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Abstract

The amide bond is one of the most important functionalities in both industrial and medicinal
chemistry. Traditional amidation methods involve the use of coupling reagents; however the
production of stoichiometric by-products resulted in the ACS’s Green Chemistry Institute

Pharmaceutical Roundtable highlighting the need for catalytic and waste-free syntheses of

amides in 2005.

This thesis details research concerning the development of novel catalytic protocols for the
synthesis of amides from a variety of different starting materials. These methods have been
fully optimised and the substrate scope for each approach has been explored. Mechanistic

studies have also been performed to elucidate plausible reaction pathways.

In Chapter 1, following an introduction to amides, a discussion on their synthesis is detailed.
This section covers the direct uncatalysed coupling of carboxylic acids and amines, the use of
coupling reagents and catalytic methods. Metal/non-metal and homogeneous/
heterogeneous catalysts for the preparation of amides from a variety of different starting

materials are presented.

The Results and Discussion section begins with a report detailing a cheap and simple method
for the acylation of amines using catalytic acetic acid and esters as the acyl source. The N-
acetylation of amines formed the initial focus of the investigations, however it was also

shown the methodology could be successfully applied to synthesise higher amides as well.

Chapter 3 details work on a selective and relatively mild protocol for the hydration of
organonitriles in water. Low loadings of a commercially available palladium catalyst and a
cheap ligand afford primary amide products in high yields in the absence of hydration-

promoting additives such as oximes and hydroxylamines.

In Chapter 4, a low temperature method for the efficient rearrangement of aldoximes into
primary amides is presented. The protocol successfully converts aldoximes into primary
amides using cheap and simple reagents, namely a copper catalyst and sodium salt, without

the need for nitriles to accelerate the process.



Chapter 5 builds on the work outlined in the previous chapter to enable the conversion of

aldehydes into primary amides in a one-pot reaction at low temperature.



1. Introduction

1.1. Introduction to Amides
The amide bond is one of the most important functionalities in both industrial and medicinal
chemistry; essential to both the pesticide and polymer industries, for example, and present in
more than 25% of pharmaceuticals (Figure 1.1). The large number of amide-containing drug
molecules is due to the significance and prevalence of the functionality in biologically

important compounds, for example peptides and proteins.1

O H H
/PJ\/\/\H/N\/\/\/\N+ /©/ \H/
Hlp O
(@) HO

1.1 1.2
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N _ I _ +.-
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Figure 1.1. Polymers (1.1), pharmaceuticals (1.2 and 1.3), agrochemicals (1.4) and biological molecules (1.5) containing
amide bonds.

Amides have several notable characteristics, including their ability to form hydrogen bonds; a
result of the presence of a hydrogen bond acceptor (the carbonyl oxygen) and hydrogen bond
donor (the NH group) within the functionality.z'3 The formation of hydrogen bonds is vital to
the stability of the two protein secondary structures — a-helices and B-sheets — as well as

protein-ligand recognition.4



In addition, the delocalisation of electron density over the amide bond confers both stability
and a partial double bond character (Scheme 1.1). As a result of this resonance, the N-C-O
fragment is coplanar whilst there is also limited free rotation about the bond. These two
characteristics account for several properties of polypeptide chains — which consist of a-

amino acids linked by covalent amide bonds — and contribute to their secondary structure.’

R H/‘—’R\ﬂ/R

Scheme 1.1. The resonance forms of amides.

In addition, the small degree of rotation about the amide bond allows both the s-cis and s-
trans conformations to be adopted, although s-trans is favoured over s-cis due to steric

effects (Scheme 1.2). This flexibility is thought to be essential for the function of proteins.”

O (0]
R)J\ N - H —_——— R)J\ - R'
it |
S-cis s-frans

Scheme 1.2. The two different configurations of amides.

Despite the significance and prevalence of amides in both industrial and medicinal chemistry,
traditional methods for their formation are less than ideal. Major concerns include the need
for high temperatures, limited substrate scopes and the generation of stoichiometric by-
products.1 As a result, the last decade has seen the emergence of a range of catalytic
methods for the formation of amides in order to circumvent these problems. The
development of both metal and non-metal catalysts has allowed amides to be accessed from
a variety of starting materials, including carboxylic acids, amides, aldehydes, nitriles, esters,
aldoximes and alcohols.®” It is hoped that these modern approaches can provide a recyclable,

low cost and environmentally benign route to industrially and medicinally relevant amides.



1.2. Synthesis of Amides
The literature includes a variety of different amidation protocols; ranging from traditional
direct couplings and the use of stoichiometric activating agents to more novel catalytic
methods. This section firstly outlines the direct coupling of both carboxylic acids and acid
chlorides with amines, followed by a discussion on the use of coupling reagents in amide
bond formation. Finally, the catalytic synthesis of amides from carboxylic acids, esters,

nitriles, aldoximes and aldehydes is presented.

1.2.1. Direct Couplings
One of the most attractive methods for the formation of amides is the direct coupling of
carboxylic acids and amines, involving the release of one equivalent of water (Scheme 1.3).
Although this condensation reaction is relatively atom efficient, problems arise from the
competing acid-base reaction which can occur; leading to the formation of an unreactive
ammonium-carboxylate salt.) In order to overcome the energy barrier of this salt, high
temperatures of 180 °C must be used.® However, sensitive functional groups are incompatible

with these forcing conditions and therefore this direct coupling strategy has limited scope.9

(0]
M b i
R (0] R OH R)J\NR'R"
R'R"NH,* R'R"NH V

Favoured in polar Favoured in non-polar
protic solvents aprotic solvents

Scheme 1.3. Direct coupling of a carboxylic acid and an amine in a condensation reaction.

The reaction mechanism for the direct coupling of carboxylic acids and amines in non-polar
aprotic media was investigated by Whiting et al. in 2011.%° They revealed limited formation of
the unreactive salt in this type of solvent system and, based on DFT calculations and
additional experiments, proposed a reaction mechanism which proceeds through the dimeric

carboxylic acid species 1.6 (Scheme 1.4).



Scheme 1.4. Proposed mechanism for direct amidation by Whiting et al.

The direct coupling of acid chlorides and amines has also been a well-researched area. The
Schotten-Baumann reaction, dating back to 1883, involves the synthesis of an amide from an

amine and an acid chloride (Scheme 1.5).*"*

However, hydrochloric acid is also generated as
a by-product and therefore base (for example Hinig’s base) must be added in order to
neutralise the solution and prevent the formation of the inactive ammonium salt. An
alternative procedure involves a two-phase system involving water and an immiscible organic
solvent. The acid chloride and amine react in the organic phase, whilst the HCl by-product

moves to the aqueous layer where it is neutralised by the base. "2

Scheme 1.5. The Schotten-Baumann reaction.

