

129.2 (CH), 128.3 (C), 127.0 (CH), 122.04 (CH), 121.98 (CH), 118.4 (CH), 20.8 (CH3), 18.2
(CH3)
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2.2.5 Synthesis of N-(3,4-Dimethylphenyl)-V’-phenylurea Using 3,4-Dimethylaniline (Entry
2e)

N-(3,4-Dimethylphenyl)-N’-phenylurea was prepared from benzoic acid (114mg,
0.935mmol) and 3,4-dimethylaniline (91.3mg, 0.75mmol) according to the synthetic procedure
described in Section 2.2. The product was extracted from the reaction mixture using two 25mL
quantities of EtOAc which were subsequently combined. Purification of the product was
conducted using FC followed by trituration with chloroform, resulting in a white solid (127.8mg,
71%) being isolated. The identity of the product was verified by comparing recorded 'H NMR
and '°C NMR APT data with that reported in the literature.'"’

Rr=0.76 (70% EtOAc/Hexane)
'H NMR (400MHz, DMSO-ds): & 8.60 (s, 1H), & 8.47 (s, 1H), 8 7.435 (d, J = 7.5Hz, 2H), & 7.28-
7.22 (m, 3H), 8 7.16 (dd, J = 8.1Hz, 2.2Hz, 1H), 6 7.02 (d, /= 8.2Hz, 1H), 5 6.95 (t, /= 7.3Hz,

1H), & 2.18 (s, 3H), 8 2.15 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): § 152.5 (C), 5 139.8 (C), & 137.3 (C), 8 136.3 (C), & 129.6
(CH), § 129.4 (C), & 128.7 (CH), & 121.6 (CH), 8 119.5 (CH), 5 118.0 (CH), & 115.7 (CH),
8 19.6 (CHs), & 18.6 (CHs)
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2.2.6 Synthesis of N-(2,4,6-Trimethylphenyl)-N’-phenylurea Using 2,4,6-Trimethylaniline
(Entry 2f)

N-(2,4,6-Trimethylphenyl)-N-phenylurea was prepared from benzoic acid (114mg,
0.935mmol) and 2,4,6-trimethylaniline (0.1mL, 0.75mmol) according to the synthetic procedure
described in Section 2.2. The product was extracted from the reaction mixture using two 25mL
quantities of EtOAc which were subsequently combined. Purification of the product was
conducted using FC followed by trituration with chloroform, resulting in a white solid (101.9mg,
56%) being isolated. The identity of the product was verified by comparing recorded 'H NMR
and '°C NMR APT data with that reported in the literature.®’

Rr=0.79 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): 6 8.63 (s, 1H), 7.58 (s, 1H), 7.43 (d, J = 7.5Hz, 1H), 7.24 (t, J =
7.4Hz, 2H), 6.93-6.88 (m, 3H), 2.23 (s, 3H), 2.16 (s, 6H)

13C NMR APT (101MHz, DMSO-ds): § 153.2 (C), 140.3 (C), 135.2 (C), 134.8 (C), 132.6 (C),
128.6 (CH), 128.2 (CH), 121.2 (CH), 117.8 (CH), 20.4 (CH3), 18.1 (CH3)
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2.2.7 Synthesis of N-(4-Methoxyphenyl)-NV’-phenylurea Using p-Anisidine (Entry 2g)
N-(4-Methoxyphenyl)-N’-phenylurea was prepared from benzoic acid (114mg,
0.935mmol) and p-anisidine (92.4mg, 0.75mmol) according to the synthetic procedure described
in Section 2.2. The product was extracted from the reaction mixture using two 25mL quantities
of EtOAc which were subsequently combined. Purification of the product was conducted using
FC followed by trituration with chloroform, resulting in a white solid (139.2mg, 76%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR
APT data with that reported in the literature.®
Rr=0.78 (70% EtOAc/Hexane)

!'H NMR (400MHz, DMSO-ds): 5 8.57 (s, 1H), 8.46 (s, 1H), 7.43 (d, J = 7.5Hz, 2H), 7.35 (d, J =
9.0Hz, 2H), 7.26 (t, J = 7.3Hz, 2H), 6.94 (t, J = 7.5Hz, 1H), 6.86 (d, J = 9.0Hz, 2H), 3.71 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): § 154.4 (C), 152.7 (C), 139.9 (C), 132.7 (C), 128.7 (CH),
121.6 (CH), 120.0 (CH), 118.0 (CH), 114.0 (CH), 55.1 (CHs)
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2.2.8 Synthesis of N-(4-Chlorophenyl)-/V’-phenylurea Using 4-Chloroaniline (Entry 2h)
N-(4-Chlorophenyl)-N -phenylurea was prepared from benzoic acid (114mg,
0.935mmol) and 4-chloroaniline (95.7mg, 0.75mmol) according to the synthetic procedure
described in Section 2.2. The product was extracted from the reaction mixture using two 25mL
quantities of EtOAc which were subsequently combined. Purification of the product was
conducted using FC followed by trituration with chloroform, resulting in a white solid (149.9mg,
81%) being isolated. The identity of the product was verified by comparing recorded 'H NMR
and *C NMR APT data with that reported in the literature.®’
Rr=0.77 (70% EtOAc/Hexane)

! NMR (400MHz, DMSO-ds): 5 8.78 (s, 1H), 8.67 (s, 1H), 7.49-7.43 (m, 4H), 7.33-7.26 (m,
4H), 6.97 (t, J = 7.3Hz, 1H)

13C NMR (101MHz, DMSO-ds): § 152.4 (C), 139.4 (C), 138.7 (C), 128.7 (CH), 128.5 (CH),
125.2 (C), 121.9 (CH), 119.6 (CH), 118.2 (CH)
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2.2.9 Synthesis of N-Phenyl-4-morpholinecarboxamide Using Morpholine (Entry 2i)
N-Phenyl-4-morpholinecarboxamide was prepared from benzoic acid (114mg,
0.935mmol) and morpholine (0.06mL, 0.75mmol) according to the synthetic procedure described
in Section 2.2. The product was extracted from the reaction mixture using two 50mL quantities
of DCM which were subsequently combined. Purification of the product was conducted using
FC followed by trituration with chloroform, resulting in a white solid (82.1mg, 57%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR
APT data with that reported in the literature.®
Rr=0.40 (70% EtOAc/Hexane)

'H NMR (400MHz, Chloroform-dy): 8 7.36-7.33 (m, 2H), 7.31-7.27 (m, 2H), 7.05 (t, ] = 7.2Hz,
1H), 6.42 (bs, 1H), 3.72 (t, J = 4.8Hz, 4H), 3.46 (t, J = 5.0Hz, 4H)

13C NMR APT (101MHz, Chloroform-dy): & 155.2 (C), 138.7 (C), 129.0 (CH), 123.4 (CH), 120.1
(CH), 66.6 (CH2), 44.3 (CH>)
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2.2.10 Synthesis of N-Methyl-N,N’-diphenylurea Using N-Methylaniline (Entry 2j)
N-Methyl-N,N’-diphenylurea was prepared from benzoic acid (114mg, 0.935mmol) and
N-methylaniline (0.08mL, 0.75mmol) according to the synthetic procedure described in Section
2.2. The product was extracted from the reaction mixture using two 50mL quantities of DCM
which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with a hexane-chloroform (90:10, v/v) solvent mixture, resulting in a
white solid (76.9mg, 46%) being isolated. The identity of the product was verified by
comparing recorded 'H NMR and '*C NMR data with that reported in the literature.®’
Rr=0.74 (70% EtOAc/Hexane)

!HH NMR (400MHz, Chloroform-dy): §7.49 (t, J = 7.3Hz, 2H), 7.40-7.27 (m, SH), 7.23 (t, J =
7.1Hz, 2H), 6.9 (t, J = 7.1Hz, 1H), 6.23 (bs, 1H), 3.35 (s, 3H)

13C NMR APT (101MHz, Chloroform-di): & 154.4 (C), 143.0 (C), 138.9 (C), 130.4 (CH), 128.9
(CH), 127.9 (CH), 127.5 (CH), 122.9 (CH), 119.3 (CH), 37.3 (CHs)
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2.2.11 Synthesis of N-Benzyl-N’-phenylurea Using Benzylamine (Entry 2Kk)
N-Benzyl-N’-phenylurea was prepared from benzoic acid (114mg, 0.935mmol) and

benzylamine (0.08mL, 0.75mmol) according to the synthetic procedure described in Section 2.2.

The product was extracted from the reaction mixture using two 50mL quantities of DCM which

were subsequently combined. Purification of the product was conducted using FC followed by

trituration with chloroform, resulting in a white solid (143mg, 86%) being isolated. The

identity of the product was verified by comparing recorded 'H NMR and '*C NMR APT data

with that reported in the literature.®

Rr=0.77 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.54 (s, 1H), 7.40 (d, J = 7.5Hz, 2H), 7.35-7.29 (m, 4H), 7.25-
7.20 (m, 3H), 6.89 (t, /= 7.3Hz, 1H), 6.60 (t, /= 5.9Hz, 1H), 4.29 (d, J = 5.9Hz, 2H)

13C NMR APT (101MHz, DMSO-ds): § 155.2 (C), 140.4 (C), 140.3 (C), 128.6 (CH), 128.3 (CH),
127.1 (CH), 126.7 (CH), 121.1 (CH), 117.6 (CH), 42.7 (CHz)
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2.2.12 Synthesis of N-(n-Butyl)-V’-phenylurea Using n-Butylamine (Entry 21)
N-(n-Butyl)-N’-phenylurea was prepared from benzoic acid (114mg, 0.935mmol) and n-

butylamine (0.07mL, 0.75mmol) according to the synthetic procedure described in Section 2.2.

The product was extracted from the reaction mixture using two 50mL quantities of DCM which

were subsequently combined. Purification of the product was conducted using FC followed by

trituration with a hexane-chloroform (90:10, v/v) solvent mixture, resulting in a white solid

(128.2mg, 94%) being isolated. The identity of the product was verified by comparing

recorded '"H NMR and '*C NMR APT data with that reported in the literature.®’

Rr=0.77 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.34 (s, 1H), 7.37 (d, J = 7.5Hz, 2H), 7.20 (t, J = 7.4Hz, 2H),

6.87 (t,J=7.3Hz, 1H), 6.07 (t, J=5.5Hz, 1H), 3.07 (q, J = 6.7Hz, 2H), 1.44-1.26 (m, 4H), 0.89

(t, J=7.3Hz, 3H)

13C NMR APT (101MHz, DMSO-ds): § 155.1 (C), 140.5 (C), 128.5 (CH), 120.8 (CH), 117.5
(CH), 38.6 (CH2), 31.8 (CHa), 19.4 (CH), 13.6 (CH3)
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2.2.13 Synthesis of N-(z-Butyl)-N’-phenylurea Using -Butylamine (Entry 2m)
N-(t-Butyl)-N’-phenylurea was prepared from benzoic acid (114mg, 0.935mmol) and #-
butylamine (0.08mL, 0.75mmol) according to the synthetic procedure described in Section 2.2.
The product was extracted from the reaction mixture using two 50mL quantities of DCM which
were subsequently combined. Purification of the product was conducted using FC followed by
trituration with a hexane-chloroform (90:10, v/v) solvent mixture, resulting in a white solid
(110mg, 75%) being isolated. The identity of the product was verified by comparing recorded
"H NMR and *C NMR APT data with that reported in the literature.'%®
Rr=0.74 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.21 (s, 1H), § 7.33 (d, J = 7.5Hz, 2H), 5 7.19 (t, J = 7.4Hz,
2H), § 6.86 (t, J = 7.3Hz, 1H), 8 5.97 (s, 1H), & 1.28 (s, 9H)

13C NMR APT (101MHz, DMSO-ds): § 154.3 (C), 5 140.6 (C), § 128.6 (CH), & 120.7 (CH),
§117.3 (CH), § 49.3 (C), & 29.0 (CH3)
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2.2.14 Synthesis of N-Cyclohexyl-/V’-phenylurea Using Cyclohexylamine (Entry 2n)

N-Cyclohexyl-N-phenylurea was prepared from benzoic acid (114mg, 0.935mmol) and

cyclohexylamine (0.09mL, 0.75mmol) according to the synthetic procedure described in Section

2.2. The product was extracted from the reaction mixture using two 50mL quantities of DCM
which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with a hexane-chloroform (90:10, v/v) solvent mixture, resulting in a
white solid (139.2mg, 81%) being isolated. The identity of the product was verified by
comparing recorded 'H NMR and '3C NMR APT data with that reported in the literature.'®”
Rr=0.75 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds):  8.27 (s, 1H), & 7.35 (d, J= 7.5 Hz, 2H), § 7.20 (t, J = 7.4Hz,
2H), 6 6.86 (t, J=7.3Hz, 1H), 6 6.05 (d, J = 7.8Hz, 1H), & 3.49-3.42 (m, 1H), 6 1.81-1.77 (m,

2H), § 1.67-1.63 (m, 2H), & 1.55-1.51 (m, 1H), & 1.34-1.26 (m, 2H), § 1.21-1.11 (m, 3H)

13C NMR APT (101MHz, DMSO-ds): § 154.4 (C), § 140.5 (C), & 128.6 (CH), & 120.8 (CH),
5 117.4 (CH), 5 47.5 (CH), § 32.9 (CHa), & 25.2 (CH2), & 24.3 (CHb)
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2.3 Synthesis of Aryl Carbamates Using Benzoic Acid and Various Alcohols

The HATU method was used to prepare several aryl carbamates by combining
benzoic acid with different alcohols (Scheme 2.3). An oven-dried 10mL microwave vial
containing a magnetic stir bar was closed off by a septum cap and placed under an argon
atmosphere. Benzoic acid (1.25eq) was then added to the vial followed by anhydrous MeCN
(5mL). The mixture was allowed to stir for a minute and HATU (1.25eq) was then added.
Following another minute of stirring, DIPEA (5eq) was added. Once a third minute had elapsed,
HOSA (1.5eq) was added to the mixture and it was left to stir for 5 minutes. Finally, an alcohol
(leq) was added to the vial and the mixture was given another five minutes to stir. The vial was
then removed from the argon atmosphere and heated in a microwave synthesizer for 15 minutes
(100°C). The vial was allowed to reach room temperature upon removal from the microwave
synthesizer.

The reaction mixture was poured into a 250mL separatory funnel. The product was
extracted with DCM (50mL) and washed with water (25mL). Any product which may have been
extracted into the water was back-extracted with more DCM (50mL). The two portions of DCM
were then combined and washed with brine (25mL) to remove any traces of water. The DCM
was transferred to a 125mL flask and the presence of residual water was further minimized by
the addition of a sufficient amount of sodium sulfate. The DCM was then gravity filtered to
remove the sodium sulfate and rotoevaporated, leaving the crude product.

The crude product was loaded onto silica gel (40-60um) and purified using FC (0:100
EtOAc/Hexane, 2min. — 0:100 to 10:90 EtOAc/Hexane, 1min. — 10:90 Ethyl Acetate/Hexane,
10min. — 10:90 to 80:20 EtOAc/Hexane, 1min. — 80:20 Ethyl Acetate/Hexane, Smin. — 80:20

to 100:0 EtOAc/Hexane, Imin. — 100:0 Ethyl Acetate/Hexane, 2min.). If the product was
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recovered as a liquid, it was placed on ice for 1 hour to induce crystallization.

o) 1. HATU, DIPEA H
2. HOSA N _O.
OH 4+ R—OH — \n/ R
MeCN (Anhyd.) o)
A
Benzoic Alcohol Aryl Carbamate
Acid

R = Alkyl or Aryl Group

Scheme 2.3 - Synthesis of aryl carbamates from benzoic acid and various alcohols using

synthetic procedure employed in HATU method.