The Schotten-Baumann protocol is used to synthesise Nonivamide (also known as pelargonic
acid vanillylamide or PAVA), a food additive which adds pungency to flavourings, seasonings
and spices. This reaction was also employed during the Fischer peptide synthesis in 1903, in
which a-chloro acid chlorides were condensed with amino acid esters.'® This was followed by
hydrolysis of the ester and then conversion of the resultant acid into an acid chloride.
Subsequent coupling of the new acid chloride to a second amino acid ester extended the
chain, before the process was repeated. Reaction with ammonia converted the terminal

chloride into an amino group.



1.2.2. Use of Coupling Reagents
As detailed, the direct coupling of a carboxylic acid and an amine, either in solution or solid
phase, results in the formation of the unreactive ammonium-carboxylate salt." Therefore, in
order to prevent salt formation a variety of methods have been developed involving two
consecutive steps — activation of the carboxylic acid into 1.7 using so-called coupling reagents
and then subsequent amidation into 1.8 (Scheme 1.6). Depending on the coupling reagent
used, these two steps can either be performed separately or as a one-pot reaction.
Activation of the carboxylic acid usually involves conversion into a more reactive functional

group, such as an acid chloride, acid anhydride, acyl azide or active ester.*

Activating

o) agent 0 NH,R O
)J\ - = )J\ - )J\ R
R” “OH R™ DAct RN
1.7 1.8
Activation Amidation

Scheme 1.6. Activation of a carboxylic acid and subsequent amidation.

One of the most popular classes of coupling reagent for the production of amides is the
carbodiimides, such as DCC (1.9), DIC (1.10) and EDCI (1.11);" the former first used in 1955 by
Sheehan (Figure 1.2)."® Whereas DCC and DIC are only soluble in organic solutions, EDCI is a

water-soluble carbodiimide, typically obtained as the hydrochloride salt.”

Q -

N=C=N N=C=N

oS S

1.9 1.10 1.11

Figure 1.2. Common carbodiimide coupling reagents.

The DCC coupling mechanism firstly involves nucleophilic attack of the carboxylic acid on the
carbodiimide to yield O-acylurea intermediate 1.12 (Scheme 1.7). Three different possible
pathways then follow; two leading to the desired product and a third route resulting in the
production of an unwanted side product. The most direct pathway to desired amide product
1.13 involves nucleophilic attack on the carbonyl group of 1.12 by the amine. As well as the

amide, dicyclohexylurea (1.14) is also generated (the driving force of the reaction) and must

5



be removed by filtration as it is insoluble in most solvents. Due to this, DCC is rarely used in

solid phase synthesis.

In addition, another pathway exists in which anhydride 1.15 is formed after nucleophilic
attack by another equivalent of acid on 1.12, before reaction with the amine yields desired
amide 1.13. However, a third pathway also operates which reduces the efficiency of the DCC
coupling method. Intermediate 1.12 is partially unstable and therefore intramolecular acyl

migration can occur resulting in unreactive N-acylurea 1.17.

H
N N
R)J\N R RCOO \”/
H (0]

1.13 1.17
+
H H .
N N 0 o) R'NH, O
(j hig (j J M —— M=
0 R” o R N
1.14 1.15 113

Scheme 1.7. Coupling of an amine and a carboxylic acid using DCC.



Further to this, the presence of basic conditions can result in O-acylurea derivatives
undergoing oxazolone formation (1.18) and subsequently, epimerisation or racemisation
(peptide and amino acid couplings respectively) (Scheme 1.8). The electronic nature of the
group bound to the a-position of the amide bond has an effect on the level of
epimerisation/racemisation; higher levels are observed with electron-withdrawing moieties,

such as peptide fragments, present.17

49 0 H
. Base R N N2
oy VLT 1
o) H /R O_ H R (o] e}
HX 1.18

Scheme 1.8. Oxazolone formation under basic conditions.

In order to increase yields and minimise the formation of N-acylureas and epimers, the first
additive, hydroxybenzotriazole (HOBt), was developed.'® The presence of HOBt (1.20) results
in the generation of OBt-ester 1.21, which is less inclined to form oxazolones, following
reaction with O-acylurea 1.19 (Scheme 1.9). Nucleophilic attack by HOBt on O-acylurea 1.19
occurs much faster than the competing acyl transfer, resulting in reduced levels of the N-
acylurea side product.19 Reaction of the amine with OBt-ester 1.21 then follows, affording

desired product 1.22 whilst also regenerating HOBt.



/
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Scheme 1.9. Mechanism of carboxylic acid activation by DCC and HOBt.

Following the development of HOBt, a similar additive, 1-hydroxy-7-azabenzotriazole (HOAt),
was introduced by Carpino in 1994.° This new additive displayed increased efficiency
compared to HOBt, exemplified by the DCC activated coupling of two valine-based residues.
Epimerisation levels were reduced to 15% with HOAt compared to 42% when HOBt was used.
Carpino subsequently investigated a variety of HOAt isomers and revealed that the most
efficient was the 7-isomer,”* whilst Ven den Nest and colleagues detailed the use of Cu(ll)
complexes in combination with both HOAt and HOBt to lower epimerisation levels.?
However, although much work has been undertaken, the explosive properties of these

additives have rendered their application limited.”*

However, use of HOBt as an additive in combination with carbodiimides such as DCC can lead
to the formation of by-products. For example, cyclisation of intermediate 1.23, formed from

HOBt and two equivalents of DCC, leads to the formation of diazetidine 1.24 (Scheme 1.10).*
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Scheme 1.10. Formation of a diazetidine side product when using HOBt in combination with DCC.

Subsequent studies led to the development of 1H-benzotriazole-derived onium salts and an

. . . 19,25
improved activation system.

These coupling reagents can be categorised into aminium,
phosphonium and immonium salts, for example, HATU (1.25), PyBOP (1.26) and BOMI (1.27)

respectively (Figure 1.3).

/O_ O /O_
N _ N -
| AN N\\;\l PFg \P/D @[N\\ SbClg
Z~N C/ "0 pRg” N

/
~+/ N ~*
—N N \N N
\ /) H |
\ N
1.25 1.26 1.27

Figure 1.3. Examples of aminium, phosphonium and immonium salts respectively.

Aminium salts suffer from the unwanted formation of guanidinium by-products, a result of
nucleophilic attack of the amine on the salt.”® However, HOXt-based phosphonium salts do
not undergo such side reactions and are therefore often preferred. The first phosphonium
salt, BOP (1.28), was introduced in 1975 by Castro and its mechanism of action is illustrated in

Scheme 1.11.% The emergence of BOP soon led to the second generation derivative PyBOP



which, unlike its predecessor, does not lead to the production of the known carcinogen

HMPA (1.29).%

0 ~ - _
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Scheme 1.11. Mechanism of amide formation using BOP.

The toxicity of some of these HOBt/HOAt-based salts, such as BOP, and side reactions caused
by use of the aminium derivatives exemplify the issues associated with this class of coupling
reagent. As a result, despite extensive investigations into the carbodiimide/additive coupling

method, limitations still remain.