48



2.3.1 Synthesis of Benzyl-N-phenylcarbamate Using Benzyl Alcohol (Entry 3a)

Benzyl-N-phenylcarbamate was prepared from benzoic acid (114mg, 0.935mmol) and
benzyl alcohol (0.08mL, 0.75mmol) according to the synthetic procedure described in Section
2.3. The product was extracted from the reaction mixture using two 50mL quantities of DCM
which were subsequently combined. Purification of the product was conducted using FC,
resulting in a clear liquid being isolated. The clear liquid was placed on ice for one hour, causing
it to crystallize into a white solid (113mg, 65%). The identity of the product was verified by
comparing recorded 'H NMR and '3C NMR APT data with that reported in the literature.®
Rr=0.86 (70% EtOAc/Hexane)

!H NMR (400MHz, Chloroform-dy): 8 7.42-7.29 (m, 9H), 7.07 (t, J = 7.3Hz, 1H), 6.66 (bs, 1H),
5.21 (s, 2H)

13C NMR APT (101MHz, Chloroform-di): § 153.3 (C), 137.7 (C), 136.0 (C), 129.0 (CH),
128.6 (CH), 128.33 (CH), 128.29 (CH), 123.5 (CH), 118.7 (CH), 67.0 (CH>)
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2.3.2 Synthesis of Ethyl-N-phenylcarbamate Using Ethanol (Entry 3b)
Ethyl-N-phenylcarbamate was prepared from benzoic acid (114mg, 0.935mmol) and
ethanol (0.04mL, 0.75mmol) according to the synthetic procedure described in Section 2.3. The
product was extracted from the reaction mixture using two 50mL quantities of DCM which were
subsequently combined. Purification of the product was conducted using FC, resulting in a clear
liquid being isolated. The clear liquid was placed on ice for one hour, causing it to crystallize
into a white solid (75.7mg, 67%). The identity of the product was verified by comparing
recorded '"H NMR and '*C NMR APT data with that reported in the literature.®’
Rr=0.83 (70% EtOAc/Hexane)

'H NMR (400MHz, Chloroform-dy): §7.38 (d, J=7.9Hz, 2H), 7.30 (t, J = 7.4Hz, 2H), 7.06 (t, J
= 7.3Hz, 1H), 6.60 (bs, 1H), 4.23 (g, J = 7.1Hz, 2H), and 1.31 (t, J = 7.1Hz, 3H)

13C NMR APT (101MHz, Chloroform-dy): § 153.6 (C), 137.9 (C), 129.0 (CH), 123.3 (CH), 118.7
(CH), 61.2 (CHo), 14.5 (CHs)
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2.3.3 Synthesis of n-Propyl-N-phenylcarbamate Using n-Propanol (Entry 3¢)

n-Propyl-N-phenylcarbamate was prepared from benzoic acid (114mg, 0.935mmol) and
n-propanol (0.06mL, 0.75mmol) according to the synthetic procedure described in Section 2.3.
The product was extracted from the reaction mixture using two 50mL quantities of DCM which
were subsequently combined. Purification of the product was conducted using FC, resulting in a
clear liquid being isolated. The clear liquid was placed on ice for one hour, causing it to
crystallize into a white solid (92.9mg, 64%). The identity of the product was verified by
comparing recorded 'H NMR and '3C NMR APT data with that reported in the literature.®
Rr=0.83 (70% EtOAc/Hexane)

'H NMR (400MHz, Chloroform-dy): §7.38 (d, J=7.9Hz, 2H), 7.30 (t, J = 7.4Hz, 2H), 7.06 (t, J
= 7.3Hz, 1H), 6.60 (bs, 1H), 4.13 (t, J = 6.7Hz, 2H), 1.75-1.66 (m, 2H), 0.98 (t, J = 7.4Hz, 3H)

13C NMR APT (101MHz, Chloroform-dy): & 153.7 (C), 138.0 (C), 129.0 (CH), 123.3 (CH), 118.6
(CH), 66.8 (CHz), 22.3 (CHz), 10.3 (CHz)
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2.3.4 Synthesis of i-Propyl-N-phenylcarbamate Using i-Propanol (Entry 3d)
i-Propyl-N-phenylcarbamate was prepared from benzoic acid (114mg, 0.935mmol) and i-
propanol (0.06mL, 0.75mmol) according to the synthetic procedure described in Section 2.3. The
product was extracted from the reaction mixture using two 50mL quantities of DCM which were
subsequently combined. Purification of the product was conducted using FC, resulting in a white
solid (67.5mg, 48%) being isolated. The identity of the product was verified by comparing
recorded '"H NMR and '*C NMR APT data with that reported in the literature.®’
Rr=0.85 (70% EtOAc/Hexane)

'H NMR (400MHz, Chloroform-d): §7.38 (d, J=7.9Hz, 2H), 7.30 (t, J = 7.4Hz, 2H), 7.05 (t, J
= 7.3Hz, 1H), 6.54 (bs, 1H), 5.05-4.99 (m, 1H), 1.30 (d, J = 6.3Hz, 6H)

13C NMR APT (101MHz, Chloroform-dy): § 153.1 (C), 138.0 (C), 129.0 (CH), 123.2 (CH), 118.5
(CH), 68.7 (CH), 22.1 (CH3)
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2.3.5 Synthesis of -Butyl-/V-phenylcarbamate Using #~-Butanol (Entry 3e)
t-Butyl-N-phenylcarbamate was prepared from benzoic acid (114mg, 0.935mmol) and ¢-
butanol (0.07mL, 0.75mmol) according to the synthetic procedure described in Section 2.3. The
product was extracted from the reaction mixture using two 50mL quantities of DCM which were
subsequently combined. Purification of the product was conducted using FC, resulting in a white
solid (13.3mg, 9%) being isolated. The identity of the product was verified by comparing
recorded '"H NMR and '*C NMR APT data with that reported in the literature.®’
Rr=0.82 (70% EtOAc/Hexane)

'H NMR (400MHz, Chloroform-di): 8 7.35 (d, J = 7.9Hz, 2H), 7.29 (t, J = 7.4Hz, 2H), 7.03 (t, J
= 7.3Hz, 1H), 6.47 (bs, 1H), 1.52 (s, 10H)

13C NMR APT (101MHz, Chloroform-dy): § 152.6 (C), 138.3 (C), 128.9 (CH), 123.0 (CH), 118.5
(CH), 80.5 (C), 28.3 (CHs)
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2.4 Synthesis of Aryl Ureas Using Various Carboxylic Acids and Aniline

The HATU method was used to prepare several aryl ureas by combining aniline with
different carboxylic acids (Scheme 2.4). An oven-dried 10mL microwave vial containing a
magnetic stir bar was closed off by a septum cap and placed under an argon atmosphere. A
carboxylic acid (1.25eq) was then added to the vial followed by anhydrous MeCN (5mL). The
mixture was allowed to stir for a minute and HATU (1.25eq) was then added. Following another
minute of stirring, DIPEA (5eq) was added. Once a third minute had elapsed, HOSA (1.5eq) was
added to the mixture and it was left to stir for 5 minutes. Finally, aniline (1eq) was added to the
vial and the mixture was given another five minutes to stir. The vial was then removed from the
argon atmosphere and heated in a microwave synthesizer for 5 minutes (100°C). The vial was
allowed to reach room temperature upon removal from the microwave synthesizer.

The reaction mixture was poured into a 250mL separatory funnel. The product was
extracted with EtOAc or DCM (25-50mL) and washed with water (25mL). Any product which
may have been extracted into the water was back-extracted with more EtOAc or DCM (25-
50mL). The two portions of EtOAc or DCM were then combined and washed with brine (25mL)
to remove any traces of water. The EtOAc or DCM was transferred to a 125mL flask and the
presence of residual water was further minimized by the addition of a sufficient amount of
sodium sulfate. The EtOAc or DCM was then gravity filtered to remove the sodium sulfate and
rotoevaporated, leaving the crude product.

The crude product was loaded onto silica gel (40-60um) and purified using FC (0:100
EtOAc/Hexane, 2min. — 0:100 to 10:90 EtOAc/Hexane, 1min. — 10:90 Ethyl Acetate/Hexane,
10min. — 10:90 to 80:20 EtOAc/Hexane, 1min. — 80:20 Ethyl Acetate/Hexane, Smin. — 80:20

to 100:0 EtOAc/Hexane, Imin. — 100:0 Ethyl Acetate/Hexane, 2min.). The product was then
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transferred to a 15mL sintered glass filter funnel and further purified by trituration with sufficient
amounts of chloroform, hexane-chloroform (90:10, v/v), or chloroform-EtOAc (90:10, v/v). As

the trituration proceeded, the dissolved impurities were removed by vacuum filtration.

j\ NH, 1. HATU, DIPEA H H
2. HOSA N__N
R™SOH + — > RO @
MeCN (Anhyd.) 0
A
Carboxylic Aniline Aryl Urea
Acid

R = Alkyl or Aryl Group

Scheme 2.4 - Synthesis of aryl ureas from various carboxylic acids and aniline using synthetic
procedure employed in HATU method.
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2.4.1 Synthesis of N-(2-Methylphenyl)-N’-phenylurea Using o-Toluic Acid (Entry 4a)
N-(2-Methylphenyl)-N’-phenylurea was prepared from o-toluic acid (127mg,

0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in

Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of

EtOAc which were subsequently combined. Purification of the product was conducted using FC

followed by trituration with chloroform, resulting in a white solid (70.3mg, 41%) being

isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR

APT data with that reported in the literature.®

Rr=0.78 (70% EtOAc/Hexane)

"H NMR (400MHz, DMSO-ds): 6 9.02 (s, 1H), 8 7.92 (s, 1H), 6 7.84 (d, J=7.1Hz, 1H), § 7.46

(d, J=17.5Hz, 2H), & 7.28 (t,J = 7.4Hz, 2H), & 7.18-7.12 (m, 2H), 6 6.98-6.92 (m, 2H), & 2.24 (s,

3H)

13C NMR APT (101MHz, DMSO-ds): § 152.6 (C), § 139.8 (C), & 137.4 (C), & 130.1 (CH),
5 128.8 (CH), & 127.4 (C), § 126.1 (CH), 5 122.6 (CH), & 121.7 (CH), & 121.0 (CH), 5 117.9
(CH), § 17.9 (CHz)
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2.4.2 Synthesis of N-(4-Methylphenyl)-N’-phenylurea Using p-Toluic Acid (Entry 4b)
N-(4-Methylphenyl)-N’-phenylurea was prepared from p-toluic acid (127mg,

0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in

Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of

EtOAc which were subsequently combined. Purification of the product was conducted using FC

followed by trituration with chloroform, resulting in a white solid (92.3mg, 54%) being

isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR

APT data with that reported in the literature.®’

Rr=0.78 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.61 (s, 1H), & 8.55 (s, 1H), 6 7.44 (d, J = 7.5Hz, 2H), § 7.33

(d, J=8.4Hz, 2H), & 7.27 (t,J = 7.4Hz, 2H), & 7.08 (d, J= 8.1Hz, 2H), § 6.95 (t, /= 7.3Hz, 2H),

§2.24 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): 5 152.5 (C), § 139.8 (C), & 137.1 (C), 8 130.6 (C), 5 129.1
(CH), & 128.7 (CH), & 121.7 (CH), & 118.2 (CH), & 118.1 (CH), & 20.3 (CHs)
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2.4.3 Synthesis of N-(2,4-Dimethylphenyl)-/V’-phenylurea Using 2,4-Dimethylbenzoic Acid
(Entry 4c¢)

N-(2,4-Dimethylphenyl)-N-phenylurea was prepared from 2,4-dimethylbenzoic acid
(140mg, 0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure
described in Section 2.4. The product was extracted from the reaction mixture using two 25mL
quantities of EtOAc which were subsequently combined. Purification of the product was
conducted using FC followed by trituration with chloroform, resulting in a white solid (112mg,
64%) being isolated. The identity of the product was verified by comparing recorded 'H NMR
and '°C NMR APT data with that reported in the literature.®’

Rr=0.79 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.94 (s, 1H), 5 7.84 (s, 1H), 5 7.66 (d, J = 8.1Hz, 1H), § 7.45
(d, J=7.5Hz, 2H), § 7.27 (t, J = 7.4Hz, 2H), § 6.98-6.93 (m, 3H), 5 2.22 (s, 3H), & 2.19 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): 5 152.7 (C), § 140.0 (C), & 134.7 (C), 8 131.6 (C), 5 130.7

(CH), 5 128.8 (CH), & 127.8 (C), & 126.6 (CH), 8 121.6 (CH), 5 121.4 (CH), & 117.9 (CH),
§20.3 (CHs), 5 17.8 (CH3)

58



2.4.4 Synthesis of N-(2,4,6-Trimethylphenyl)-N’-phenylurea Using 2,4,6-Trimethylbenzoic
Acid (Entry 4d)

N-(2,4,6-Trimethylphenyl)-N -phenylurea was prepared from 2,4,6-trimethylbenzoic acid
(153mg, 0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure
described in Section 2.4. The product was extracted from the reaction mixture using two 25mL
quantities of EtOAc which were subsequently combined. Purification of the product was
conducted using FC followed by trituration with chloroform, resulting in a white solid (2mg,

1%) being isolated. The identity of the product was verified by comparing recorded 'H NMR
and '°C NMR APT data with that reported in the literature.®’
Rr=0.79 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): 6 8.67 (s, 1H), 7.60 (s, 1H), 7.43 (d, J = 7.5Hz, 1H), 7.24 (t, J =
7.4Hz, 2H), 6.93-6.87 (m, 3H), 2.22 (s, 3H), 2.15 (s, 6H)

13C NMR APT (101MHz, DMSO-ds): § 153.3 (C), 140.3 (C), 135.3 (C), 134.9 (C), 132.6 (C),
128.7 (CH), 128.3 (CH), 121.3 (CH), 117.8 (CH), 20.5 (CHz), 18.1 (CHz)
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2.4.5 Synthesis of N-(4-Methoxyphenyl)-NV’-phenylurea Using p-Anisic Acid (Entry 4e)
N-(4-Methoxyphenyl)-N’-phenylurea was prepared from p-anisic acid (142mg,

0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in

Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of

EtOAc which were subsequently combined. Purification of the product was conducted using FC

followed by trituration with chloroform, resulting in a white solid (41.7mg, 23%) being

isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR

APT data with that reported in the literature.®’

Rr=0.78 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.58 (s, 1H), & 8.47 (s, 1H), 6 7.43 (d, J = 7.5Hz, 2H), § 7.35

(d, J=9.0Hz, 2H), & 7.26 (t,J = 7.4Hz, 2H), § 6.94 (t, /= 7.3Hz, 1H), 6 6.86 (d, J=9.1Hz, 2H),

§3.71 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): 5 154.4 (C), § 152.7 (C), § 139.9 (C), 8 132.7 (C), 5 128.7
(CH), & 121.6 (CH), & 120.0 (CH), & 118.0 (CH), & 114.0 (CH), & 55.1 (CHs)
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2.4.6 Synthesis of N-(4-Acetylphenyl)-/V’-phenylurea Using 4-Acetylbenzoic Acid (Entry 4f)
N-(4-Acetylphenyl)-N -phenylurea was prepared from 4-acetylbenzoic acid (153mg,
0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in
Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of
EtOAc which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with chloroform-EtOAc (90:10, v/v), resulting in a light yellow solid
(65.2mg, 34%) being isolated. The identity of the product was verified by comparing recorded
"H NMR and *C NMR APT data with that reported in the literature.''°
Rr=0.61 (70% EtOAc/Hexane)
'H NMR (400MHz, DMSO-ds): 6 9.14 (s, 1H), & 8.84 (s, 1H), 8 7.905 (d, J = 8.8Hz, 2H), & 7.58
(d, J=8.8Hz, 2H), & 7.465 (d, J = 7.5Hz, 2H), & 7.30 (t, J = 7.5Hz, 2H), 8 6.99 (t, J = 7.3Hz,

1H), 5 2.51 (s, 3H)

13C NMR APT (101MHz, DMSO-ds): § 196.3 (C), § 152.2 (C), & 144.4 (C), 6 139.3 (C), 5 130.4
(C),  129.6 (CH), 5 128.8 (CH), 5 122.2 (CH), 5 118.4 (CH), § 117.1 (CH), & 26.3 (CHs)
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2.4.7 Synthesis of N-(4-Cyanophenyl)-N’-phenylurea Using 4-Cyanobenzoic Acid (Entry
4g)

N-(4-Cyanophenyl)-N-phenylurea was prepared from 4-cyanobenzoic acid (137mg,
0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in
Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of
EtOAc which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with chloroform, resulting in a white solid (174.7mg, 98%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '°C NMR
APT data with that reported in the literature.'®
Rr=0.63 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): §9.21 (s, 1H), 5 8.87 (s, 1H), 5 7.73 (d, J = 8.8Hz, 2H), § 7.63
(d, J=8.9Hz, 2H), § 7.46 (d, J = 7.5Hz, 2H), 5 7.30 (1, J = 7.4Hz, 2H), § 7.0 (t, J = 7.4Hz, 1H)

13C NMR APT (101MHz, DMSO-ds): 5 152.1 (C), 8 144.2 (C), § 139.1 (C), & 133.3 (CH),
8 128.8 (CH),  122.3 (CH), 5 119.3 (C), 5 118.5 (CH), 5 118.0 (CH), & 103.2 (C)
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2.4.8 Synthesis of N-(4-Fluorophenyl)-V’-phenylurea Using 4-Fluorobenzoic Acid (Entry
4h)

N-(4-Fluorophenyl)-N -phenylurea was prepared from 4-fluorobenzoic acid (13 1mg,
0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in
Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of
EtOAc which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with chloroform, resulting in a white solid (150mg, 87%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '°C NMR
APT data with that reported in the literature.!!!

Rr=0.78 (70% EtOAc/Hexane)

TH NMR (400MHz, DMSO-ds): § 8.69 (s, 1H), 3 8.65 (s, 1H), 5 7.47-7.43 (m, 4H), 5 7.27 (t, J =
7.4Hz, 2H), § 7.12 (t, J = 8.9Hz, 2H), § 6.96 (t, J = 7.3Hz, 1H)

13C NMR APT (101MHz, DMSO-ds): § 157.3 (d, J = 235.0Hz, C), § 152.6 (C), & 139.6 (C),

5 136.01 (d, J=2.3Hz, C), 6 128.7 (CH), 6 121.8 (CH), 6 119.90 (d, J = 7.6Hz, CH), 6 118.2
(CH), 6 115.2 (d,J=22.4Hz, CH)
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2.4.9 Synthesis of N-(4-Bromophenyl)-N’-phenylurea Using 4-Bromobenzoic Acid (Entry
4i)

N-(4-Bromophenyl)-N -phenylurea was prepared from 4-bromobenzoic acid (188mg,
0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in
Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of
EtOAc which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with chloroform, resulting in a white solid (211.2mg, 97%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '°C NMR
APT data with that reported in the literature.'%

Rr=0.76 (70% EtOAc/Hexane)

TH NMR (400MHz, DMSO-ds): § 8.81 (s, 1H), 8 8.70 (s, 1H), & 7.455 (d, J = 6.1Hz, 6H), 5 7.28
(t,J=7.4Hz, 2H), § 6.97 (t, J = 7.3Hz, 1H)

13C NMR APT (101MHz, DMSO-ds): 5 152.4 (C), 8 139.5 (C), & 139.1 (C), & 131.5 (CH),
8 128.8 (CH),  122.0 (CH), 5 120.1 (CH), 5 118.3 (CH), & 113.1 (C)
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2.4.10 Synthesis of N-(2-Chlorophenyl)-N’-phenylurea Using 2-Chlorobenzoic Acid (Entry
4j)

N-(2-Chlorophenyl)-N-phenylurea was prepared from 2-chlorobenzoic acid (146mg,
0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in
Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of
EtOAc which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with chloroform, resulting in a white solid (3.9mg, 70%) being isolated.
The identity of the product was verified by comparing recorded '"H NMR and '*C NMR APT
data with that reported in the literature.!'?

Rr=0.77 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): 8 9.42 (s, 1H), 5 8.31 (s, 1H), 5 8.169 (dd, J = 8.3Hz, 1.5Hz,
1H), & 7.479-7.444 (m, 3H), § 7.318-7.279 (m, 3H), & 7.047-6.971 (m, 2H)

13C NMR APT (101MHz, DMSO-ds): § 152.1 (C), 8 139.4 (C), § 135.9 (C), 5 129.2 (CH),

8 128.9 (CH),  127.5 (CH), 5 123.2 (CH), § 122.1 (CH), & 121.9 (C), & 121.3 (CH), 5 118.2
(CH)
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2.4.11 Synthesis of N-(4-Chlorophenyl)-N’-phenylurea Using 4-Chlorobenzoic Acid (Entry
4Kk)

N-(4-Chlorophenyl)-N -phenylurea was prepared from 4-chlorobenzoic acid (146mg,
0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in
Section 2.4. The product was extracted from the reaction mixture using two 25mL quantities of
EtOAc which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with chloroform, resulting in a white solid (173.6mg, 94%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '°C NMR
APT data with that reported in the literature.®’

Rr=0.77 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.81 (s, 1H), 5 8.70 (s, 1H), § 7.49-7.43 (m, 4H), § 7.33-7.26
(m, 4H), § 6.97 (t, J = 7.4Hz, 1H)

13C NMR APT (101MHz, DMSO-ds): § 152.4 (C), 8 139.5 (C), & 138.7 (C), 5 128.8 (CH),
8 128.6 (CH), 8 125.3 (C), 5 121.9 (CH), 5 119.7 (CH), 5 118.3 (CH)
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2.4.12 Synthesis of N-(2,4-Dichlorophenyl)-/V’-phenylurea Using 2,4-Dichlorobenzoic Acid
(Entry 41)

N-(2,4-Dichlorophenyl)-N -phenylurea was prepared from 2,4-dichlorobenzoic acid
(178mg, 0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure
described in Section 2.4. The product was extracted from the reaction mixture using two 25mL
quantities of EtOAc which were subsequently combined. Purification of the product was
conducted using FC followed by trituration with a chloroform-EtOAc (90:10, v/v) solvent
mixture, resulting in a white solid (45.2mg, 20%) being isolated. The identity of the product
was verified by comparing recorded '"H NMR and '*C NMR APT data with that reported in the
literature.'!3
Rr=0.76 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): 9.45 (s, 1H), 8 8.40 (s, 1H), & 8.20 (d, J=9.0Hz, 1H), § 7.629
(d, J=2.5Hz, 1H), & 7.455 (d, J = 7.5Hz, 2H), & 7.385 (dd, J = 9.0Hz, 2.5Hz, 1H), 6 7.30 (t,J =

7.4Hz, 2H), 6 7.0 (t, J=7.3Hz, 1H)

13C NMR APT (101MHz, DMSO-ds): 5 151.9 (C), § 139.2 (C), § 135.2 (C), & 128.9 (CH),
8 128.5 (CH), § 127.6 (CH), 5 126.0 (C), 8 122.6 (C), § 122.2 (CH), 5 122.1 (CH), 5 118.2 (CH)
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2.4.13 Synthesis of N-Benzyl-N’-phenylurea Using Phenylacetic Acid (Entry 4m)

N-Benzyl-N’-phenylurea was prepared from phenylacetic acid (127mg, 0.935mmol) and

aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in Section 2.4. The

product was extracted from the reaction mixture using two 50mL quantities of DCM which were

subsequently combined. Purification of the product was conducted using FC followed by
trituration with chloroform, resulting in a white solid (10.7mg, 18%) being isolated. The
identity of the product was verified by comparing recorded 'H NMR and '*C NMR APT data
with that reported in the literature.®

Rr=0.77 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.56 (s, 1H), & 7.40 (d, J= 7.5Hz, 2H), & 7.35-7.29 (m, 4H),
8 7.25-7.20 (m, 3H), 6 6.89 (t, J=7.3Hz, 1H), § 6.61 (t, J=5.9Hz, 1H), 6 4.295 (d, J = 5.9Hz,
2H)

13C NMR APT (101MHz, DMSO-ds): 5 155.2 (C), 8 140.4 (C), § 140.3 (C), & 128.6 (CH),
§128.3 (CH), & 127.1 (CH), § 126.7 (CH), 5 121.0 (CH), 5 117.6 (CH), 5 42.7 (CH2)
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2.4.14 Synthesis of N-(n-Butyl)-N’-phenylurea Using Valeric Acid (Entry 4n)
N-(n-Butyl)-N’-phenylurea was prepared from valeric acid (0.1mL, 0.935mmol) and
aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in Section 2.4. The
product was extracted from the reaction mixture using two 50mL quantities of DCM which were
subsequently combined. Purification of the product was conducted using FC followed by
trituration with chloroform, resulting in a white solid (26.8mg, 20%) being isolated. The
identity of the product was verified by comparing recorded 'H NMR and '*C NMR APT data
with that reported in the literature.®
Rr=0.77 (70% EtOAc/Hexane)
'H NMR (400MHz, DMSO-ds): & 8.38 (s, 1H), 8 7.37 (d, J= 7.5Hz, 2H), & 7.20 (t, J = 7.4Hz,
2H), 6 6.87 (t, J=7.3Hz, 1H), § 6.10 (t, /= 5.5Hz, 1H), § 3.065 (q, /= 6.7Hz, 2H), 5 1.44-1.25

(m, 4H), 5 0.89 (t, J = 7.3Hz, 3H)

13C NMR APT (101MHz, DMSO-ds): § 155.2 (C), § 140.6 (C), & 128.6 (CH), & 120.8 (CH),
8 117.5 (CH), & 38.6 (CHa), 5 31.9 (CHa), & 19.5 (CH>), 5 13.7 (CH3)
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2.4.15 Synthesis of N-(z-Butyl)-N’-phenylurea Using Pivalic Acid (Entry 40)
N-(t-Butyl)-N’-phenylurea was prepared from pivalic acid (95.5mg, 0.935mmol) and
aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in Section 2.4. The
product was extracted from the reaction mixture using two 50mL quantities of DCM which were
subsequently combined. Purification of the product was conducted using FC followed by
trituration with chloroform, resulting in a white solid (7.4mg, 5%) being isolated. The identity
of the product was verified by comparing recorded '"H NMR and '*C NMR APT data with that
reported in the literature.!%®
Rr=0.74 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): & 8.20 (s, 1H), § 7.32 (d, J = 7.5Hz, 2H), § 7.19 (t, J = 7.4Hz,
2H), § 6.85 (t, J = 7.3Hz, 1H), & 5.96 (s, 1H), & 1.27 (s, 9H)

13C NMR APT (101MHz, DMSO-ds): § 154.3 (C), 5 140.6 (C), 5 128.6 (CH), & 120.7 (CH),
§117.3 (CH), § 49.3 (C), & 29.0 (CH3)
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2.4.16 Synthesis of N-Cyclohexyl-/V’-phenylurea Using Cyclohexanoic Acid (Entry 4p)
N-Cyclohexyl-N’-phenylurea was prepared from cyclohexanoic acid (120mg,
0.935mmol) and aniline (0.07mL, 0.75mmol) according to the synthetic procedure described in
Section 2.4. The product was extracted from the reaction mixture using two 50mL quantities of
DCM which were subsequently combined. Purification of the product was conducted using FC
followed by trituration with chloroform, resulting in a white solid (53.3mg, 32%) being
isolated. The identity of the product was verified by comparing recorded 'H NMR and '*C NMR
APT data with that reported in the literature.'?”
Rr=0.75 (70% EtOAc/Hexane)
'H NMR (400MHz, DMSO-ds): & 8.28 (s, 1H), & 7.35 (d, J= 7.5 Hz, 2H), § 7.20 (t, J= 7.4Hz,
2H), 6 6.86 (t, J=7.3Hz, 1H), 6 6.05 (d, J = 7.8Hz, 1H), & 3.48-3.41 (m, 1H), 6 1.81-1.77 (m,

2H), § 1.67-1.63 (m, 2H), & 1.55-1.51 (m, 1H), & 1.34-1.25 (m, 2H), & 1.21-1.10 (m, 3H)

13C NMR APT (101MHz, DMSO-ds): § 154.4 (C), § 140.5 (C), & 128.6 (CH), & 120.8 (CH),
5 117.4 (CH), 5 47.5 (CH), § 32.9 (CHa), & 25.2 (CH2), & 24.3 (CHb)
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2.5 Synthesis of Aniline Using Benzoic Acid and Water

An attempt to modify the HATU method for the purpose of preparing aniline was
conducted by repeatedly combining benzoic acid with water under different conditions (Scheme
2.5). An oven-dried 10mL microwave vial containing a magnetic stir bar was closed off by a
septum cap and placed under an argon atmosphere. Benzoic acid (1-1.25eq) was then added to
the vial followed by anhydrous MeCN (5mL). The mixture was allowed to stir for a minute and
HATU (1.05-1.25eq) was then added. Following another minute of stirring, DIPEA (5eq) was
added. Once a third minute had elapsed, HOSA (1.3-1.5eq) was added to the mixture and it was
left to stir for 5 minutes. Finally, water (1-1.3eq) was added to the vial and the mixture was given
another five minutes to stir. The vial was then removed from the argon atmosphere and the
mixture was poured into a 250mL separatory flask immediately, or, after the vial had been
heated in a microwave synthesizer for 5 minutes (100°C). If the vial was heated, it was allowed
to reach room temperature upon removal from the microwave synthesizer.

The reaction mixture was poured into a 250mL separatory funnel. The product was
extracted with EtOAc or DCM (25-50mL) and washed with water (25mL). Any product which
may have been extracted into the water was back-extracted with more of the EtOAc or DCM
(25-50mL). The two portions of EtOAc or DCM were then combined and washed with brine
(25mL) to remove any traces of water. The EtOAc or DCM was transferred to a 125mL flask and
the presence of residual water was further minimized by the addition of a sufficient amount of
sodium sulfate. The EtOAc or DCM was then gravity filtered to remove the sodium sulfate and
rotoevaporated, leaving the crude product.

The crude product was loaded onto silica gel (40-60um) and purified using FC (0:100

EtOAc/Hexane, 2min. — 0:100 to 10:90 EtOAc/Hexane, 1min. — 10:90 Ethyl Acetate/Hexane,
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10min. — 10:90 to 80:20 EtOAc/Hexane, 1min. — 80:20 Ethyl Acetate/Hexane, Smin. — 80:20

to 100:0 EtOAc/Hexane, Imin. — 100:0 Ethyl Acetate/Hexane, 2min.).

O
1. HATU, DIPEA
OH 2. HOSA
+ Mot .
MeCN (Anhyd.)
Aorrt

Benzoic Water Aniline
Acid

NH,

Scheme 2.5 - Synthesis of aniline from benzoic acid and water using synthetic procedure

employed in HATU method.

73



2.5.1 Synthesis of Aniline (Entry Sa)

Aniline was prepared from benzoic acid (114mg, 0.935mmol) and water (0.01mL,
0.75mmol) according to the synthetic procedure described in Section 2.5. The product was
extracted from the reaction mixture using two 25mL quantities of EtOAc which were
subsequently combined. Purification of the product was attempted using FC, but none was
recovered from the solvent fractions selected by the instrument software. Variations of the
synthesis (Table 3.4, Entries 5b-5d) were also carried out using different proportions and
conditions.

Rr=0.69 (70% EtOAc/Hexane)
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2.6 Synthesis of Sorafenib Using N-[4-Chloro-3-(trifluoromethyl)phenyl]-N'-(4-
hydroxyphenyl)urea and 4-Chloro-N-methyl-2-pyridinecarboxamide

Sorafenib preparation was attempted over three steps which each employed all or some
conditions from the HATU method. In the first step, the HATU method was used to prepare
N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea by combining 4-chloro-3-
(trifluoromethyl)benzoic acid with 4-aminophenol (Scheme 2.6). An oven-dried 35mL
microwave vial containing a magnetic stir bar was closed off by a septum cap and placed under
an argon atmosphere. 4-Chloro-3-(trifluoromethyl)benzoic acid (1.25eq) was then added to the
vial followed by anhydrous MeCN (15mL). The mixture was allowed to stir for a minute and
HATU (1.25eq) was then added. Following another minute of stirring, DIPEA (5eq) was added.
Once a third minute had elapsed, HOSA (1.5eq) was added to the mixture and it was left to stir
for 5 minutes. Finally, 4-aminophenol (1eq) was added to the vial and the mixture was given
another five minutes to stir. The vial was then removed from the argon atmosphere and heated in
a microwave synthesizer for 5 minutes (100°C). The vial was allowed to reach room temperature
upon removal from the microwave synthesizer.

The reaction mixture was poured into a 250mL separatory funnel. The product was
extracted with EtOAc (75mL) and washed with water (75mL). Any product which may have
been extracted into the water was back-extracted with more of EtOAc (75mL). The two portions
of EtOAc or DCM were then combined and washed with brine (75mL) to remove any traces of
water. The EtOAc or DCM was transferred to a 250mL flask and the presence of residual water
was further minimized by the addition of a sufficient amount of sodium sulfate. The EtOAc or
DCM was then gravity filtered to remove the sodium sulfate and rotoevaporated, leaving the
crude product.

The crude product was loaded onto silica gel (40-60pum) and purified using FC (0:100
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EtOAc/Hexane, 2min. — 0:100 to 30:70 EtOAc/Hexane, 60min. — 30:70 Ethyl Acetate/Hexane,
30min. — 30:70 to 100:0 EtOAc/Hexane, 25min. — 100:0 Ethyl Acetate/Hexane, 2min.). The
product was then transferred to a 15mL sintered glass filter funnel and further purified by
trituration with sufficient amounts of chloroform-MeOH (90:10, v/v). As the trituration

proceeded, the dissolved impurities were removed by vacuum filtration.

NH,
e F o 1.HATU, DIPEA F_R H H
F OH + 2. HOSA F N\n/N
MeCN (Anhyd.) le}
Cl OH A Cl OH
4-Chloro-3-(trifluoromethyl)-  4-Aminophenol N-[4-Chloro-3-(trifluoromethyl)phenyl]-
benzoic Acid N'-(4-hydroxyphenyl)urea

Scheme 2.6 - Synthesis of N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea
from 4-chloro-3-(trifluoromethyl)benzoic acid and 4-aminophenol using synthetic procedure
employed in HATU method.

Once N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea had been
isolated, a modified version of the HATU method which excluded the addition of HOSA
was used to prepare 4-chloro-N-methyl-2-pyridinecarboxamide by combining 4-chloro-2-
pyridinecarboxylic acid with methylammonium chloride (Scheme 2.7). An oven-dried 35mL
microwave vial containing a magnetic stir bar was closed off by a septum cap and placed under
an argon atmosphere. 4-Chloro-2-pyridinecarboxylic acid (1.25eq) was then added to the vial
followed by anhydrous MeCN (10mL). The mixture was allowed to stir for a minute and HATU
(1.25eq) was then added. Following another minute of stirring, DIPEA (5eq) was added. Once a
third minute had elapsed, HOSA (1.5eq) was added to the mixture and it was left to stir for 5
minutes. Finally, methylammonium chloride (1eq) was added to the vial and the mixture was
given another five minutes to stir. The vial was then removed from the argon atmosphere and

heated in a microwave synthesizer for 5 minutes (100°C). The vial was allowed to reach room

temperature upon removal from the microwave synthesizer.
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The reaction mixture was poured into a 250mL separatory funnel. The product was
extracted with with DCM (100mL) and washed with water (50mL). Any product which may
have been extracted into the water was back-extracted with more of DCM (100mL). The two
portions of EtOAc or DCM were then combined and washed with brine (50mL) to remove any
traces of water. The EtOAc or DCM was transferred to a 250mL flask and the presence of
residual water was further minimized by the addition of a sufficient amount of sodium sulfate.
The EtOAc or DCM was then gravity filtered to remove the sodium sulfate and rotoevaporated,
leaving the crude product.