Another class of coupling reagent which can be used to activate carboxylic acids are the acid
halide generating reagents. After activation, the acid halide can then be directly coupled to
the amine as discussed in Section 1.2.1. Acid chlorides can be synthesised from carboxylic
acids using a variety of reagents, including thionyl chloride and a wide range of phosphorous
reagents.” For example, the first dipeptide synthesis (Gly-Gly) in 1901 involved synthesis of
the acid chloride from the carboxylic acid using thionyl chloride or phosphorous

pentachloride (Scheme 1.12).%

10



0 socCl, 0

M T A

R SOH orPCls  R” cCl

Scheme 1.12. Formation of an acid chloride from a carboxylic acid.

Further acid halide-generating reagents have been developed, including reagents that result
in the production of acid fluorides (Figure 1.4). The direct coupling of amines and acid
fluorides is often advantageous as, unlike acid chlorides, racemisation under basic conditions

. 30
is not observed.

/ PFe~ O @ / clo,”
—N+ N + P—Cl N+ N
> e

N SbClg

1.30 1.31 1.32 1.33

Figure 1.4. Coupling reagents used to generate acid fluorides (1.30 and 1.31) and acid chlorides (1.32 and 1.33).

As detailed, many coupling reagents have been developed in order to couple unactivated
carboxylic acids and amines. These protocols generally afford good yields whilst employing
mild reaction conditions. However, in addition to the occurrence of side reactions and
increased levels of epimerisation, the main drawback of the coupling reagent-based method
concerns the production of stoichiometric amounts of waste. This reduces the efficiency of
the reaction, whilst the practical work is made more laborious as further purification steps
are required to remove the by-products. As a result of these limitations, a catalytic waste-free
synthesis of amides was highlighted as a key area of research by the ACS’s Green Chemistry

Institute Pharmaceutical Roundtable in 2005.%!

1.2.3. Catalytic Methods

1.2.3.1. Amides from Carboxylic Acids
As detailed, the condensation of amines and carboxylic acids is highly desirable; however, the
issues associated with traditional coupling reagent-mediated protocols have resulted in the
need for more efficient methods. Therefore, the last decade has seen the emergence of a
variety of both non-metal and metal catalysts to promote the formation of amides from

. . 1,7
carboxylic acids.™

11



Boron-Based Catalysts

Many of the non-metal catalysts that have been developed are based on boron complexes,
for example boronic acids and related compounds such as boric acids and esters. These
compounds often tolerate a wide variety of functionalities.” As a result, their use as catalysts
has been explored in recent years, although boron-based compounds have long been

employed as stoichiometric reagents in amidation reactions since the 1960’s.>

The first boron-based catalytic procedure was developed by Yamamoto in 1996; the group
illustrated that electron-deficient boronic acids display high catalytic activity.33 In particular,
1-10 mol% 3,4,5-trifluorobenzeneboronic acid (1.34) was found to efficiently transform both
aromatic and aliphatic substrates into a wide range of secondary and tertiary amides in
refluxing solvents (110-150 °C) such as toluene, mesitylene, anisole and xylene (Scheme 1.13).
Catalyst 1.34 is unstable towards hydrolysis and therefore molecular sieves were employed to

remove the water from the reaction.

(I)H
F B
~OH
F 1-10 mol%
F o)
o H. _R" 1.34
)J\ + '}l - R)J\N/R"
R® "OH R Refluxing solvent (0.2 M), 4 A MS, N
110-150 °C, 2-29 h R
15 examples

56-99% vyield

1 mol%, Toluene, 18 h, 96% 1 mol%, Xylene, 18 h, 90% 5 mol%, Anisole, 11 h, 94%

2

Scheme 1.13. Selected examples of 3,4,5-trifluorobenzeneboronic acid-catalysed amide formation.

In addition, other notable boron-based catalysts include the ortho-haloarylboronic acids 1.35
and 1.36 reported by Hall and colleagues in 2008.>* Low catalyst loadings of 10 mol%
catalysed the formation of a variety of secondary and tertiary amides in chloroform at room
temperature after 48 hours in the presence of molecular sieves (Scheme 1.14). Pleasingly, the

group found that only low levels of racemisation (< 5%) were observed when
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enantiomerically pure acids and amines were employed, a result of the mild conditions
associated with the protocol. Further investigations revealed the presence of an
unsubstituted ortho position was vital for efficient catalysis, with o0,0-disubstituted
haloarylboronic acids displaying much lower levels of catalytic activity. Meanwhile,
subsequent studies showed an increase in catalytic activity could be achieved if an electron-

donating methoxy group was added para to the iodo substituent.®

0
0 H\N/R" 1.35 or 1.36 (10 mol%) )J\ R
+ e

R)J\OH b DCM (0.07 M), 4AMs, RN

25°C, 48 h R
1-1.05 equiv. 14 examples
0-99% yield

HO\B/OH HO\B/OH
| Br
1.35 1.36

Scheme 1.14. ortho-Haloarylboronic acids used as catalysts in amidation reactions.

Another study by Whiting and colleagues in 2008 employed chiral boronic acid catalyst 1.37
in order to synthesise enantiopure amides from racemic amines and carboxylic acids (Figure
1.5).>® However, the method resulted in poor yields and low enantiomeric excesses. For
example, a yield of 21% was obtained for the reaction of a-methylbenzylamine with benzoic

acid in fluorobenzene, whilst the enantioselectivity was also relatively low (41%).

"Bu—N
—N
. B(OH),
Fe
<=
1.37

Figure 1.5. Chiral boronic catalyst prepared by Whiting et al.

More recently, a simple, commercially available borate ester catalyst has been shown to
successfully promote the coupling of carboxylic acids and amines.>” Screening a range of
borate reagents in the model reaction of benzoic acid with benzylamine in tert-amyl methyl

ether (TAME) revealed B(OCH,CF3); to be the most efficient catalyst for the amidation
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reaction. The protocol converted a remarkable range of carboxylic acids and amines into
amides using 10 mol% catalyst and Dean-Stark apparatus for water removal (Scheme 1.15).
The method also boasts an efficient purification process, with Amberlite and Amberlyst
scavenger resins removing unreacted acid and amine as well as boron-containing impurities.
Finally, the group also extended their work to enable the coupling of unprotected amino acids
and amines, in addition to the synthesis of multiple pharmaceutically relevant targets and

functionalised heterocycles.

o H_ _R"  B(OCH;CF3); (10 mol%) j\ N
)J\ v | TAME, Dean-Stark, 86 °C, R~ "N~
R™ "OH R 2-36 h FI{,

45 examples
31-99% yield

Scheme 1.15. Borate ester-catalysed coupling of carboxylic acids and amines.

Boron-based compounds have potential as catalysts for the coupling of amines and carboxylic
acids; however, their use is limited by the high reaction temperatures often required and the
need to remove water from the reaction. Although methods employing lower temperatures
have been reported, such as that by Hall and colleagues, these require considerably longer

reaction times in order to achieve efficient conversion.