The crude product was loaded onto silica gel (40-60um) and purified using FC (0:100
EtOAc/Hexane, 2min. — 0:100 to 10:90 EtOAc/Hexane, Smin. — 10:90 Ethyl Acetate/Hexane,
40min. — 10:90 to 100:0 EtOAc/Hexane, 10min. — 100:0 Ethyl Acetate/Hexane, 2min.). The

product was recovered as a liquid and placed on ice for 1 hour to induce crystallization.

0] | 0]
cl + - HATU, DIPEA  ClI _
| Xy~ “OH + AN — | X" N
_N H MeCN (Anhyd.) N H
A
4-Chloro-2-pyridinecarboxylic ~ Methylammonium 4-Chloro-N-methyl-2-
Acid Chloride pyridinecarboxamide

Scheme 2.7 - Synthesis of 4-chloro-N-methyl-2-pyridinecarboxamide from 4-chloro-2-
pyridinecarboxylic acid and methylammonium chloride using modified version of synthetic
procedure employed in HATU method that excludes addition of HOSA.

Following the isolation of 4-chloro-N-methyl-2-pyridinecarboxamide, it was then
combined with N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea in an attempt
to prepare Sorafenib using a SNAr reaction (Scheme 2.8). An oven-dried 10mL microwave vial
containing a magnetic stir bar was closed off by a septum cap and placed under an argon

atmosphere. N-[4-Chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea (1.25eq) was

then added to the vial followed by anhydrous MeCN (5mL). The mixture was allowed to stir for
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a minute and DIPEA (5eq) was then added. Following another minute, 4-chloro-N-methyl-2-
pyridinecarboxamide (1eq) was added to the vial and the mixture was given another five minutes
to stir. The vial was then removed from the argon atmosphere and heated in a microwave
synthesizer for 30 minutes (100°C). The vial was allowed to reach room temperature upon
removal from the microwave synthesizer.

The reaction mixture was poured into a 250mL separatory funnel. The less polar
components of the reaction mixture were extracted with EtOAc (25mL) and washed with water
(25mL). Any of the less polar components which may have been extracted into the water were
back-extracted with more EtOAc (25mL). The two portions of EtOAc or DCM were then
combined and washed with brine (25mL) to remove any traces of water. The EtOAc or DCM
was transferred to a 125mL flask and the presence of residual water was further minimized by
the addition of a sufficient amount of sodium sulfate. The EtOAc or DCM was then gravity
filtered to remove the sodium sulfate and rotoevaporated, leaving the less polar components of
the reaction mixture.

The less polar reaction mixture components were loaded onto silica gel (40-60um) and
separated using FC (0:100 EtOAc/Hexane, 2min. — 0:100 to 100:0 Ethyl
Acetate/Hexane, 60min. — 100:0 EtOAc/Hexane, 2min.). However, none of the solid

components were identified as the product.

e F R H H
DIPEA N N
E — F \n/ SNy
MeCN (Anhyd.) g | N
A cl 0" NN
0

N [4-Chloro-3-(trifluoromethyl)phenyl]- 4-Chloro-N-methyl-2- Sorafenib
N'-(4-hydroxyphenyl)urea pyridinecarboxamide

Scheme 2.8 - Synthesis of Sorafenib from N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-
hydroxyphenyl)urea and 4-chloro-N-methyl-2-pyridinecarboxamide using SNAr reaction.
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2.6.1 Synthesis of N-[4-Chloro-3-(trifluoromethyl)phenyl]-/V’-(4-hydroxyphenyl)urea
(Entry 6a)

N-[4-Chloro-3-(trifluoromethyl)phenyl]-N -(4-hydroxyphenyl)urea was prepared from 4-
Chloro-3-(trifluoromethyl)benzoic acid (629mg, 2.8mmol) and 4-aminophenol (245mg,
2.25mmol) according to the synthetic procedure described in Section 2.6. The product was
extracted from the reaction mixture using two 75mL quantities of EtOAc which were
subsequently combined. Purification of the product was conducted using FC followed by
trituration with a chloroform-MeOH (90:10, v/v) solvent mixture, resulting in a beige solid
(332.3mg, 45%) being isolated. The identity of the product was verified by comparing
recorded 'H NMR and '*C NMR APT data with that reported in the literature.!'*

Rr=0.65 (70% EtOAc/Hexane)

'H NMR (400MHz, DMSO-ds): 8 9.15 (s, 1H),  9.04 (s, 1H), 8 8.50 (s, 1H), 5 8.095 (d, J =
2.1Hz, 1H), § 7.62-7.57 (m, 2H), & 7.22 (d, J = 8.8Hz, 2H), 5 6.69 (d, J = 8.9Hz, 2H)

13C NMR APT (101MHz, DMSO-ds): 8 153.0 (C), 5 152.6 (C), § 139.7 (C), & 131.9 (CH),

§130.5 (C), 5 126.8 (q, J = 26.5Hz, C), § 122.8 (CH), 5 121.8 (C), 5 121.0 (CH), § 116.5 (q, J =
5.5Hz, CH), 5 115.2 (CH)
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2.6.2 Synthesis of 4-Chloro-/V-methyl-2-pyridinecarboxamide (Entry 6b)
4-Chloro-N-methyl-2-pyridinecarboxamide was prepared from 4-Chloro-2-
pyridinecarboxylic acid (295mg, 1.87mmol) and methylammonium chloride (101mg, 1.5mmol
according to the synthetic procedure described in Section 2.6. The product was extracted from
the reaction mixture using two 100mL quantities of DCM which were subsequently combined.
Purification of the product was conducted using FC, resulting in a clear liquid being isolated.
The clear liquid was placed on ice for one hour, causing it to crystallize into a white solid
(188.1mg, 73%). The identity of the product was verified by comparing recorded 'H NMR and
13C NMR APT data with that reported in the literature.'!3
Rr=0.67 (70% EtOAc/Hexane)

'H NMR (400MHz, CDCls-dy): & 8.43 (d, J= 5.2Hz, 1H), § 8.199 (d, J = 2.1Hz, 1H), 5 7.96
(br, 1H), § 7.421 (dd, J = 5.2Hz, 2.1Hz, 1H), 8 3.03 (d, J = 5.1Hz, 3H)

13C NMR APT (101MHz, CDCls-dy): § 163.7 (C), 5 151.4 (C), & 148.9 (CH), & 145.9 (C),
§126.2 (CH), § 122.8 (CH), § 26.2 (CH3)

)
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2.6.3 Synthesis of Sorafenib (Entry 6c¢)

Sorafenib preparation was attempted from N-[4-Chloro-3-(trifluoromethyl)phenyl]-N -
(4-hydroxyphenyl)urea (309mg, 0.935mmol) and 4-Chloro-N-methyl-2-pyridinecarboxamide
(128mg, 0.75mmol) according to the synthetic procedure described in Section 2.6. The less polar
components of the reaction mixture were extracted using two 25mL quantities of EtOAc which
were subsequently combined. Separation of the components was effectively achieved by FC, but

the product was not recovered from the solvent fractions selected by the instrument software.
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3. RESULTS AND DISCUSSION
3.1 Optimization of HATU Method

The optimization of the HATU method was necessary to ensure that product yield was
mostly influenced by the properties of the starting materials, rather than controllable factors such
as reagent proportion or order of addition (Table 3.1). A 95% yield of N,N’-diphenylurea
(Entry 1a) was achieved by replacing benzoyl chloride in the corresponding synthetic procedure
with the combination of benzoic acid and HATU, along with substitution of DCM with MeCN as
the reaction solvent. When compared to the 80% yield obtained by Bao et al. (2018), the
potential for the HATU method to be the superior approach for the preparation of aryl ureas and
carbamates became evident. There are two factors which are suggested to have contributed to
this improved yield. First, the use of a more polar solvent likely improved the heat absorption of
the reaction mixture in the microwave synthesizer.?’” Secondly, the use of benzoic acid and
HATU resulted in the formation of an activated ester that was able to be converted to phenyl
isocyanate more efficiently than benzoyl chloride upon nucleophilic attack by HOSA. This
increased efficiency is likely due to hydrogen bond formation between the nitrogen atom of the
pyridine moiety in the activated ester and one of the hydrogen atoms that are connected to the
nitrogen atom in HOSA, stabilizing the interaction between the two molecules.®”?

Despite obtaining a higher yield for N’ N-Diphenylurea than that reported by Bao et al.
(2018), alterations to the HATU method were still attempted for the purpose of further
optimization. One such alteration was the immersion of the reaction mixture in an ice bath during
the addition of HOSA (Entry 1b). This was done to reduce any side reactions which may occur
following its addition. Unfortunately, this did not cause a noticeable reduction in by-products

and slightly decreased product yield to 86%. Another attempt to reduce by-product formation
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was made by reducing the maximum temperature setting of the microwave synthesizer from
100°C to 50°C while heating the reaction mixture for 5 minutes (Entry 1¢). Once again, by-
product formation did not seem to be affected by this alteration. Furthermore, the lower
maximum temperature setting resulted in only a minimal amount of N,N’-diphenylurea being
formed, resulting in a yield of 10%. This demonstrated the necessity of heating the reaction
mixture to an appropriate temperature in order to drive the conversion of phenyl isocyanate into
N,N’diphenylurea, following the addition of aniline.

Since neither of these alterations to the synthetic procedure appeared to decrease by-
product formation, focus was shifted to by-product removal during purification instead. It was
postulated that the efficiency of polar by-product removal could be improved during product
extraction from the reaction mixture by switching EtOAc with DCM, an organic solvent with
slightly lower polarity (Entry 1d).°* However, by-products with higher polarity appeared to still
persist following product extraction with DCM, suggesting that their solubility does not greatly
differ from that of N,N’-diphenylurea or their concentration in the reaction mixture was too high
to be completely removed. Also, the reduction in yield to 70% indicated that the solubility of
N,N’-diphenylurea in DCM was lower in comparison to its solubility in EtOAc.

Although DIPEA appeared to be an effective catalyst for the synthetic procedure, it was
questioned whether the yield of N,N’-Diphenylurea could still be slightly improved by adding
DIPEA before HATU, substituting DIPEA with a similar catalyst, or a combination of both. By
adding DIPEA before HATU, it was anticipated that the rate of interaction between benzoic acid
and DIPEA would increase, allowing for more deprotonation to occur (Entry 1e). This would
result in a higher concentration of benzoate anion being available to interact with HATU which

would likely increase the formation of the activated ester and subsequently, N, N’-diphenylurea.
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However, this alteration to the synthetic procedure resulted in a slightly lower product yield

of 86%. This observation prompted another approach at improving the rate of deprotonation by
replacing DIPEA with TEA, another tertiary amine catalyst with similar molecular structure, but
with less steric hindrance surrounding the central nitrogen atom (Entry 1f).3? Unfortunately, this
alteration to the synthetic procedure once again led to a minor decrease in product formation that
caused a yield of 87% to be obtained. This indicated that steric hindrance was not a large factor
in the rate of deprotonation.’ It also suggested that the basicity of TEA was slightly lower than
that of DIPEA in anhydrous MeCN.?? Therefore, it was expected that the product yield would be
further hindered if TEA was substituted for DIPEA and added prior to HATU as well (Entry
1g). Surprisingly, a product yield of 97% was achieved when these two alterations were made

to the synthetic procedure. However, the 'H-NMR spectrum of the product revealed that it
consisted of HOAt in addition to N,N’diphenylurea. Therefore, it is possible that much of the
product mass was contributed by the impurity. This observation suggested that while the addition
of the catalyst before HATU does increase the rate of benzoic acid deprotonation, it also
increases the rate of ionic interaction between DIPEAH" or TEAH" and OAt as well as other
anions in the reaction mixture.?>®* Consequently, less OAt is available to participate in the
formation of the activated ester and subsequently, hinders formation of phenyl isocyanate.

The repeatedly inferior product yields obtained through the previously mentioned
alterations to the HATU method indicated that such changes were unnecessary. Therefore,
efforts were redirected to minimizing excess reagent quantities in the synthetic procedure in
order to reduce material cost. Three different alterations to the reagent quantities were tested to
evaluate how changes in their amounts affected product yield. The first alteration to reagent

quantities included reducing the amount of benzoic acid to leq as well as decreasing the amounts
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of HATU to 1.05eq and HOSA to 1.3eq. The amount of aniline was also increased to 1.15eq,
making benzoic acid the new limiting reagent (Entry 1h). This was done to determine if a high
product yield could be maintained by slightly increasing the amount of aniline to compensate for
the reduced amounts of benzoic acid, HATU, and HOSA. Unfortunately, this combination of
reagent quantities led to a product yield of only 58%. However, when the amount of aniline

was raised to 1.3eq, product yield was found to increase to 78% (Entry 1i). This indicated that
the amount of N,N’-diphenylurea formed from the reaction partly relies on the rate of interaction
between phenyl isocyanate and aniline. In spite of this observation, it became clear that reducing
the added amounts of the other three reagents was highly detrimental to product yield. Therefore,
the third alteration to reagent quantities included raising the amounts of benzoic acid and HATU
to 1.1eq while keeping the amount of HOSA at 1.3eq. Also, the amount of aniline was reduced
back to 1eq, making it the limiting reagent once again (Entry 1j). As a result of these changes,

a slighter greater product yield of 85% was achieved. This strongly suggested that
N,N’-diphenylurea formation heavily depends on the addition of sufficient amounts of benzoic
acid, HATU, and HOSA to the reaction mixture. Based on this observation, it did not

seem justifiable to alter the required amount of any particular reagent in the synthetic procedure.
Following the completion of this final optimization reaction, the HATU method was

determined to be ready for testing with various carboxylic acid, amine, and alcohol starting

materials.
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Table 3.1 - Summary of yields obtained for N,N’-diphenylurea under various conditions using
benzoic acid and aniline as starting materials.

Entry Benzoic HATU HOSA Aniline Microwave Yield Additional
Acid (eq) (eq) (eq) (eq) Conditions (%) Conditions
la 1.25 1.25 1.5 1 100°C, Smin. (127) N/A
95
1b 1.25 1.25 1.5 1 100°C, Smin. (155) Ice bath used during
86 addition of HOSA
lc 1.25 1.25 1.5 1 50°C, 5min. (56) N/A
10
1d 1 1.25 1.5 1 100°C, Smin (80) DCM substituted for
70 EtOAc during extraction
le 1.25 1.25 1.5 1 100°C, Smin. (129) DIPEA added before
85.9 HATU
1f 1.25 1.25 1.5 1 100°C, Smin. (125) Et3N substituted for
87 DIPEA
lg 1.25 1.25 1.5 1 100°C, Smin. (155) Et3N substituted for DIPEA
97" and added before HATU
1h 1 1.05 1.3 1.15 100°C, 5min. (88) N/A
58
1i 1 1.05 1.3 1.3 100°C, Smin. (100) N/A
78
1j 1.1 1.1 1.3 1 100°C, 5min. (98) N/A
85

() Product yield prior to trituration.
* Product contained minor amount of HOAt.
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3.2 Application of HATU Method to Aryl Urea Preparation Using Benzoic Acid and
Various Amines as Starting Materials

The versatility of the HATU method was first tested using fourteen different amine
starting materials in place of aniline (Table 3.2). The majority of the selected reagents were
aniline analogues containing one or more substituents on the aryl group. This allowed the effects
of different EWGs and EDGs on the nucleophilicity of the amino group to be explored. Also, the
inclusion of p-toluidine, o-toluidine, 2,4-dimethylaniline, and 2,4,6-trimethylaniline among the
chosen amine starting materials allowed for comparative evaluation of how quantity and
positioning of a particular substituent on the aryl group can influence product yield. For example,
it was anticipated that the yield obtained for N-(4-methylphenyl)-N’-phenylurea (Entry 2b)
when it was prepared using p-toluidine would be slightly higher than the 95% yield obtained
for N,N’-diphenylurea (Entry 1a) that was prepared using aniline. This expectation was based on
the amino group of p-toluidine having a higher electron density in its proximity than the amino
group of aniline, enhancing the nucleophilicity of this starting material.”*!'® This higher electron
density results from the methyl group acting as an ortho,para-directing EDG through the
inductive effect.”>’ However, only an 81% yield was obtained for N-(4-methylphenyl)-N -
phenylurea and this likely resulted from the product being more soluble in chloroform than NN -
diphenylurea, causing a portion to be lost during trituration. It is also possible that a greater
portion of N-(4-methylphenyl)-N -phenylurea was not retained during its extraction from the
reaction mixture due to it having a more limited solubility in ethyl acetate.

Although N-(4-methylphenyl)-N-phenylurea (Entry 2b) and N-(2-methylphenyl)-N -
phenylurea (Entry 2a) are related through structural isomerism, preparation of the latter product
when using o-toluidine only resulted in a 73% yield as opposed to the 81% yield obtained for

the former which was prepared using p-toluidine. Although this difference in yield is minor, it is
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possible that the closer proximity of the methyl group to the amino group in o-toluidine caused
steric hindrance to interfere with the formation of N-(2-methylphenyl)-N -phenylurea.”
Additional support for this postulate was provided by the 76% yield obtained for N-(2,4-
dimethylphenyl)-N-phenylurea (Entry 2d) when it was prepared using 2,4-dimethylaniline.
Furthermore, the yield obtained for N-(2,4-dimethylphenyl)-N -phenylurea demonstrated that
even when two methyl groups contribute electron density to the amino group, the associated
enhancement in nucleophilicity is still negligible in comparison to the detrimental effect of steric
hindrance.” Therefore, the presence of two methyl groups near the amino group in 2,4,6-
trimethylaniline was expected to cause even more steric hindrance and consequently, a greater
reduction in product yield. Indeed, the yield obtained for N-(2,4,6-trimethylphenyl)-N -
phenylurea (Entry 2f) when it was prepared using 2.,4,6-trimethylaniline was found to be only
56%.

Since a methyl group is an ortho,para-directing EDG through the inductive effect, the
position of the methyl group in m-toluidine prevents the contribution of electron density toward
the amino group.’”>’® However, this position also does not introduce any steric hindrance since
the methyl group is sufficiently distant from the amino group.’* Therefore, the nucleophilicity of
m-toluidine was expected to be similar to that of aniline. Accordingly, the yield obtained for N-
(3-methylphenyl)-N-phenylurea (Entry 2¢) when it was prepared using m-toluidine had been
anticipated to be similar to the 95% yield obtained for N,N’-diphenylurea (Entry 1a) that was
prepared using aniline. However, only a 63% yield was achieved for N-(3-methylphenyl)-N -
phenylurea. This indicated that product recovery was possibly limited during purification due to
greater solubility in chloroform than in EtOAc, as had been suggested for N-(4-methylphenyl)-

N’-phenylurea. Therefore, it is likely that the other methyl-substituted analogues of N,N -
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diphenylurea also shared similar limitations during purification. Based on this postulate, the
slightly higher yield of 71% that was achieved for N-(3,4-dimethylphenyl)-N -phenylurea
(Entry 2e) when it was prepared with 3,4-dimethylaniline had likely been a direct result of 3,4-
dimethylaniline being a slightly stronger nucleophile than m-toluidine due to more electron
density being exerted toward the amino group by the additional methyl group in the former
reagent.”

Unlike a methyl group, a halogen atom acts as a weak ortho,para-directing EDG through
the mesomeric effect while simultaneously acting as a slightly stronger EWG through the
inductive effect.”>’¢ Therefore, the nucleophilicity of 4-chloroaniline is expected to be slightly
lower than that of aniline. This postulate is supported by the 81% yield obtained for N-(4-
chlorophenyl)-N -phenylurea (Entry 2h) when it was prepared using 4-chloroaniline since it is
comparatively lower than the 95% yield obtained for N,N’-diphenylurea (Entry 1a) that was
prepared using aniline. Furthermore, this indicates that N-(4-chlorophenyl)-N -phenylurea has a
slightly higher solubility in polar solvents such as EtOAc than N-(4-methylphenyl)-N -
phenylurea (Entry 2b) since a similar yield of 81% was obtained for the latter product when it
was prepared using p-toluidine.”>!1%!1!7

The yield of 76% obtained for N-(4-methoxyphenyl)-N’-phenylurea (Entry 2g) when it
was prepared using p-anisidine was only slightly lower than 81% achieved for N-(4-
methylphenyl)-N -phenylurea (Entry 2b) that was prepared using p-toluidine. Although the
difference between these yields is minimal, a slightly superior yield was expected for N-(4-
methoxyphenyl)-N-phenylurea since the nucleophilicity of p-anisidine is strengthened by the
strong ortho,para-directing mesomeric effect of a methoxy group, rather than the weak

ortho,para-directing of a methyl group. However, the methoxy group also acts as a weak EWG
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through the inductive effect. Therefore, the nucleophilicity of p-anisidine is likely similar to that
of p-toluidine.’7>-76:116

Unlike aniline and its analogues, the addition of n-butylamine to the reaction mixture
resulted in the instantaneous precipitation of a large amount of product. Therefore, it was evident
that not only was n-butylamine a strong nucleophile, but the resulting product had low
solubility in MeCN.''® The second of these two observations suggested that N-(n-butyl)-N -
phenylurea would also have low solubility in other solvents of similar polarity.” Therefore, it was
postulated that extraction of the product from the reaction mixture using DCM instead of EtOAc
would be more suitable due to the slightly lower polarity of the former solvent.”* In addition, the
volume of solvent used in the extraction was doubled in an attempt to further enhance product
retention. Although a yield of 63% was obtained for N-(n-butyl)-N’-phenylurea
when it was prepared using n-butylamine, it was anticipated that product retention could be
further improved during trituration. Although chloroform is more polar than DCM, it was
anticipated that trituration with this solvent could still greatly contribute to product loss.”* Based
on this expectation, trituration of the product was attempted using a much lower concentration of
chloroform. Hexane was selected as a diluent since the extremely low polarity of this solvent in
comparison to chloroform was expected to limit product dissolution.”* Fortunately, trituration
with a solvent mixture of 80% hexane and 20% chloroform was found to increase the yield
obtained for N-(n-butyl)-N -phenylurea to 87% without compromising purity. The success of
this alteration prompted an effort to once again improve product yield by reducing the
chloroform concentration in the mixture by an additional 10%. Indeed, a yield of 94% was
achieved for N-(n-butyl)-N’-phenylurea (Entry 21) with the continued absence of impurities

when trituration was conducted using a 90% hexane and 10% chloroform solvent mixture.
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The immediate formation of product followed by its precipitation was also observed
when benzylamine, #-butylamine, and cyclohexylamine were used as nucleophiles in the
synthetic procedure. Therefore, it was postulated that N-benzyl-N’-phenylurea, N-(¢-
butyl)-N’-phenylurea, and N-cyclohexyl-N’phenylurea had a low polarity that was similar to that
of N-(n-butyl)-N’-phenylurea. This postulate was supported by the observation that the retention
factors of these four products ranged from only 0.74 to 0.77 when determined through TLC
analysis using an EtOAc-hexane (70:30, v/v) solvent mixture.!'” As a result, these products were
also extracted from the reaction mixture using DCM and triturated with a hexane-chloroform
(90:10, v/v) solvent mixture. This resulted in a 91% yield being obtained for N-benzyl-N -
phenylurea when it was prepared using benzylamine. In contrast, a yield of 81% was achieved
for N-cyclohexyl-N’-phenylurea (Entry 2n) when it was prepared using cyclohexylamine while
a slightly lower yield of 75% was obtained for N-(z-butyl)-N-phenylurea (Entry 2m) when it
was prepared using 7-butylamine. Initially, these high yields appeared to justify the continued use
of the alterations made during the purification of N-(n-butyl)-N -phenylurea. However, the 'H
NMR spectrum of N-benzyl-N -phenylurea revealed that N-benzylbenzamide was present as an
impurity. This aryl amide was likely formed from a side reaction that occurred between
benzylamine and activated ester that had not been converted into benzyl isocyanate.®!-68
Therefore, it appeared necessary to triturate the product with pure chloroform in an attempt to
eliminate the impurity. Fortunately, the use of pure chloroform effectively removed N-
benzylbenzamide while only reducing the yield obtained for N-benzyl-N -phenylurea (Entry 2Kk)
to 86%.

The high amount of product formation that occurred when benzylamine, n-butylamine, ¢-

butylamine, and cyclohexylamine were used as starting materials was likely a result of the
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strong nucleophilicity that primary alkyl amines generally exhibit.!'®!!® This strong
nucleophilicity is due to the high electron density near the amino group which partially results
from the inductive effect exerted by the alkyl group. In addition, electron delocalization does not
occur in any of the four primary alkyl amines that were used as starting materials since each does
not contain a conjugated mt-electron system that is directly connected to the amino group.”*
However, minor variations in nucleophilicity still exist between these reagents due to factors
such as steric hindrance. A clear example of the influence of steric hindrance on nucleophilicity
can be observed when comparing the 91% yield obtained for N-(n-butyl)-N -phenylurea
(Entry 21) that was prepared using n-butylamine to the 75% yield achieved for N-(¢-butyl)-N -
phenylurea (Entry 2m) which was prepared using #-butylamine. The inferior yield obtained for
the latter product can likely be attributed to the branched molecular structure of the alkyl group
in t-butylamine which exerts much more steric hindrance near the amino group than the linear
molecular structure of the alkyl group in n-butylamine.!'¢!!8

In addition to steric hindrance, the nucleophilicity of primary alkyl amines can be
compromised by the removal of electron density near the amino group through the inductive
effect of an EWG in the molecular structure, especially if the EWG contains one or more atoms
with high electronegativity.”* For example, the electron density near the nitrogen atom in
morpholine is likely drawn towards the oxygen atom at the opposite end of the ring. However,
this shift in electron density is suggested to be minimal due to the decreasing influence of the
inductive effect as the distance from its origin increases. Therefore, the nucleophilicity of
morpholine is expected to be greater than that of benzylamine, n-butylamine, #-butylamine, and
cyclohexylamine since it is a secondary amine while the other four starting materials are primary

amines.”*!® Despite this expectation, only a yield of 57% was achieved for N-phenyl-4-
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morpholinecarboxamide (Entry 2i) when it was prepared with morpholine. In contrast, yields of
75% or higher were obtained for the four products that were prepared using the primary alkyl
amine starting materials. Therefore, the yield obtained for N-phenyl-4-morpholinecarboxamide
was likely a consequence of this product having a higher polarity than the other four, limiting its
solubility in the weakly polar DCM that was used to extract it from the reaction mixture.>"
Evidence for this suggestion was obtained when TLC analysis revealed that N-phenyl-4-
morpholinecarboxamide had a retention factor of 0.40 while those noted for the other four
products ranged from 0.74 to 0.77.1"°

Among the yields achieved for the aryl ureas that were prepared using different amine
starting materials, the lowest was found to be a yield of 46% which had been obtained for N-
methyl-N,N’-diphenylurea (Entry 2j) that was prepared using N-methylaniline. This poor yield
was likely due to the steric hindrance exerted by the methyl group adjacent to the nitrogen
atom in N-methylaniline which greatly weakened its nucleophilicity.”* Furthermore, the close
proximity of the methyl group to the nitrogen atom would likely overshadow the strengthening
of nucleophilicity that is caused by its simultaneous contribution of electron density through the
inductive effect.”*

Following the successful preparation of fourteen other aryl ureas in addition to N,N -
diphenylurea, a product yield comparison was carried out for those which were also reported by
Bao et al. (2018). It should be noted that the method used by Bao et al. (2018) did not include
product extraction following heating of the reaction mixture in the microwave synthesizer. The
purpose of including an extraction step in the HATU method was to remove by-products such as
tetramethylurea which result from HATU being used in the synthetic procedure. Unfortunately,

certain by-products such as HOAt were not completely removed by extraction or FC. Therefore,
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all aryl urea products additionally required trituration with pure chloroform or a hexane-
chloroform (90:10, v/v) solvent mixture. In contrast, trituration with chloroform was only

used by Bao ef al. (2018) during the purification of N-(2-methylphenyl)-N’-phenylurea, N-(4-
methylphenyl)-N -phenylurea, N-(4-methoxyphenyl)-N-phenylurea, and N-(4-chlorophenyl)-N -
phenylurea. The HATU method achieved a slightly greater yield of 76% for N-(4-
methoxyphenyl)-N -phenylurea (Entry 2b) in comparison to the 68% yield obtained by Bao et
al. (2018). Also, the 81% yield obtained for N-(4-chlorophenyl)-N -phenylurea (Entry 2h)

using the HATU method was found to be far superior to the 52% yield achieved by Bao et

al. (2018).

The yields obtained for N-(2-methylphenyl)-N -phenylurea and N-(4-methylphenyl)-N -
phenylurea using the HATU method were quite similar to those reported by Bao ef al. (2018).
However, the HATU method achieved a slightly lower yield of 73% for N-(2-methylphenyl)-
N’-phenylurea (Entry 2a) when compared to the 80% yield reported by Bao et al. (2018). In
contrast, the 80% yield obtained for N-(4-methylphenyl)-N’-phenylurea (Entry 2b) using the
HATU method was slightly higher than the 71% yield obtained by Bao ef al. (2018). As
mentioned previously, the lower nucleophilicity of o-toluidine in comparison to p-toluidine
suggests that the latter reagent would react with phenyl isocyanate more readily.”* However, it is
possible that o-toluidine is slightly more soluble than p-toluidine in DCM, allowing o-toluidine
to react more frequently with phenyl isocyanate in this solvent. Therefore, a slightly higher yield
for N-(2-methylphenyl)-N’-phenylurea would be possible when using the method developed by
Bao et al. (2018).

The difference between the 76% yield obtained for N-(2,4-dimethylphenyl)-N -

phenylurea (Entry 2d) using the HATU method and the 78% yield obtained by Bao et al.
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(2018) was minimal. However, a noticeably lower yield of 56% was obtained for N-(2,4,6-
trimethylphenyl)-N-phenylurea (Entry 2f) using the HATU method in comparison to the
69% yield reported by Bao et al. (2018). This likely suggests that the extraction and trituration
steps included in the HATU method were especially detrimental to this product. Furthermore, it
is possible that these additional purification steps had a similar impact on the yields of other aryl
ureas that were prepared by the HATU method. For example, the yield achieved for N-phenyl-4-
morpholinecarboxamide (Entry 2i) using the HATU method was only 57% while a much
higher yield of 78% was reported by Bao et al. (2018). Similarly, a 46% yield was obtained
for N-methyl-N,N -diphenylurea (Entry 2j) using the HATU method while a far superior yield
of 66% was achieved by Bao ef al. (2018).

The yield of 94% obtained for N-(n-butyl)-N’-phenylurea (Entry 21) using the
HATU method was extremely similar to the 95% yield achieved by Bao et al. (2018).
However, the 86% yield obtained for N-benzyl-N-phenylurea (Entry 2Kk) using the HATU
method was slightly lower than the 93% yield reported by Bao ef al. (2018). It is possible that
the slightly greater difference between the two yields obtained for N-benzyl-N’-phenylurea
resulted from the product being triturated with pure chloroform when prepared through the
HATU method instead of the hexane-chloroform (90:10, v/v) solvent mixture that was used to

triturate N-(n-butyl)-N’-phenylurea.
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Table 3.2 - Summary of yields obtained for aryl ureas under optimized conditions using benzoic
acid and various amines as starting materials.

Entry Amine Reagent Urea Product Yield (%)
NH, H H
2a NTN (125)
O 73
o-Toluidine N-(2-Methylphenyl)-N’-phenylurea
NH,
2b H H (98)
o s
@)
p-Toluidine N-(4-Methylphenyl)-N -phenylurea
NH, H H
2¢ NTN (76)
O 63
m-Toluidine N-(3-Methylphenyl)-N’-phenylurea
NH,
2d H H (94)
e 76
@)
2,4-Dimethylaniline N-(2,4-Dimethylphenyl)-N’-phenylurea
NH,
2e H H (91)
e "
o
3,4-Dimethylaniline N-(3,4-Dimethylphenyl)-N-phenylurea
NH,
2f

H H (80)
N\H/N 56
SR

2,4,6-Trimethylaniline  N-(2,4,6-Trimethylphenyl)-N -phenylurea

&

() Product yield prior to trituration.
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Table 3.2 (Cont.) - Summary of yields obtained for aryl ureas under optimized conditions using

benzoic acid and various amines as starting materials.

Entry Amine Reagent Urea Product Yield (%)
NH,
2g H H (122)
T "
0] ~
p-Anisidine N-(4-Methoxyphenyl)-N’-phenylurea
NH,
2h H H (98)
SRA! "
Cl © Cl
4-Chloroaniline N-(4-Chlorophenyl)-N’-phenylurea

2i [oj ©/N\H/NQ 21725)

)
Morpholine N-Phenyl-4-morpholinecarboxamide
“NH ol
2j e (69)
O 46
N-Methylaniline N-Methyl-N,N’-diphenylurea

() Product yield prior to trituration.
* Product triturated with hexane-chloroform (90:10, v/v) instead of pure chloroform.
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Table 3.2 (Cont.) - Summary of yields obtained for aryl ureas under optimized conditions using
benzoic acid and various amines as starting materials.