Metal Catalysts

In addition to boron-based catalysts, a variety of studies have also reported the use of metal
complexes as catalysts for the condensation of amines and carboxylic acids. Many of these
catalysts are based on oxophilic early transition metals such as titanium and zirconium. For
example, an early report detailed the use of 0.6-1 mol% Ti(IV), Zr(IV) and Ta(lV) in the
coupling of amines and long chain fatty acids at 120-200 °C.*® Meanwhile, a later study
reported the lactamisation of a selection of amino acids, employing Ti(OiPr)4 as the catalyst in
refluxing DCM (Scheme 1.16).% Catalyst loadings of 50 mol% afforded a wide variety of
lactams in yields ranging from 35-93%. Disappointingly, the methodology could not be
applied to the formation of linear amides, whilst lower yields were observed when reduced

catalyst loadings were employed.
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R Ti(O'Pr), (50 mol%)
N n OH . 5-7 membered rings
H 1,2-Dichloroethane (0.34 M),

R 85 °C, 3-26 h 6 examples
35-93% vyield

o)
o) 0 0
N
93% 85% 86% 35%

Scheme 1.16. Lactamisation reaction using 50 mol% Ti(OiPr)4 catalyst, including selected examples.

Other studies have since detailed efficient intermolecular coupling methods, for example a
report by Shteinberg et al. in 1988.%° They screened a variety of metal complexes, including
Ti(OBu)g, TiCls, SnCls, Bu,SnO and BF3-OEt,, and revealed Ti(OBu), to be the most efficient
catalyst for the coupling of benzoic acid and aniline in refluxing ortho-xylene. Employing the
model reaction conditions, the group showed catalyst loadings of only 2 mol% were able to
efficiently transform 21 different carboxylic acids into the corresponding amide products
after reaction with aniline for 1-2 hours (Scheme 1.17). The couplings afforded vyields

between 38-98%, with only a minimal contribution (0-5%) from the background reaction.

o /@ Ti(OBu), (2 mol%) j\ /@
)J\OH HN o-Xylene, 140°C,12h  R” "N

H

R

21 examples
38-98% yield

Scheme 1.17. Ti(OBu),-catalysed amidation of aniline and carboxylic acids.

Further studies by the group revealed hydrolysis of the butoxide ligands by water results in a
more active catalyst form,** whilst the reaction was also more efficient in non-polar aprotic
solvents as expected.42 Other investigations showed the presence of substituents on the
aniline and benzoic acid had a large effect on the efficiency of the reaction; electron-donating
groups on the aniline generally resulted in higher conversions, although hydroxyl groups led

. . . 43
to reduced conversions as a result of coordination to the metal centre.

Two more recent studies published in 2012 investigated the use of zirconium-based catalysts

9,44

for the coupling of amines and carboxylic acids.™™ The first of these, by Adolfsson et al.,
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showed that in the presence of 4 A molecular sieves, Zr(O'Bu)s, Zr(OEt), and ZrCl, catalysed
the coupling of phenylacetic acid and benzylamine at 70 °C in a variety of different solvents.’
The study showed ZrCl; to be the most effective catalyst for the model amidation reaction,
with catalyst loadings as low as 2 mol% affording excellent yields. The group also found that
couplings performed in ethereal solvents, such as THF, were the most efficient. The
methodology was applied to the synthesis of 23 different secondary and tertiary amides,

employing 2-10 mol% ZrCl, catalyst loading (Scheme 1.18).

0 ZrCl, (2-10 mol%) o

o K M=
~R THF (0.4 M), 4 A MS, R™ °N

R” TOH R |
70-100 °C, 24 h, N, atm. R’
1.2 equiv.
23 examples
62->99% vyield
O O o}
N~ Ph N 0 N" > Ph
H H > I H
o oc
1.38 1.39 1.40
2 mol%, 70 °C, X = S: 99% 2 mol%, 70 °C, 93% 10 mol%, 70 °C, 73%
X=0:>99%
o 0
Ph\)J\N Py
L
1.41 1.42
10 mol%, 100 °C, 82% 10 mol%, 100 °C, 85%

Scheme 1.18. ZrCl,-catalysed amidation protocol developed by Adolfsson et al. with selected products.

In most of the amidation reactions an excess of the amine was found to give improved yields
(Scheme 1.18). The methodology was shown to tolerate a wide range of functionalities
including (thio)ethers (1.38) and acetals (1.39). Furthermore, enantiomerically pure amines
underwent amidation with retention of stereochemistry (1.40). In order to achieve desirable
yields, more unreactive substrates, for example secondary amines (1.41) and aromatic acids

(1.42), required higher temperatures of 100 °C and increased catalyst loadings.

A similar study was performed by Williams et al. in which zirconocene dichloride (Cp,ZrCl,)
was used as a catalyst for the amidation of a variety of amine and carboxylic acid substrates.**

However, before investigating a catalytic approach the group explored the direct coupling of
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3-phenylpropionic acid and 4-methylbenzylamine in a variety of solvents. Non-polar solvents,
which disfavour ammonium-carboxylate salt formation, resulted in increased conversion into
the desired amide product. Toluene was found to be a particularly good solvent for this direct

coupling, affording 100% conversion for the model reaction (Scheme 1.19).

0
0 H,N Toluene (2.0 M) /\)j\
/\)J\ * Ph N
Ph OH 110°C, 20 h H

100% conversion

Scheme 1.19. The direct uncatalysed coupling of 3-phenylpropionic acid and 4-methylbenzylamine.

Subsequently, the catalytic ability of a range of metal complexes, including CuBr, ZrCl,,
Ni(NOs),, FeCl,, Cp,ZrCl, and TiCl,, was then investigated. Using the same model reaction, the
group found the zirconium-based complexes to be the most efficient catalysts after 4 hours;
as little as 5 mol% Cp,ZrCl, was required to achieve quantitative conversion. Meanwhile, use
of ZrCl, resulted in 83% conversion, compared with 20% for the background reaction. As a
result, Cp,ZrCl, and ZrCl, were employed as catalysts (5 mol%) for the coupling of a wide

variety of amine and carboxylic acid substrates (Scheme 1.20).

o] H ZrCly or ZrCp,Cl, (5 mol%) )J\
R"
-~

R)J\OH * r-NSge Toluene (1M), 110 °C,4-24h  R” N

17 examples
37-94% vyield

P o o
” Ph N )J\ P
\\)J\ = Ph N Ph

A

Boc H
1.43 1.44 1.45
ZrCl,, 22 h, 56% ZrCl,, 16 h, 84% Cp,ZrCly, 22 h, 72%
0 0 K\o o
Ph\ﬂ/\)J\N/\ N/\/N\) Ph\)J\,\I(OMe
o) bo : Ho 8
cl
1.46 1.47 1.48
ZrCl,, 10 h, 78% CpoZrCly, 24 h, 85% ZrCl,, 12 h, 81%

Scheme 1.20. Zirconium-catalysed coupling of carboxylic acids and amines as developed by Williams et al. with selected
examples.
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Similarly to the study performed by Adolfsson et al.,’ the methodology tolerated a wide range
of functional groups; ketones (1.46), alkenes (1.44), esters (1.48), nitriles (1.44), heterocycles
(1.43, 1.46 and 1.47) and protecting groups such as Boc (1.43) were all unaffected by the
relatively mild reaction conditions (Scheme 1.20). In addition to this, no racemisation of chiral
product 1.48 was observed. However, reactions involving aniline were less efficient — both
with and without a catalyst — due to delocalisation of the nitrogen’s lone pair into the
aromatic ring. Reduced reactivity was also observed for amine couplings with benzoic acid,
although use of Cp,ZrCl, resulted in 72% vyield (83% conversion) into 1.45. To test the
synthetic utility of the protocol the group successfully synthesised a selection of

pharmaceuticals, including moclobemide (1.47).

A further protocol has been published by Gool3en et al. based on ruthenium catalyst 1.49 and
simple alkynes as coupling reagents.45 Both acetylene and ethoxyacetylene effectively
activated the carboxylic acid in the reaction, although the ethoxy derivative was favoured due
to the generation of ethyl acetate as opposed to highly reactive acetaldehyde. An extremely
vast range of amide products were efficiently synthesised in N-methyl-2-pyrrolidone at 40-80
°C using 1.5 equivalents of the alkyne and just 1.5 mol% of ruthenium catalyst 1.49 (Scheme
1.21). The reaction proceeds via enol ester intermediate 1.50 which is formed by ruthenium-

catalysed addition of the carboxylic acid to the alkyne.

——OEt (1.5 equiv.),

)OJ\ + . 149 (15 mol%) j\ .

R OH R~ TR" NMP (0.5 M), 40-80 °C, 4-6 h R ,\Il
R'
1.5 equiv.
45 examples

13-99% yield

(0]
X = via: )J\ JJ\

Ru
CI/ N 1.50

Cl
1.49

Scheme 1.21. Ruthenium-catalysed coupling of amines and carboxylic acids using alkynes as activators.

Meanwhile, although the coupling of carboxylic acids and amines is attractive, it is often

useful to be able to access amides from other sources. As a result, other studies have
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investigated the use of catalysts, including metal complexes, for the formation of amides

46,47 48-50 51-54

from a wide range of other starting materials such as aldehydes, nitriles, oximes,

55-58 59-71 72-74

alcohols, amides and esters.

1.2.3.2.  Amides from Esters
In addition to the use of carboxylic acids as starting materials for amidation reactions,
significant attention has been given to the catalytic coupling of esters and amines. The ester
functionality contains a superior leaving group compared with carboxylic acids and therefore

the coupling reaction is less challenging.

Following the development of a number of stoichiometric approaches for the formation of

75,76 . . . .
more recent studies have focussed on investigating the use of

amides from esters,
catalysts for the transformation. A number of catalytic systems have since been developed,
for example Inls,”* Sb(OEt);’®”” and Zr(0'Bu),-HOAt™ have all been found to be efficient
inorganic catalysts, whilst organic compounds such as N-heterocyclic carbene (NHC),”®
triazabicyclo[4.4.0]dec—5—ene,79 DBU®® and 1,2,4—triazo|e—DBU81 have also been shown to
successfully catalyse the formation of amides from esters. However, these approaches often

display a poor substrate scope, whilst the catalytic coupling of chiral a-amino esters was not

investigated.

A report by Ohshima et al. looked to address these issues by attempting to develop an
improved catalyst; several salts of both group 1 (Li, Na, K) and group 2 elements (Mg, Ca)
were firstly screened, along with zinc-containing compounds.82 The group found NaOMe to
be the most efficient catalyst, with a loading of 5 mol% in toluene at 50 °C generally affording
good to excellent yields (Scheme 1.22). Anhydrous conditions were also very important for
achieving efficient transformation, as any water present in the reaction led to saponification

of the ester which ultimately halted the amidation process.
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o) NaOMe (5 mol%) o

H
R)J\OMe " g~Nsge Toluene (4 M), 50 °C,20-120h R” N

R'
1.3 equiv.
23 examples
7-99% yield
0 O
(0]
_Hex Hex
N N _Hex
H H =~ N
NC MeO
1.51 1.52 1.53
20 h, 92% 44 h, 71% 48 h, 85%
o) /@ o)
O
)J\ _Hex N N
H
Cl Cl
1.54 1.55 1.56
24 h, 99% 120 h, 7% 36 h, 94%

Scheme 1.22. NaOMe-catalysed formation of amides from esters, including selected examples.

Excellent yields were obtained using electron deficient methyl benzoates (1.51), whereas
substrates with electron-donating substituents on the aromatic ring required longer reaction
times and resulted in decreased vyields (1.52). Pleasingly, a,6-unsaturated esters could be
transformed into their amide products without the formation of side products, such as those
from competing 1,4-addition reactions (1.53). Alkanoates (1.54) and lactones were also
tolerated by the methodology, however anilines were found to be poor substrates under the
reaction conditions (1.55). Tertiary amides could also be successfully generated from their

corresponding amine/ester starting materials (1.56).

Furthermore, Ohshima et al. then applied the methodology to peptide coupling reactions. To
prevent epimerisation under basic conditions, acidic alcohols were used as additives to
increase the acidity of the reaction mixture. Although this resulted in a decreased vyield, it
considerably increased the enantiomeric excess of the reaction from 2% to <99%. Following
the screening of various different acidic alcohols in combination with NaOMe, the group

found 30 mol% 4-trifluoromethylphenol and 10 mol% of the catalyst gave the best results.
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These conditions were successfully applied to the coupling of Boc-Phe-OMe and H-Gly-O'Bu
(Scheme 1.23).

o) NaOMe (10 mol%), O

0 4'CF3'C6H4'OH (30 mol%) BOCHN\)J\ OtBU
Ph OMe * HZN\)J\ : ,’)‘l/\ﬂ/
O'Bu Toluene (4 M), 3AMS, 70 °C, 99 h = o
NHBoc Ph/
1.3 equiv.

79% yield, 96% ee

Scheme 1.23. NaOMe-catalysed peptide coupling of Boc-Phe-OMe and H-Gly-O'Bu.

In 2015, a similar study by Mecinovi¢ et al. reported the use of Cal, to promote the formation
of amides.*® Whereas calcium alkoxides and calcium carbonates were found to have poor
catalytic activity by Ohshima et al., Mecinovi¢ and colleagues revealed the iodine-based
calcium salt efficiently catalysed the direct amidation reaction. The screening of alkali metals
and alkaline earth metals also revealed Mgl,, CaBr,, Ca(OTf),, Srl, and Bal, to be efficient
catalysts (> 85% conversion) for the model coupling of methyl butyrate and benzylamine.
Meanwhile, water-containing Cal, catalysts (Cal,-xH,0, x = 4-6) resulted in equally good
conversions; illustrating that the progress of the reaction is not effected by the presence of

water.