Entry Amine Reagent

Urea Product Yield (%)

H,N
2k

Benzylamine
21

H2N ~

n-Butylamine

2m H2N\{/

t-Butylamine

NH,
2n

Cyclohexylamine

¥¥e
(114)
Y 86

H H (112)

NN~ 94
SR
N_ _N
(81)
©/ l( \{/ 75"

N-(t-Butyl)-N’-phenylurea
H H
N\n/N
[::::r/ 0O \W[:::] (93)

81
N-Cyclohexyl-N-phenylurea

() Product yield prior to trituration.
* Product triturated with hexane-chloroform (90:10, v/v) instead of pure chloroform.
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3.3 Application of HATU Method to Aryl Carbamate Preparation Using Benzoic Acid and
Various Alcohols as Starting Materials

Following the comparison of yields obtained for aryl ureas prepared by both the HATU
method and Bao et al. (2018), the HATU method was further tested by preparing aryl carbamates
using five different alcohol starting materials (Table 3.3). Although the successful isolation of
several aryl ureas provided confidence that the HATU method could also be used to prepare
aryl carbamates, the generally lower nucleophilicity of alcohols in comparison to amines was
expected to limit product formation. This lower nucleophilicity is due to the oxygen atom of a
hydroxyl group exerting higher electronegativity than the nitrogen atom of an amino group.’*?
As a result, it was anticipated that the yields obtained for the aryl carbamates would not be as
high as those obtained for many of the aryl ureas. However, unlike the aryl ureas, each aryl
carbamate was effectively purified by FC due to the greater polarity of impurities which were
also retained following product extraction and washing. Therefore, subsequent trituration of the
aryl carbamates with chloroform was unnecessary, avoiding any product loss that could have
resulted from this purification step.

A 57% yield obtained for benzyl-N-phenylcarbamate when it was
prepared using benzyl alcohol was found to be much lower than the 86% yield achieved for
N-benzyl-N’-phenylurea (Entry 2Kk) that was prepared using benzylamine, despite only the latter
product being triturated with chloroform during purification. Since benzylamine and benzyl
alcohol are structurally similar, the inferior yield obtained for benzyl-N-phenylcarbamate was
likely due to the weaker nucleophilicity of benzyl alcohol.”*? Therefore, an attempt to increase
the formation of benzyl-N-phenylcarbamate was made by heating the reaction mixture in the
microwave synthesizer for 15 minutes instead of 5 minutes. Although the extended heating

duration only caused the yield obtained for benzyl-N-phenylcarbamate (Entry 3a) to increase to
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65%, this alteration was considered to be a minor benefit to product formation and therefore,
applied to the synthetic procedure for the preparation of the other four aryl carbamates.

The 67% yield obtained for ethyl-N-phenylcarbamate (Entry 3b) when it was prepared
using ethanol was quite similar to the yield of 65% achieved for benzyl-N-
phenylcarbamate (Entry 3a) that was prepared using benzylamine. This was also found to be the
case for the 64% yield obtained for n-propyl-N-phenylcarbamate (Entry 3¢) when it was
prepared using n-propanol. In contrast, a noticeably lower yield of 48% was obtained for i-
propyl-N-phenylcarbamate (Entry 3d) when it was prepared using i-propanol. However, the
9% yield obtained for #-butyl-N-phenylcarbamate (Entry 3e) when it was prepared using #-
butanol was the lowest among those obtained for the aryl carbamates which were isolated using
the HATU method. Initially, the low yields obtained for i-propyl-N-phenylcarbamate and #-butyl-
N-phenylcarbamate were primarily attributed to steric hindrance exerted by methyl groups
adjacent to the hydroxyl group in each alcohol starting material.!'” However, the preparation of
all five aryl carbamates were found to generate N,N -diphenylurea as a by-product according to
TLC analysis that was conducted following the extraction of each product from the reaction
mixture. This suggested that upon addition of HOSA during the synthetic procedure, a portion of
the resulting phenyl isocyanate had reacted with water in the reaction mixture and subsequently,
the aniline reacted with more phenyl isocyanate to generate N, N’-diphenylurea. As a
consequence, the formation of each aryl carbamate was limited.®’

The repeated presence of water in the reaction mixture could be attributed to the alcohol
starting materials being highly hygroscopic although it should be noted that these reagents were
of anhydrous grade and each bottle of reagent was septum-sealed.'?’ Alternatively, it is possible

that a portion of each alcohol starting material reacted with sulfuric acid, a by-product that forms
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upon the addition of HOSA, causing the formation of water through dehydration. Also, this side
reaction occurs more readily with secondary and tertiary alcohols due to the higher stability of
their corresponding carbocation intermediates that result following the formation of water.®
Therefore, it is unsurprising that the yield obtained for i-propyl-N-phenylcarbamate was much
lower than that obtained for benzyl-N-phenylcarbamate, ethyl-N-phenylcarbamate, and n-propyl-
N-phenylcarbamate. Furthermore, the additional decrease in yield between i-propyl-N-
phenylcarbamate and #-butyl-N-phenylcarbamate reflects the greater susceptibility of z-butanol to
dehydration.®®

Once preparation of the five aryl carbamates had been completed, a comparison was
made once again between the yields obtained with the HATU method and those reported by Bao
et al. (2018). It was found that 65% yield obtained for-N-phenylcarbamate (Entry 3a) using
the HATU method was superior to the 45% yield achieved by Bao et al. (2018). Similarly, the
yield of 67% that was obtained for ethyl-N-phenylcarbamate (Entry 3b) using the HATU
method was much higher than the 48% yield reported by Bao et al. (2018). In addition, the
64% yield achieved for n-propyl-N-phenylcarbamate (Entry 3c¢) through the HATU method
greatly exceeded the 49% yield obtained by Bao ef al. (2018). These three yield comparisons
strongly suggest that the HATU method is more suitable for the preparation of aryl carbamates,
despite fewer purification steps being required in the method employed by Bao ef al. (2018). In
particular, the yield improvements associated with the use of the HATU method are likely the
result of HATU enhancing the formation of the hydroxamic acid derivative as described earlier
in the proposed mechanism.®”? Also, it should be noted that the benzoyl chloride starting
material which is used in the method developed by Bao et al. (2018) can exhibit susceptibility to

hydrolysis and as a result, the availability of this starting material is likely reduced when water is
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present in the reaction mixture.'?! Consequently, water that forms though the dehydration of the
alcohol reagents could subsequently react with this starting material, limiting product formation.
Although the HATU method clearly appeared to be the preferential approach for the
preparation of aryl carbamates when using primary alcohols as starting materials, this did not
appear to be the case when secondary or tertiary alcohols were employed. For example, the
48% yield obtained for i-propyl-N-phenylcarbamate (Entry 3d) using the HATU method
was nearly identical to the 48% yield achieved by Bao ef al. (2018). Furthermore, the yield of
9% obtained for #-butyl-N-phenylcarbamate (Entry 3e) through the HATU method was
noticeably lower than the 27% yield reported by Bao et al. (2018). Based on these two
observations, it is possible that when secondary and tertiary alcohols are used as starting
materials in the HATU method, their greater vulnerability to hydrolysis results in rapid
dehydration due to the higher concentration of sulfuric acid that accompanies an increased

formation of hydroxamic acid derivative.®®
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Table 3.3 - Summary of yields obtained for aryl carbamates under optimized conditions using
benzoic acid and various alcohols as starting materials.

Entry Alcohol Reagent Carbamate Product Yield (%)
HO
N \/@
N O
3a ©/ hig 65
O
Benzyl Alcohol Benzyl-N-phenylcarbamate
H
3b NTOV 67
HOV o)
Ethanol Ethyl-N-phenylcarbamate
H
3¢ NTO\/\ 64
HO_~ e}
n-Propanol n-Propyl-N-phenylcarbamate
H
3d HOT NTOY 48
@]
i-Propanol i-Propyl-N-phenylcarbamate
H
3e HO\{/ N\n/o\{/ 9
o
t-Butanol t-Butyl-N-phenylcarbamate
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3.4 Application of HATU Method to Aryl Urea Preparation Using Various Carboxylic
Acids and Aniline as Starting Materials

Following the comparison of the product yields achieved for the five aryl carbamates
through the HATU method with those reported by Bao et al. (2018), the preparation of aryl ureas
using the HATU method was revisited. However, the focus of the testing was shifted to varying
the identity of the carboxylic acid while using aniline as the nucleophile. Many of the chosen
reagents were analogues of benzoic acid containing one ormore substituents on the aryl group,
allowing the influence of different EDGs and EWGs on reactivity to be compared (Table 3.4).
Also, ten of the sixteen carboxylic acid starting materials were purposely selected in order to
prepare several aryl ureas which were previously prepared through the HATU method using
another combination of starting materials. This provided the additional opportunity to determine
which combination of reagents was more suitable for the preparation of each product and the
factors that contribute to variations in yield between each approach.

The 54% yield achieved for N-(4-methylphenyl)-N’-phenylurea (Entry 4b) when it was
prepared using p-toluic acid was much lower than the 80% yield achieved when p-toluidine
was used (Entry 2b). There are several factors which likely contributed to this reduction in
product formation. For example, the role of the methyl group in p-toluic acid as an ortho,para-
directing EDG causes it to increase electron density near the carbonyl carbon atom through the
inductive effect, resulting in it becoming slightly less electrophilic.”® Therefore it possible that
this additional electron density hindered the rate of nucleophilic attack by the "“OAt anion prior to
the formation of the activated ester in the proposed mechanism. Furthermore, this reduced
electrophilicity was also likely detrimental to the nucleophilic attack rate of HOSA at the same
position before the hydroxamic acid derivative was formed.”* Along with its negative influence

on the electrophilicity of the carbonyl carbon atom, the inductive effect exerted by the methyl
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group in p-toluic acid was suggested to interfere with product formation once again following
conversion to 4-methylphenyl isocyanate due to the increased electron density near the
isocyanate carbon atom.'?

Aside from hindering nucleophilic attack rates, the contribution of electron density
toward the carboxyl group by the methyl group in p-toluic acid also destabilizes its conjugate
base, causing it to be less acidic than benzoic acid.! An indication of this difference in acidity
can be seen by comparing the 4.37 pKa value of p-toluic acid in water to the lower 4.20 pKa
value of benzoic acid.”” As a result of this lower acidity, less conjugate base is available to react
with HATU, further contributing to the overall decline in product formation. In contrast, the
acidity of o-toluic acid is much higher than that of p-toluic acid, as is indicated by the 3.91 pKa
value of the former reagent in water in comparison to the 4.37 pKa value of the latter.”” The
lower acidity of o-toluic acid is due to a permanent disruption in the conjugated n-electron
system of the former reagent which restricts the contribution of electron density toward the
carboxyl group through the mesomeric effect.”* This interference in electron delocalization
results from distortion in the molecular structure which is driven by steric hindrance that occurs
between the carboxyl group and the adjacent methyl group.”® However, the 41% yield obtained
for N-(2-methylphenyl)-N -phenylurea (Entry 4a) when it was prepared using o-toluic acid was
found to be slightly lower than the 54% yield achieved for N-(4-methylphenyl)-N’-phenylurea
(Entry 4b), despite the conjugate base of o-toluic acid being more abundant in the reaction
mixture. This is likely another consequence of the methyl group position as it partially obstructs
nucleophilic attack on the carbonyl carbon atom, further limiting the formation of the activated
ester as well as the hydroxamic acid derivative.”

Although the molecular structures of o-toluic acid and 2,4-dimethylbenzoic acid are
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similar, the latter contains a second methyl group which would be expected to exert additional
electron density toward the carboxyl group, further limiting product formation.”” However, the
64% yield obtained for N-(2,4-dimethylphenyl)-N’-phenylurea (Entry 4¢) when it was prepared
using 2,4-dimethylbenzoic acid was higher than the 41% yield obtained for N-(2-methylphenyl)-
N’-phenylurea (Entry 4a) that was prepared using o-toluic acid. Furthermore, the 64% yield
obtained for N-(2,4-dimethylphenyl)-N -phenylurea also exceeded the 54% yield achieved for N-
(4-methylphenyl)-N’-phenylurea (Entry 4b) which was prepared using p-toluic acid. This
indicated that the additional electron density provided by the second methyl group in 2.,4-
dimethylbenzoic acid simultaneously enhanced product formation at a position outside of the
carboxyl group. This position likely corresponded to the tertiary carbon atom in the aryl group
since this atom is directly involved with the Lossen rearrangement in the proposed mechanism.
Furthermore, the contribution of electron density toward the atom from both methyl groups
would greatly increase its rate of nucleophilic attack on the deprotonated nitrogen atom, allowing
the Lossen rearrangement to proceed more rapidly.”*”” Although the contribution of electron
density from a third methyl group in 2,4,6-trimethylbenzoic acid likely increases the rate of the
Lossen rearrangement even further, only a minimal yield of 1% was obtained for N-(2,4,6-
dimethylphenyl)-N’-phenylurea (Entry 4d) when it was prepared using this starting material.
This was attributed to additional distortion in molecular structure and further obstruction of the
carbonyl carbon atom in 2,4,6-trimethylbenzoic acid that results from the carboxyl group being
directly adjacent to two methyl groups instead of one.”’

The preparation of N-(4-chlorophenyl)-N -phenylurea (Entry 4k) when using 4-
chlorobenzoic acid resulted in a 94% yield. This was slightly greater than the 81% yield

achieved when 4-chloroaniline was used as the amine starting material. This minor improvement
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in yield was likely due in large part to the chlorine atom in 4-chlorobenzoic acid acting as an
EWG through the inductive effect since the simultaneous influence of the substituent as an
ortho,para-directing EDG through the mesomeric effect is slightly lower in strength.'®’® In
particular, the resulting increase in the electrophilicity of the carbonyl carbon atom was
suggested to enhance the formation of the activated ester and subsequently, the hydroxamic acid
derivative in the proposed mechanism. In addition, similar enhancement to the electrophilicity of
the isocyanate carbon atom was postulated following conversion to 4-chorophenylisocyanate.'?
Finally, the reduction of electron density around the carboxyl group in 4-chlorobenzoic acid
enhances the stabilization of its conjugate base, causing it to have a higher acidity than benzoic
acid. This would benefit product formation since there is a higher amount of conjugate
base available to react with HATU in the reaction mixture.! In comparison to the 94% yield
achieved for N-(4-chlorophenyl)-N-phenylurea (Entry 4k) when it was prepared using 4-
chorobenzoicacid, a noticeably lower yield of 70% was obtained for N-(2-chlorophenyl)-N -
phenylurea (Entry 4j) that was prepared using 2-chlorobenzoic acid. However, this was not
surprising since 2-chlorobenzoic acid is a structural analogue of o-toluic acid. Therefore, the
molecular structure of the former reagent is also distorted by intramolecular steric hindrance and
the chlorine atom on the aryl group of 2-chlorobenzoic acid similarly obstructs accessibility to
the carbonyl carbon atom.”*”® As a result, the formation of N-(2-chlorophenyl)-N-phenylurea is
more limited than that of N-(4-chlorophenyl)-N’-phenylurea when using the synthetic procedure
employed in the HATU method.

A low yield of 20% was obtained for N-(2,4-dichlorophenyl)-N’-phenylurea (Entry 41)
when it was prepared using 2,4-dichlorobenzoic acid. This was far inferior to the 70% achieved

for N-(2-chlorophenyl)-N -phenylurea (Entry 4j) that was prepared using 2-chlorobenzoic acid
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as well as the 94% yield obtained for N-(4-chlorophenyl)-N’-phenylurea (Entry 4k) which was
prepared using 4-chlorobenzoic acid despite the second chlorine atom acting as an additional
EWG in 2,4-dichlorobenzoic acid and subsequently, 2,4-dichlorophenyl isocyanate.!:”77:122
Therefore, it was postulated that the solubility of N-(2,4-dichlorophenyl)-N -phenylurea in
EtOAc is lower than that of N-(2-chlorophenyl)-N’-phenylurea and N-(4-chlorophenyl)-N -
phenylurea since this would result in a lower amount of product being retained during extraction
from the reaction mixture. However, it is also important to note that unlike N-(2-chlorophenyl)-
N’-phenylurea and N-(4-chlorophenyl)-N -phenylurea, N-(2,4-dichlorophenyl)-N’-phenylurea
required trituration with a chloroform-EtOAc (90:10, v/v) solvent mixture instead of pure
chloroform following FC. Although the use of this solvent mixture caused a reduction in product
retention based on the 33% yield that was obtained when using pure chloroform for trituration,
the alteration was necessary since the polarity of pure chloroform was not high enough to
effectively dissolve all impurities which co-eluted with N-(2,4-dichlorophenyl)-N’-phenylurea
during FC.*3

The preparation of N-(4-bromophenyl)-N’-phenylurea (Entry 4i) using 4-bromobenzoic
acid resulted in a yield of 97%. This was very similar to the 94% yield obtained for N-(4-
chlorophenyl)-N’-phenylurea (Entry 4k) that was prepared using 4-chlorobenzoic acid, despite
the chlorine atom acting as a stronger EWG through the inductive effect than the bromine atom.
However, it is important to note that the chlorine atom also exerts a stronger mesomeric effect
than the bromine atom.'?* This difference in strength is based on the efficiency with which a
valence p orbital of the halogen atom overlaps a valence 2p orbital of the adjacent carbon atom
in the aryl group. Furthermore, the overlap efficiency is dependent on the difference in size

between the two p orbitals.'?® Since the 3p orbital of the chlorine atom overlaps the 2p orbital of
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the adjacent carbon atom more efficiently than the 4p orbital of the bromine atom, the
contribution of 7 electrons toward the aryl group occurs more readily in 4-chlorobenzoic acid
than in 4-bromobenzoic acid. Therefore, it is likely that the overall reduction in electron density
around the carbonyl group is greater in the latter reagent. It is also possible that upon addition of
aniline to the reaction mixture, the stronger mesomeric effect exerted by the chlorine atom would
cause 4-chloroisocyanate to react less rapidly with the reagent than 4-bromoisocyanate.'?>!?* In
contrast, the highly efficient overlap that occurs between the 2p orbital of the fluorine atom and
2p orbital of the adjacent carbon atom in 4-fluorobenzoic acid results in a mesomeric effect that
is even stronger than that exerted by the chlorine atom in 4-chlorobenzoic acid. Therefore, the
87% yield achieved for N-(4-fluorophenyl)-N’-phenylurea (Entry 4h) when it was prepared
using 4-fluorobenzoic acid was unsurprisingly lower than the 94% yield obtained for N-
(4-chlorophenyl)-N -phenylurea (Entry 4k) that was prepared using 4-chlorobenzoic acid.'?