The group subsequently employed the optimal conditions, 10 mol% Cal, in toluene at 110 °C
for 4 hours, to synthesise a wide variety of amides (Scheme 1.24). Aliphatic methyl and ethyl
esters (1.57) were transformed in excellent yields, whilst the coupling of para-substituted
methyl benzoates with amines gave a range of yields depending on the electronic nature of
the para-substituent. Electron-withdrawing functionalities, such as nitro groups, afforded
good vyields (1.58) whereas the presence of an electron-donating group resulted in poor
conversion (1.59). The conditions allowed the ring opening of cyclic y-butyrolactone to afford

the desired product after just 2 hours (1.60).
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j\ + | Cal, (10 mol%) j\ .

R OMe R'/N\R" Toluene (4 M), 110 °C, 4-8 h R N

1.3 equiv.
18 examples

38-90% yield

gacliVegaciEpegy e

1.57 1.58 1.59
4 h, 86% 8 h, 80% 8 h, 38%

H (0]

0} o) N\)J\N

HO\/\)J\N/\© >‘/ \n/ E H/\@
H c =
1.60 1.61
50 °C,2h, 85% 4 h, 90%, 96% ee

Scheme 1.24. Cal,-catalysed formation of amides from esters, including selected examples.

In addition, Boc protecting groups were unaffected by the mild conditions and enantiopure
substrates reacted with retention of stereochemistry (1.61, 96% ee). However, secondary
amines were unsuitable substrates for the Cal,-catalysed methodology with no conversion
into the desired products observed. The group however did show that the reaction conditions
were highly chemoselective for carboxylic esters; carboxylic acids and amides afforded
considerably lower conversions. In comparison, Cp,ZrCl,-mediated amidation is able to

transform all three derivatives into the amide product.“’m'85

A further study performed by Morimoto in 2014 reported the use of the rare earth metal
complex La(OTf); as an efficient catalyst for promoting the formation of amides under mild
conditions.® The group had previously investigated the cleavage of amide bonds® and they
proposed that acidic complexes would catalyse the direct amidation reaction. A catalyst
loading of 5 mol% was applied to a wide range of amine and ester substrates to furnish a

selection of amides at rt-70 °C in 1-48 hours (Scheme 1.25).
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o (o]
)J\ La(OTf)3 (1-5 mol%) )J\ R"
+ N > e
R OEt R” TR" Neat/toluene, R ’?‘
r-70 °C, 1-48 h R’
1-1.2 equiv. 1-1.2 equiv.
36 examples
79-99% vyield
0
o]
/\)OJ\ /\)J\ N/\Ph
N PN H
Ph NH, Ph N~ Ph NBoc
1.62 1.63 1.64

5 mol%, 50 °C, 24 h, 87%

(0]
N N
N ©
O\)
1.65

1 mol%, rt, 6 h, 99%

5 mol%, 50 °C, 48 h, 80% 5 mol%, 50 °C,

24 h, >99% ee, 79%

o
OMe )J\
N
Q H
)J\ OMe
ol
o

1.66 1.67

5 mol%, rt, 24 h, 91% 5 mol%, 50 °C, 24 h, 85%

Scheme 1.25. La(OTf);-catalysed formation of amides from esters, including selected examples.

The methodology was suitable for the formation of primary amides such as 1.62; performed
using saturated NHj; solution in EtOH. Meanwhile, a variety of functional groups, including
iodo, cyano, phosphonate, carbamate, amide and «,8-unsaturated esters (1.63) were well
tolerated by the reaction conditions. In addition, amide 1.64 was formed with retention of
stereochemistry and no deprotection of the Boc group. Unlike with the Cal,-mediated
approach detailed previously, a variety of tertiary amides could be synthesised from
secondary amines, including the 2-pyridinecarboxamide derivative 1.65. The methodology
also allowed the formation of both formamides (1.66) and acetamides (1.67) in excellent

yields.

The catalyst control of chemoselectivity was also investigated; the group performed the
reactions with and without the catalyst present and observed the ratios of products in each
case. For example, in the absence of the catalyst, ester 1.68 reacted in a SyAr manner with
benzylamine to afford ester 1.70 as the major product (Scheme 1.26). However, when 5 mol%
of La(OTf); is present the amidation reaction is preferred and amide 1.69 is generated

instead.
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[o) No catalyst La(OTf);

(0] (5 mol%)
N OEt
A N
> H 5% 98%
Cl N ~
Cl N
1.68 1.69
+ —— + 0

50°C, 24 h

~N
HoN | OEt 38% <1%
—
N N
1.2 equiv. H

Scheme 1.26. Example of catalyst control of chemoselectivity.

However, the use of rare earth metals for the conversion of unactivated esters to amides is
not ideal from a sustainability perspective. Jamieson and colleagues have since attempted to
confront this issue. Earlier studies by the group showed that organobases, such as 2-tert-
butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP) and K3PQO,,
were able to efficiently catalyse the coupling of unactivated esters and amino alcohols
(Scheme 1.27).2% The group revealed the mechanism proceeds through ester intermediate
1.71, before intramolecular rearrangement to the more thermodynamically stable amide
occurs to give the desired product.90 As a result, for a successful transformation, amines

containing an alcohol moiety must be employed.

BEMP (10 mol%),
O\)OJ\ o e O\/ﬁ\
+ /\/
HoN OH
OMe 2 or K5PO, (30 mol%), N

iPrOH, 60 °C, 22 h H
100% yield
OU
via: o/\/NH2
1.71

Scheme 1.27. BEMP- or K;PO,-catalysed amidation of esters.

In order to extend the substrate scope, the group investigated whether alcohol-derived
additives could be used to generate an active ester in situ, followed by reaction with the
amine to afford the desired product.”® A variety of additives, including HOAt, oxyma, N-

hydroxysuccinamide, hexafluoroisopropanol and 2,2,2-trifluoroethanol (TFE), were added in
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stoichiometric amounts to the model reaction of methyl benzoate and benzylamine. The
group showed that TFE in combination with KsPO, gave efficient conversion into the amide
product in THF (Scheme 1.28). Notably, employing either TFE or the base in isolation resulted

in minimal conversion, illustrating the need for them to be used in combination.

TFE (20 mol%),
o~ HZN/\© KsPO, (1 equiv.) H/\©
+
THF, 90 °C, 22 h

86% yield

In the presence of just K3PO,4 or TFE: < 2% conversion

Scheme 1.28. Trifluoroethanol-mediated catalytic amidation of unactivated esters.