Although a halogen atom and methoxy group both act as ortho,para-directing EDGs
through the mesomeric effect as well as EWGs through the inductive effect, a methoxy group
exerts a stronger mesomeric effect than a halogen atom while displaying a weaker inductive
effect.”>’® This results in p-anisic acid exhibiting lower acidity due to its weaker conjugate base.!
In addition, the decreased electrophilicity of the carbonyl carbon atom greatly hinders its
reactivity towards the “OAt anion and subsequently, HOSA.” Finally, product formation is
expected to be further hindered following conversion of the hydroxamic acid derivative to 4-
methoxyphenyl isocyanate since the methoxy group weakens the electrophilicity of the
isocyanate carbon atom, reducing the rate of nucleophilic attack by aniline.'??> These influences
on electron density are not unlike those exerted by the methyl group in p-toluic acid and 4-

methylisocyanate. However, it is important to remember that a methyl functional group
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contributes electron density through the inductive effect. In addition, it is important to recall that
the strength with which the inductive effect influences electron density distribution is generally
weaker than that of the mesomeric effect over the distance of several bonds. This is likely the
main reason that the 23% yield obtained for N-(4-methoxyphenyl)-N’-phenylurea (Entry 4e)
when it was prepared using p-anisic acid was much lower than the 54% yield achieved for N-
(4-methylphenyl)-N -phenylurea (Entry 4b) that was prepared using p-toluic acid.”

Unlike the other functional groups present in the benzoic acid analogues which have
been used as starting materials, the cyano group in 4-cyanobenzoic acid and acetyl group in 4-
acetylbenzoic acid each act as a strong meta-directing EWG through the mesomeric effect.
Therefore, they influence electron density distribution similarly to halogen atoms, but with much
greater strength.’”>’® This causes electron density to be quite low near the tertiary atom in the aryl
group of 4-cyanobenzoic acid and 4-acetylbenzoic acid. As a result, the subsequent formation of
4-cyanophenyl isocyanate or 4-acetylbenzoic acid in the proposed mechanism likely proceeds
more slowly.'?> However, the 98% yield achieved for N-(4-cyanophenyl)-N -phenylurea
(Entry 4g) when it was prepared using 4-cyanobenzoic acid was found to be very similar to the
97% yield obtained for N-(4-bromophenyl)-N’-phenylurea (Entry 4i) that was prepared using
4-bromobenzoic acid, indicating that the Lossen rearrangement was not hindered enough to
greatly impact product formation. It was also suggested that the high amount of product retained
following purification reflects the high solubility of N-(4-cyanophenyl)-N -phenylurea in
polar solvents. Although an acetyl group also withdraws electron density through the mesomeric
effect, a yield of only 34% was achieved for N-(4-acetylphenyl)-N’-phenylurea (Entry
4f) when it was prepared using 4-acetylbenzoic acid.”>’® However, it must be noted that unlike

N-(4-cyanophenyl)-N’-phenylurea, N-(4-acetylphenyl)-N -phenylurea was triturated with a
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chloroform-EtOAc (90:10, v/v) solvent mixture instead of pure chloroform in order to remove
unreacted 4-acetylbenzoic acid which had co-eluted with the product during FC. Although use of
this highly polar solvent mixture likely resulted in lower product retention, it was determined to
be necessary since TLC analysis revealed a 0.61 retention factor for N-(4-acetylphenyl)-N -
phenylurea while 4-acetylbenzoic acid was found to have a retention factor of 0.16.%>11°

Following the trituration with a hexane-chloroform (90:10, v/v) solvent mixture, a yield
of 23% was obtained for N-(n-butyl)-N -phenylurea when it was prepared using n-butylamine.
However, TLC analysis of the product indicated that an impurity remained. In contrast, it was
previously observed that the trituration of N-(n-butyl)-N’-phenylurea using a hexane-chloroform
(90:10, v/v) solvent mixture was sufficient to remove all remaining impurities when n-
butylamine was used as the amine starting material. Therefore, the presence of this impurity is
possibly a consequence of using valeric acid as the carboxylic acid starting material. Fortunately,
the higher polarity of pure chloroform was found to effectively remove the impurity while only
slightly lowering the yield obtained for N-(n-butyl)-N -phenylurea (Entry 4n) to 20%.” Since
the polarities of N-(¢-butyl)-N -phenylurea and N-cyclohexyl-N’phenylurea were previously
determined to be similar to that of N-(n-butyl)-N’-phenylurea based on TLC analysis, the
triturations of these two products were also performed using pure chloroform when the former
was prepared using pivalic acid and the latter with cyclohexanoic acid. This was done to ensure
the removal of any aryl amide side products that could similarly result from the use of these
carboxylic acid starting materials.

Although the carbonyl carbon atom in valeric acid is not obstructed from nucleophilic
attack by steric hindrance, the 20% yield obtained for N-(n-butyl)-N-phenylurea (Entry 4n)

was still quite low. Therefore, product formation was likely hindered instead by the high
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electron density surrounding the carboxyl group of valeric acid and subsequently, the isocyanate
group in n-butyl isocyanate. Much of this electron density is contributed by the alkyl group
through the inductive effect and its distribution is restricted due to limited electron
delocalization.”*!?? Evidence for this suggestion was gained when product precipitation was not
observed following the addition of aniline to the reaction mixture despite its occurrence when
n-butylamine was used as the amine starting material. Furthermore, similar observations were
made when N-benzyl-N’-phenylurea, N-(z-butyl)-N’-phenylurea, and N-cyclohexyl-N’phenylurea
were prepared using phenylacetic acid, pivalic acid, and cyclohexanoic acid respectively.

Unlike valeric acid, phenylacetic acid contains a conjugated n-electron system in its
molecular structure. However, this conjugated n-electron system does not extend to the carboxyl
group. As a result, the electron density surrounding the carboxyl group of phenylacetic acid is
also not affected by electron delocalization.”* Therefore, it was not surprising that only a slight
difference existed between the 11% yield obtained for N-benzyl-N -phenylurea (Entry 4m)
when it was prepared using phenylacetic and the 20% yield achieved for N-(n-butyl)-N -
phenylurea (Entry 4n) which was prepared using valeric acid. In contrast, the particularly low
5% yield obtained for N-(¢-butyl)-N -phenylurea (Entry 40) when it was prepared using
pivalic acid was likely further limited by the high amount of steric hindrance exerted by the t-
butyl group of the starting material. Similarly, it is expected that the superior 32% yield
obtained for N-cyclohexyl-N’phenylurea (Entry 4p) when it was prepared using cyclohexanoic
acid was mostly due to the cyclohexyl group of this starting material exerting a lower amount of
steric hindrance than the #-butyl group in pivalic acid.”

The yields obtained for the ten aryl ureas which were previously prepared by combining

benzoic acid with various amines were mostly found to decrease when various carboxylic acids
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and aniline were used as starting materials instead. The only exception to this trend was the
slightly greater 94% yield obtained for N-(4-chlorophenyl)-N’-phenylurea when it was

prepared using 4-chlorobenzoic acid (Entry 4k) in comparison to the 81% yield achieved

when n-butylamine (Entry 2h) was used in its preparation. In addition, it was noted that high
yields were obtained for the products that had been prepared by combining 4-fluorobenzoic acid,
4-bromobenzoic acid, or 4-cyanobenzoic acid with aniline. Therefore, it became evident that
ideal carboxylic acid starting materials for the HATU method were those that had a low electron
density surrounding the carboxyl group.”* Furthermore, many of these ideal carboxylic acids
likely contain conjugated m-electron systems throughout their molecular structures. In contrast,
the high product yields achieved by combining benzoic acid with n-butylamine, #-butylamine,
benzylamine, and cyclohexylamine indicated that amine starting materials which had a high
electron density near the amino group were preferable for the HATU method. Based on this
observation, it appears that the most suitable amine starting materials lack conjugated n-electron
systems.

Although the influence of EDGs and EWGs on electron density distribution in starting
materials clearly plays a large role in product formation when using the HATU method, the large
difference in yield observed when certain aryl ureas were prepared using two different
combinations of reagents indicated the additional impact of steric hindrance. For example, while
the 56% yield achieved for N-(2,4,6-dimethylphenyl)-N’-phenylurea when it was prepared
using 2,4,6-trimethylaniline (Entry 2f) was not particularly high, the use of 2,4,6-
trimethylbenzoic acid (Entry 4d) as a starting material resulted in an extremely low yield of
1% being obtained instead. This demonstrates that while the two methyl groups adjacent to the

amino group in 2,4,6-trimethylaniline interfere with its nucleophilic attack on phenyl isocyanate,
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the two methyl groups adjacent to the carboxyl group in 2,4,6 trimethylbenzoic acid are far more
detrimental to product formation. This is due to their steric hindrance interfering with the
reactivity of 2,4,6-trimethylbenzoic acid as well as each intermediate that leads up to the
formation of 2,4,6-trimethylphenyl isocyanate in the proposed mechanism.’”* Therefore, if the
option exists to prepare a particular aryl urea from one of two starting material combinations,
then the selected combination should involve the carboxylic acid with the simpler molecular
structure. However, if both of the selectable carboxylic acids have molecular structures with
similar complexity, then the decision is relegated to choosing the carboxylic acid with less

electron density around the carboxyl group.
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Table 3.4 - Summary of yields obtained for aryl ureas under optimized conditions using various
carboxylic acids and aniline as starting materials.

Entry Carboxylic Acid Reagent  Urea Product Yield (%)
0 H H
4a OH N\H/N (56)
O 41
o-Toluic Acid N-(2-Methylphenyl)-N’-phenylurea
0 H H
N N
4b OH e (73)
) 54
p-Toluic Acid N-(4-Methylphenyl)-N’-phenylurea
o) H H
N N
4c OH 3 95)
o) 64
2,4-Dimethylbenzoic Acid  N-(2,4-Dimethylphenyl)-N -phenylurea
0 H H
N N
4d OH e (10)
o) 1
2,4,6-Trimethylbenzoic Acid N-(2,4,6-Trimethylphenyl)-N -phenylurea
4e 0 H H (88)
v T )
~0 o~
p-Anisic Acid N-(4-Methoxyphenyl)-N’-phenylurea
4f O H H (126)
N N 34"
OH ©/ il
0 (0] O
4-Acetylbenzoic Acid N-(4-Acetylphenyl)-N -phenylurea

() Product yield prior to trituration.
* Product triturated with chloroform-EtOAc (90:10, v/v) instead of pure chloroform.
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Table 3.4 (Cont.) - Summary of yields obtained for aryl ureas under optimized conditions using
various carboxylic acids and aniline as starting materials.

Entry Carboxylic Acid Reagent Urea Product Yield (%)
0 H H
N N
. O OT 0oL, W
N§ (@) éN 98
4-Cyanobenzoic Acid N-(4-Cyanophenyl)-N-phenylurea
4h 0 H H (110)
o OrQ ”
© F
F
4-Fluorobenzoic Acid N-(4-Fluorophenyl)-N -phenylurea
4i O H H (111)
o oY "
Br Br
4-Bromobenzoic Acid N-(4-Bromophenyl)-N-phenylurea
4] ¢ o H H C (93)
OH N\H/N 70
@)
2-Chlorobenzoic Acid N-(2-Chlorophenyl)-N’-phenylurea
4K 0 oo (127)
o oTa :
cl Cl
4-Chlorobenzoic Acid N-(4-Chlorophenyl)-N’-phenylurea
4] Cl O (65)
20°

OH

<

Cl

2,4-Dichlorobenzoic Acid

H H Gl
YO,

N-(2,4-Dichlorophenyl)-N’-phenylurea

() Product yield prior to trituration.
* Product triturated with chloroform-EtOAc (90:10, v/v) instead of pure chloroform.
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Table 3.4 (Cont.) - Summary of yields obtained for aryl ureas under optimized conditions using
various carboxylic acids and aniline as starting materials.

Entry Carboxylic Acid Reagent Urea Product Yield (%)
H H
4m o N NV© (49)
g n
OH O
Phenylacetic Acid N-Benzyl-N’-phenylurea
4n H H (50)
i SR 2°
\/\/U\OH 0]
Valeric Acid N-(n-Butyl)-N’-phenylurea
40 H H (33)
i N ;
o, D!
Pivalic Acid N-(¢-Butyl)-N -phenylurea
4p Q o (75)
OH hig 32
O
Cyclohexanoic Acid N-Cyclohexyl-N’-phenylurea

() Product yield prior to trituration.
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3.5 Modification of HATU Method for Aniline Preparation

Once the versatility of the HATU method had been evaluated through testing with
different starting materials, an attempt was made to modify it for the purpose of amine
preparation. As was indicated following the testing of the HATU method with different
alcohol starting materials, the side reaction of water with phenyl isocyanate prior to the addition
of the alcohol in the synthetic procedure results in the formation of aniline. Much of this aniline
then reacts with the remaining phenyl isocyanate to form N, N -diphenylurea. Although the
formation of aniline as a by-product was not desired when the purpose of the synthetic procedure
was to prepare various aryl carbamates, it was evident that this side reaction could possibly be
developed into a secondary application. The potential for this application was tested by using
benzoic acid and water as starting materials (Table 3.5). Initially, the test was conducted without
any modifications to the synthetic procedure (Entry Sa) and it was expected that the use of water
as a nucleophile would result in the conversion of all phenyl isocyanate into aniline. The
formation of aniline as well as N, N’-diphenylurea was indicated by TLC analysis once product
extraction had been conducted using EtOAc followed by washing with water. However, TLC
analysis performed after FC indicated that aniline was not present in any of the solvent fractions
that had been selected by the instrument software. Therefore, it was likely that the concentration
of aniline was too low to be detected, causing it to remain on the column. Although the side
reaction resulting in N,N’-diphenylurea likely consumed much of the aniline that was generated
during the final step of the synthetic procedure, it is suggested that the weak nucleophilicity of
water also limited product formation.

In an effort to reduce the amount of aniline lost to the formation of N, N’-diphenylurea,

the synthetic procedure was modified to exclude heating of the reaction mixture following the
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addition of water. Unfortunately, TLC analysis indicated that aniline was still not retained
following FC, regardless of whether product extraction was attempted with EtOAc (Entry Sb) or
DCM (Entry 5¢). However, it was noted that benzanilide had also been formed as a by-product
in addition to N, N ’-diphenylurea. This suggests that when the reaction mixture was not heated
following the addition of water, a larger amount of activated ester remained and therefore, a
greater portion was able to subsequently react with some of the aniline that had formed.

A final attempt to improve aniline retention was conducted by increasing the amount of
water used in the synthetic procedure while lowering the proportions of the other reagents
(Entry 5d). Along with the absence of heating, it was anticipated these modifications would
limit the abundance of residual phenyl isocyanate that was available to react with aniline as it
formed. Once again, TLC analysis found that aniline had not been recovered subsequent to FC
being performed. It is possible that the difficulty in recovering aniline following this purification
step could be overcome by scaling up all reagent quantities since the corresponding increase in
product would likely be detected during FC. However, this would not improve product yield and
therefore, a stronger nucleophile such as a hydroxide salt may be necessary to increase the rate of

phenyl isocyanate conversion to aniline.’'%*
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Table 3.5 - Summary of yield obtained for aniline under various conditions using benzoic acid
and water as starting materials.

Entry Benzoic HATU HOSA Water Microwave Yield Additional
Acid (eq) (eq) (eq) (eq) Conditions (%) Conditions

5a 1.25 1.25 1.5 1 100°C, 0 N/A
Smin.
5b 1.25 1.25 1.5 1 N/A 0 N/A
5¢ | 1.05 1.3 1.3 N/A 0 N/A
5d 1.25 1.25 1.5 1 N/A 0 x2 DCM substituted for

EtOAc during extraction
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3.6 Incorporation of HATU Method Into Multi-step Sorafenib Preparation

After it had been determined that the HATU method could not be effectively
employed to prepare amines when using water as a nucleophile, focus was shifted to
incorporating it into a multi-step synthesis for the anticancer drug Sorafenib. As mentioned
previously, the preparation of the product along with its two precursors used existing techniques
in the literature which were modified to make use of the reagents as well as conditions employed
in the HATU method (Table 3.6).!25-126:95

The preparation of the first precursor, N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-
hydroxyphenyl)urea, was attempted using 4-chloro-3-(trifluoromethyl)benzoic acid and 4-
aminophenol as starting materials. Although a yield of 56% was initially achieved, the product
could not be separated from unreacted 4-aminophenol once all purification steps had been
completed. The persistence of 4-aminophenol as an impurity was suggested to be the result of
several unfavourable chemical properties. One such property was its low water solubility,
causing it to remain in the organic layer during product extraction and washing.'?” Once FC had
been performed on the precipitate obtained from the organic layer, it was found that the similar
polarity of N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea, 4-aminophenol,
and two other impurities caused them to co-elute. Furthermore, 4-aminophenol and the other two
impurities remained after the precipitate obtained from the eluted fractions had been triturated
with a chloroform-EtOAc (90:10, v/v) solvent mixture. It is possible that at least one of the
two impurities aside from 4-aminophenol was an oxidized derivative that had self-reacted to
form a dye. This postulate was supported by the brown colour of the product isolated from FC
which was drastically different from the white colour of pure N-[4-chloro-3-

(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea. 127128114 Also, it is likely that some of 4-
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aminophenol starting material had become oxidized prior to its addition to the reaction mixture
since it was not stored under an inert atmosphere. Therefore, it was suggested that the high
susceptibility of 4-aminophenol to oxidation partially hindered product formation '*°

In attempt to eliminate the presence of residual 4-aminophenol in the reaction mixture
following the synthesis of N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea, the
reagent was substituted with its corresponding hydrochloride salt. Since the solubility of 4-
hydroxyanilinium in water is higher than that of 4-aminophenol, most of the unreacted salt that
remained in the reaction mixture was expected to partition into the aqueous layer during product
extraction and washing.!?® However, the product still contained impurities following FC.
Furthermore, a lower yield of 30% accompanied the replacement of 4-aminophenol with
4-hydroxyanilinium chloride which likely indicated that the conversion of the latter into the
former through deprotonation by DIPEA did not occur efficiently.!*%!3! As a result, it was
determined that alteration to the solvent gradient and flow rate used for FC was necessary in
order to adequately separate 4-aminophenol as well as the other two impurities from the product.
Fortunately, this modification was highly effective in its purpose. Furthermore, subsequent
trituration with a chloroform-MeOH (90:10, v/v) solvent mixture was sufficient to remove any
remaining impurities following FC. However, the high polarity of MeOH likely resulted in a
large amount of N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea being
dissolved along with these impurities, resulting in a 47% yield being obtained.’® Therefore, the
molar quantities of the reagents and catalyst had to be tripled in order to prepare a sufficient
amount of N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-hydroxyphenyl)urea for the subsequent
synthesis of Sorafenib. Fortunately, a similar yield of 45% when the increased molar quantities

were used (Entry 6a), indicating that this alteration did not interfere with product formation.
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The preparation of the second precursor, 4-chloro-N-methyl-2-pyridinecarboxamide, was
attempted using 4-chloro-2-pyridinecarboxylic acid and methylammonium chloride as starting
materials. Since the product of this step did not require the addition of HOSA in the synthetic
procedure, the formation of by-products and side reactions caused by the addition of this reagent
were avoided. However, isolation of 4-chloro-N-methyl-2-pyridinecarboxamide initially proved
difficult since the product and all remaining impurities exhibited similar solubility in a hexane-
chloroform (90:10, v/v) solvent mixture during trituration. Fortunately, this challenge was
overcome by once again modifying the solvent gradient employed for FC such that the product
did not co-elute with any detectable impurities. Therefore, subsequent trituration was no
longer required, preventing a decrease in product yield that could result from this purification
step. Despite the 74% yield achieved, the molar quantities of the reagents and catalyst had to
be doubled in order to prepare a sufficient amount of 4-chloro-N-methyl-2-pyridinecarboxamide
for the subsequent synthesis of Sorafenib. Once again, the increase in molar quantities did not
appear to affect product formation based on the nearly identical 73% yield (Entry 6b) obtained
when this alteration was employed.

Once both precursors had been prepared in adequate amounts, they were used as starting
materials for a SNAr reaction which was expected to result in the formation of Sorafenib.
However, only starting materials as well as a few side products were recovered following FC,
suggesting that Sorafenib had not formed (Entry 6c¢). This likely indicates that DIPEA did not
effectively deprotonate the hydroxyl group in N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-
hydroxyphenyl)urea, despite the reaction mixture being heated to 100°C for 30 minutes using a
microwave synthesizer. Therefore, it is clear that the use of a catalyst with a much higher

basicity is vital to the success of a SNAr reaction.
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Table 3.6 - Summary of yields obtained for Sorafenib and precursors under optimized conditions

using various starting materials.

Entry Starting Materials Product Yield (%)
6a
£ F o}
cl
4-Chloro-3-(trifluoromethyl)- FR H H
benzoic Acid FSDNYNQ (86)
Cl ° OH 45%
NH, N-[4-Chloro-3-(trifluoromethyl)-
phenyl]-N-(4-hydroxyphenyl)urea
OH
4-Aminophenol
6b
o}
cl | - Non
N
4-Chloro-2-pyridinecarboxylic o
Acid EAV'S 0 ' 73
[ N H
llli o 4-Chloro-N-methyl-2-
HLH pyridinecarboxamide
Methylammonium Chloride
6¢
e H H
Peg e
Cl ° OH
N-[4-Chloro-3-(trifluoromethyl)- FR H H
phenyl]-N’-(4-hydroxyphenyl)urea FSD/N\[]/N\@\ | SNy
cl ° o AN 0
O
Q Sorafenib
Cl N N/
| N H
4-Chloro-N-methyl-2-
pyridinecarboxamide

() Product yield prior to trituration.

*Product triturated with chloroform-MeOH (90:10, v/v) instead of pure chloroform.
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4. CONCLUSION AND FUTURE WORK

Ureas and Carbamates are carbonyl functional groups that are noted for their chemical
stability through resonance as well as their potential to form multiple hydrogen bonds. These
chemical properties as well as others have resulted in these functional groups being incorporated
into the molecular structures of foldamers as well as various drugs. In addition, they have found
use in the development of host complexes for smaller molecules. Therefore, the efficient
synthesis of ureas and carbamates has become an important research focus. Although early
synthetic procedures for these functional groups were developed over a century ago, not much
progress was made until the development of the Curtius, Hofmann, and Lossen rearrangement
reactions. The isocyanate that ultimately formed from each rearrangement reaction could easily
be converted into a urea or carbamate when combined with the appropriate nucleophile.
Although all three rearrangement reactions have been applied to urea and carbamate synthesis
since their discovery, the Lossen rearrangement has had the notable advantage of not involving
highly toxic or explosive reagents. Unfortunately, the hydroxamic acid precursors from which
the hydroxamate starting materials are often prepared have low commercial availability. This has
led to their preparation from precursors that are more easily obtained such as carboxylic acids.
However, the direct conversion of a carboxylic acid to a hydroxamate does not occur efficiently
due to the hydroxide anion being a poor leaving group. In addition, the electrophilicity of the
carbonyl carbon atom is often quite low. Therefore, the carboxylic acid must be transformed into
an activated derivative in which the hydroxyl group is replaced by a strong EWG that exhibits
high stability as an anion. This can be achieved by combining the carboxylic acid with one of
several coupling reagents that have been developed over the past few decades. The hydroxamate

can then be synthesized by combining the activated derivative with a hydroxylamine derivative.
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The HATU method for the preparation of aryl ureas and carbamates that was presented
herein was expected to improve upon the method developed by Bao et al. (2018), primarily
through alterations to the synthetic procedure. The first alteration was the replacement of benzoyl
chloride with various carboxylic acids that could be transformed into activated esters using
HATU. HATU was selected as the coupling reagent due to the 1/-benzotriazole moiety of
which it is partially comprised. Once this moiety is incorporated into the molecular structure of
the activated ester, it is capable of interfering with product racemization if an a-carbon atom is
also present in the intermediate. Additionally, the 1H-benzotriazole moiety stabilizes HOSA
prior to its nucleophilic attack on the carbonyl carbon atom through hydrogen bonding, resulting
in a higher rate of isocyanate formation. Along with the advantages provided by HATU, the use
of a carboxylic acid instead of an acyl chloride as a starting material is preferable since the
storage capability of the latter is hindered by rapid hydrolysis in the presence of moisture.
Another alteration that was made to the synthetic procedure employed by Bao ef al. (2018) was
the use of MeCN instead of DCM as the solvent in which the reaction was conducted. This
switch was made since the higher polarity of MeCN allows it to be heated more efficiently than
DCM in the microwave synthesizer. In addition to the changes applied to the synthetic
procedure, the purification procedure used by Bao et al. (2018) was also modified by extracting
the reaction mixture into EtOAc or DCM and then performing a wash with water following
heating in the microwave synthesizer. This extraction was included with the intention of
eliminating highly polar impurities that would make product isolation difficult when using FC.

Optimization of the HATU method was carried out through the repeated preparation of
N,N’-diphenylurea from benzoic acid and aniline using slightly different conditions as well as

reagent proportions. Upon completion of optimization, it became evident that the conditions and
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reagent proportions employed by Bao ef al. (2018) did not require any drastic alterations. This
made it possible to compare product yields obtained with each method solely based on changes
in the synthetic and purification procedures. Several aryl ureas and carbamates were then
synthesized from benzoic acid and various nucleophiles using the HATU method, including
those which were previously reported by Bao ef al. (2018). Most of the yields achieved for the
aryl ureas ranged from 75% to 95% while the majority of those obtained for the aryl carbamates
spanned 45% to 65%. The lower yields obtained for the aryl carbamates were mainly attributed
to side reactions caused by the presence of water in the alcohol starting materials as well as
acidic by-products that formed in solution. After yields for products that had been prepared by
both methods were compared, it was found that many of the yields achieved using the new
method were similar or superior to those reported by Bao et al. (2018). However, higher yields
were reported by Bao ef al. (2018) for a few products as well. Based on these comparisons, it is
suggested that although use of the synthetic procedure employed in the HATU method generally
results in higher product formation, the yield is hindered by subsequently triturating the product
during purification. Unfortunately, this trituration is necessary due to the persistence of
impurities such as HOAt following product isolation by FC. Therefore, the replacement of
HATU with another coupling reagent that generates by-products which are all highly soluble in
water could be necessary. Also, it is possible that a greater number of impurities could be
separated from products by FC through appropriate adjustments to parameters such as elution
time and gradient as well as the chemical properties of the silica gel. Finally, a better
understanding of aryl urea and carbamate solubility trends in EtOAc as well as DCM would
likely provide insight as to how the retention of products could be improved during their

extraction from reaction mixtures.
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Once comparison of the two methods was completed, several more aryl ureas were
prepared from various carboxylic acids and aniline using the HATU method. This included aryl
ureas which had already been synthesized through the HATU method using benzoic acid and
certain nucleophiles. The use of two different pairs of starting materials to prepare the same aryl
ureas allowed for a yield comparison that provided insight as to how the molecular structures as
well as chemical properties of the starting materials affect product formation. As a result of this
comparison, it was determined that aromatic carboxylic acids which have one or more EWGs are
ideal for maximizing product yield since electron density near the carbonyl carbon atom is
minimal, enhancing its electrophilicity. In addition, it was found that aliphatic amines which
have one or more EDGs similarly contribute to a higher product yield by concentrating electron
density near the amino group, enhancing its nucleophilicity. However, steric hindrance near the
carbonyl carbon atom in a carboxylic acid or the amino group in an amine can greatly limit
product yield, regardless of electron density distribution in either starting material. Furthermore,
intramolecular steric hindrance in aromatic carboxylic acids caused by substituents directly
adjacent to the carboxyl group can disrupt its co-planarity with the aryl group, increasing
electron density near the carbonyl carbon atom due to a decrease in electron delocalization.

Although the preparation of aniline from benzoic acid and water using the synthetic
procedure in the HATU method was indicated to be successful according to TLC analysis, the
product could not be isolated by FC due to its low concentration in the reaction mixture. This
low concentration was partially attributed to the weak nucleophilicity of water. In addition, it
was suggested that some of the aniline in the reaction mixture reacted with the remaining phenyl
isocyanate. This suggestion is based on N,N’-diphenylurea also being present in the reaction

mixture. Therefore, it is likely that the HATU method cannot be effectively employed to
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prepare primary amines unless a stronger nucleophilic starting material such as hydrogen
peroxide is used instead of water.

The incorporation of the HATU method into the total synthesis of Sorafenib from N-[4-
chloro-3-(trifluoromethyl)phenyl]-N'"-(4-hydroxyphenyl)urea and 4-chloro-N-methyl-2-
pyridinecarboxamide resulted in the formal synthesis of the two precursors. However, the use of
DIPEA to catalyze the SnxAr reaction which was expected to form the final product from the two
precursors was not successful. Therefore, it is likely that a catalyst with a much higher basicity is
required to effectively deprotonate N-[4-chloro-3-(trifluoromethyl)phenyl]-N'-(4-
hydroxyphenyl)urea. Also, the tendency for 4-aminophenol to become oxidized and participate
in side reactions during the synthesis of N-[4-chloro-3-(trifluoromethyl)phenyl]-N'"-(4-
hydroxyphenyl)urea suggests that future alterations to the synthetic procedure such as protecting
the hydroxyl group or using the reagent in excess could improve product formation.
Furthermore, an effective reduction in the formation of side products would likely eliminate the
requirement for trituration following purification through FC.

As indicated previously, there exists potential to improve the method reported by Bao et
al. (2018) beyond the alterations which were made in the HATU method. It is suggested that
with further refinement, the HATU method could eventually be developed into a library
synthesis. This library synthesis could then be employed for purposes such as the rapid
preparation of multiple urea and carbamate analogues that could act as precursors to drug
candidates with similar molecular structures. In addition, the library synthesis could be
subsequently adapted into a flow chemistry method. Automation of the library synthesis would
not only reduce the amount of time required for preparing each product, but also ensure that the

synthetic and purification procedures are carried out consistently.
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N-(2,4-Dimethylphenyl)-N'"-phenylurea (Entry 2d) 'H NMR
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N-Benzyl-N'-phenylurea (Entry 2k) 'H NMR
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i-Propyl-N-phenylcarbamate (Entry 3d) 'H NMR
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t-Butyl-N-phenylcarbamate (Entry 3e) 'H NMR
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N-(2-Methyphenyl)-N"-phenylurea (Entry 4a) 'H NMR

o NOONNCBORVOTNDG TN =
- i o, T b o -
@ N R N . Y- 7 o
| e o T SR |
| Ju u_ )
=) qwo oo % ™~
‘D. q= - |“.‘-. b ol
— — : : : : - :
g8 & 4 [ppm]

N-(2-Methylphenyl)-N"-phenylurea (Entry 4a) 3C NMR APT

. 5 000 il o

® -
P g~ SEr G N~ @
a8 g5 SERNENARE ~
I \
H H
NYN
\‘ [ ) 0]
e RO SR e
T T T T T T T T T T T T T T T T T
140 120 100 30 0 40 20 [ppm]

[rel]

15

10

[rel]

15

10

161
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N-(4-Methylphenyl)-N'-phenylurea (Entry 4b) 'H NMR
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N-(2.4-Dimethylphenyl)-N"-phenylurea (Entry 4¢) 'H NMR
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N-(2.4,6-Trimethylphenyl)-N'-phenylurea (Entry 4d) 'H NMR
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N-(4-Methoxyphenyl)-N"-phenylurea (Entry 4e) '"H NMR 3
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N-(4-Acetylphenyl)-N'-phenylurea (Entry 4f) 'H NMR z
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N-(4-Cyanophenyl)-N'-phenyl (Entry 4g) 'H NMR

= e NS NN DN BNO®D
N o= NReeSSInAaNSS
-3 w

I I VRA

15

L
(__
|
T
0

S |@ g3/ 2|8 |2
i Y T
T T T T T T T T T T T T T T
8 6 4 2 [ppm:

N-(4-Cyanophenyl)-N"-phenylurea (Entry 4g) 3°C NMR APT E
T 8 T EE i

o Loy d) o FRTRPTRr o8 ...
e T w“‘ " W e

140 120 100 20 0 40 Ippm]

167



N-(4-Fluorophenyl)-N'-phenylurea (Entry 4h) 'H NMR FE
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N-(4-Bromophenyl)-N"-phenylurea (Entry 4i) "H NMR E
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N-(2-Chlorophenyl)-N'"-phenylurea (Entry 4j) '"H NMR i
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N-(4-Chlorophenyl)-N"-phenylurea (Entry 4k) 'TH NMR z
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N-(2,4-Dichlorophenyl)-N"-phenylurea (Entry 41) 3C NMR APT
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N-Benzyl-N"-phenylurea (Entry 4m) 'H NMR | &
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N-(n-Butyl)-N"-phenylurea (Entry 4n) 'H NMR L E
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N-(#-Butyl)-N'"-phenylurea (Entry 40) 'H NMR
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N-Cyclohexyl-N'-phenylurea (Entry 4p) 'H NMR L E
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N-[4-Chloro-3-(trifluoromethyl)phenyl]-N"-(4-hydroxyphenyl)urea (Entry 6a) '"H NMR £
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4-Chloro-N-methyl-2-pyridinecarboxamide (Entry 6b) 'H NMR
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4—Chloro—N—methyl—Z—pyﬁdinecarboxamide (Entry 6b) B3C NMR APT
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