Examination of the ester substrate scope revealed aryl electron-deficient groups were well
tolerated by the methodology (1.72, Scheme 1.29), whereas the presence of electron-rich
moieties resulted in less efficient conversion (1.73). Amidation reactions involving aliphatic
esters could also be achieved, although 1.74 underwent significant racemisation (6% ee), thus
highlighting a potential limitation of this protocol. Heterocyclic motifs proved to be
compatible with the methodology (1.75-1.77), whilst secondary amines were also efficiently
transformed into their tertiary amide products in good yield. These include 1.76 as well as the

Ampakine Farampator (1.77).
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o TFE (20 mol%), 0]

)J\ H KsPO, (1 equiv.) )J\ R
+ 7~

N
W Npu R N
R™ OMe  R™ "R" 1yroMm) 90°C,22h L

22 examples
41-95% yield

0] 0 0
BocHN\)J\N
N N :
FaC MeO Ph””
1.72 1.73 1.74
95% 41% 6% ee, 42%
o)
o} e} O
N N\)J\ N
N N N /= N
(Y0 SUSHEe
7
N N
1.75 1.76 1.77
64% 63% 60%

Scheme 1.29. TFE-catalysed formation of amides from esters, including selected examples.

1.2.3.3. Primary Amides from Nitriles

One of the most attractive methods for the preparation of primary amides, in both industry

92:97 Early methods focussed on employing strong

and academia, is the hydration of nitriles.
acids and bases to access the desired amide product from the nitrile (Scheme 1.30).%
However, these approaches suffer several drawbacks, including the formation of carboxylic
acids through over-hydrolysis of the amide, low functional group tolerance and extensive

formation of salts after neutralisation. %%

Scheme 1.30. Base-catalysed hydration of nitriles.

As a result, widespread research has been performed to establish more mild and efficient
methods for the hydration of nitriles into primary amides. The generally accepted mechanism
for the metal-catalysed hydration of nitriles in water under neutral conditions is outlined in

Scheme 1.31. Coordination of the nitrile to the metal centre increases the electrophilicity of
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the nitrile carbon, thus increasing its susceptibility to nucleophiles. Nucleophilic attack by

water then affords an iminolate species which rearranges to yield the desired amide.

_Am] 0
B —— Y ——
R

) & R” "NH,
H,O:

OH
Scheme 1.31. Metal-catalysed hydration of nitriles in water.
In 2009, Nolan et al. detailed the first nitrile hydration catalysed by gold (Figure 1.6).”°

Employing a [(NHC)AU'] complex, aromatic, heteroaromatic and aliphatic nitriles were

efficiently transformed into their corresponding nitriles in only 2 hours at 140 °C.

[(IPr)AU(NTf,)] (2 mol%) o]
R : JL

THF/H,0 1:1, 140 °C, MW, 2 h R NH,

29 examples

ST TTTTTTTT T T T : 26-99% yield
' iPr ipr E
: N_ N !
. IPr \/ !
E iPr ipy E

__________________________________

Figure 1.6. Gold-catalysed hydration of nitriles developed by Nolan et al.

Around the same time, Saito and colleagues published a ground-breaking report in which a
Rh' complex was used to hydrate nitriles at low temperature.'® Although transition metal

102103 this was the first

complexes had previously been employed under ambient conditions,
approach that successfully converted nitriles into primary amides at room temperature
without requiring a base. The active Rh' complex was firstly prepared by reacting PCys (2
mol%) with commercially available [{Rh(OMe)(cod)},] (0.5 mol%) in anhydrous THF for 15
minutes at 25 °C. The catalyst was able to transform an extensive range of nitriles into their

corresponding primary amide products at 25 °C in 24-72 hours (Scheme 1.32).
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[{Rh(OMe)(cod)},] (0.5 mol%)
PCy; (2 mol%) 0

R/CN + 0 )J\

'PrOH, 25 °C, 24-72 h R NH,
20-40
equiv. 19 examples
16-99% yield
o 1) o}
O
X NH NH,
2 NH, MeO\)J\
— NH,
N Cl
24 h, 94% 72 h, 96% 24 h, 99% 24 h, 99%

Scheme 1.32. Rh'-catalysed hydration of nitriles under ambient conditions.

Homogeneous ruthenium catalysis has also been a popular area of research. The Cadierno
group have been particularly active in this field, developing a wide variety of hydrophilic
ruthenium complexes which are able to selectively hydrate nitriles in refluxing water under
neutral conditions.®* Specifically, arene-ruthenium(ll) (1.78-1.80) and bis(allyl)-
ruthenium(IV) (1.81 and 1.82) complexes containing phosphine ligands have been a key area

of interest (Figure 1.7).

R
' o o
! Vamal o RUS Ph
cn Ru N - / P “ Rlu ,N\
P\\/ P ci < N e RINpL S
cl Y N c /N
N N —N_ |
N L N
1.78 1.79 1.80
\ \
Cl N—N Cl \WN—N/ CI:I
m | / 7 m | / N_N_\ o
—RU—P—\_|N 2 Ru—P N"N-P—Ru—
N’ | \N/ N NP L NN G N
cl |-
/ /\
1.81 1.82

Figure 1.7. Arene-ruthenium(ll) (1.78-1.80) and bis(allyl)-ruthenium(IV) (1.81 and 1.82) complexes developed by the
Cadierno group for the catalytic hydration of nitriles in water under neutral conditions.

The efficiency of these catalysts is attributed to the hydrophilic phosphine ligands present in

106,108,112-115

the metal complexes. As well as increasing the solubility of the catalysts in water,

the phosphine ligands also promote the key nucleophilic addition step in the reaction. The
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phosphine ligands contain Lewis basic atoms which are able to hydrogen-bond to water
molecules, thereby activating them towards nucleophilic attack on the coordinated nitrile
species (Scheme 1.33). These complexes are therefore examples of ‘bifunctional catalysts’,

whereby the metal centre functions as a Lewis acid and the ligand as a Lewis base.™'®"’

IIIQUI
P R—
oy IR-N=—R
R——=N P :O—H
H,0 K——Ni---H/

Scheme 1.33. The activating effect of phosphine ligands on water molecules during the hydration of nitriles.

Following these earlier protocols, the group later reported N-protonated thiazolyl-phosphine

110
In

salts to be effective ligands in the ruthenium-catalysed selective hydration of nitriles.
particular, 1.83, containing the tris(5-(2-aminothiazolyl))phosphine trihydrochloride salt,
proved to be a superior catalyst for the reaction compared to the bis- and mono- derivatives
(Figure 1.8). The authors concluded that the trend in reactivity was a result of the increased
number of hydrogen acceptors (S and NH;) as more thiazolium units are added to the

complex.

3
1.83

Figure 1.8. Water-soluble ruthenium complex containing a thiazolium-based phosphine ligand.

Employing just 3 mol% of 1.83 in water at 100 °C, a vast array of primary amides were
isolated in excellent yield after purification by recrystallisation (Scheme 1.34). Specifically,
ester-containing nitriles were tolerated by the methodology, with no over-hydrolysis into the
carboxylic acid observed (1.84). In addition, the group demonstrated that by using a slightly
higher catalyst loading and increased reaction times, the reaction could be efficiently

performed at just 40 °C (1.85).
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1.83 (3 mol%) 0]

o CN . )J\

H,O (0.33 M), 100 °C R” NH,

29 examples
78-99% yield

o)
o o) 0
NH,
NH NH
CsHyy NH, 2 EtO 2
F o)
1.84 1.85
7h,89% 2 h, 90% 1h, 92% 5 mol%, 40 °C, 48 h, 95%

Scheme 1.34. Synthesis of primary amides from nitriles using 1.83.

Cadierno et al. proceeded to develop a milder method for the hydration of nitriles in water

compared with those already reported by the group.111

Whereas the previous ruthenium-
catalysed protocols had employed refluxing conditions, this new approach afforded primary
amides from nitriles in water at just 60 °C. Once again a phosphine ligand was responsible for
increasing the nucleophilicity of the water molecules in the reaction (Scheme 1.35). In
addition, following crystallisation of the amide product at room temperature or 0 °C, the

group showed that the aqueous phase containing 1.86 could be recycled and reused up to six

times without any loss of activity.

Cl
/\“I [ /OH H
—~Ru—R".,,, |
~ L. \ N
Cl | | |-I|
N y—
1.86 | 97H
R——=N \/’RIU P\'"//
H,O cl

Scheme 1.35. Coordination and activation of the nitrile species.

As well as affording aliphatic, aromatic and heteroaromatic nitriles in good to excellent yield,
the synthetic utility of the protocol was also demonstrated (Scheme 1.36). Firstly, the
antiepileptic drug rufinamide (Inovelon®) was isolated in 83% vyield using 1 mol% 1.86.
Secondly, the approach was able to successfully hydrate the notoriously challenging
cyanohydrins. These substrates decompose in aqueous media into the corresponding
carbonyl compounds and HCN, a by-product which inhibits the majority of previous nitrile

hydration catalysts. In contrast, ruthenium complex 1.86 is more tolerant to these reaction
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conditions, especially when the reaction is performed at room temperature to minimise

degradation of the substrate (Scheme 1.36).

N=n N=n
R N\¢\ 1.86 (1 mol%) - R N o
- Ny H,0, 60 °C, 24 h .
H,N

83% isolated yield

HO HO 0}

1.86 (5 mol%)

Et HZO, r.t., 72 h Et NH2
89% isolated yield

Scheme 1.36. Synthetic utility of 1.86: synthesis of an antiepileptic drug and the hydration of cyanohydrins.

Other methods for the hydration of nitriles have focussed on employing aldoximes in the
reaction. For example, Lu et al. reported the use of commercially available acetaldoxime (1-3
equivalents) in combination with simple and inexpensive transition metal catalysts, such as
nickel, zinc, cobalt and manganese salts, for the hydration of nitriles in water at reflux.™™®
Among these salts, NiCl,-6H,0 (10 mol%) showed the highest catalytic activity, transforming a

range of nitriles into their corresponding primary amides in 2-12 hours (Scheme 1.37).

MeCH=NOH (1-3 equiv.), o
NiCl,"6H50 (10 mol%

/CN 2 2 ( ) )J\

H,O (0.25 M), 100 °C, 2-12h R NH,

R

11 examples
89-97% vyield

Scheme 1.37. Hydration of nitriles using acetaldoxime and nickel(ll) chloride hexahydrate.

The authors proposed the reaction proceeded through a similar mechanism to that previously

reported in the literature by Chang/Lee and Kim."***!

Kim and colleagues had detailed an
efficient palladium-catalysed hydration of nitriles, employing Pd(OAc), (10 mol%), PPh; (20
mol%) and acetaldoxime (2 equivalents) in a H,O/EtOH solvent medium (Scheme 1.38). The
group postulated that the palladium metal coordinates to the nitrile and aldoxime via the

nitrogen atoms of the two molecules (1.87). The oxygen of the aldoxime is then delivered to
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the electrophilic carbon of the nitrile to form intermediate 1.88, which then rearranges to

liberate the desired primary amide product and acetonitrile as a by-product.

Pd(OAc), (10 mol%) o)

PPh; (20 mol%) )J\
R—=N R NH,
MeCH=NOH (2 equiv.), 10 examples
H,O/EtOH, reflux, 3-12 h 76-04% vield
Pd cat.,
MeCH=NOH
MeCN
=N--- [pd] "
R—=N--- |Pd \
R .ot N-4pd]
}O_N /_} |
: J\ R N :
Me H \(
Me
1.87 1.88

Scheme 1.38. Palladium-catalysed nitrile hydration with acetaldoxime.

Palladium-catalysed homogeneous protocols for nitrile hydration which operate without
aldoxime additives have also been reported. These systems date back to 1972 when Goetz
and Mador detailed the hydration of acetonitrile using sodium chloropalladate and 2,2’-
bipyridine (bipy) under alkaline conditions.™* Following this, a number of palladium
complexes have been reported for the transformation, including PdCI(OH)(bipy)(H,0),'*
[Pd(H,0)][ClO,],,'** cis-[Pd(en)(H,0),][Cl04],** and cis-[Pd(dtod)(H,0),][ClO,],.**

More recently, Oberhauser et al. published literature investigating the catalytic performance
of commercially available Pd(OAc), in water.’® In order to solubilise the catalyst, Pd(OAc),
was stabilised with a poly(ethyleneglycol) (PEG) functionalised bipy ligand (Scheme 1.39).
Palladium complex 1.89 was able to hydrate nitriles at 80 °C in 24 hours; however, the

method exhibited a very limited substrate scope.
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1.89 O

-ON I

H,O (0.25 M), 80 °C, 24 h R NH,

6 examples
18-99% yield

SR

11

1.89

Scheme 1.39. Catalytic hydration of nitriles in water using a stabilised Pd(OAc), complex.

The group subsequently proceeded to investigate the reaction mechanism using operando 'H
NMR spectroscopy (bipy hydrogens as the diagnostic signals) with D,0 as the solvent. In order
to determine the effect of the acetate anion on the reaction mechanism, the same studies
were also performed on a bipy-stabilised Pd(OTs),-catalysed reaction as well. Comparison
between the reactions employing 1.89 and the ‘OTs’ complex indicated the acetate anion has
a negligible effect on the efficiency of the process. A reaction mechanism consistent with all
of the 'H NMR data was then proposed; starting with activation of catalyst 1.89 upon

displacement of the acetate anions with water molecules (Scheme 1.40).

HO OAc . RON  H H,0  RCN \og ACOT AcOH
[Pd](OAC I Y G N [deNCR S P N AL [PdKNCR
OAc OH, NCR OH, OH
1.89

0 H OH
\
)J\ - N:< H,0
R

R” “NH,

RCN
R

AcOH N
[P,

NZ=
’PdKOHZ R OH, OH

Scheme 1.40. Proposed catalytic cycle for the hydration of nitriles using 1.89 as a catalyst.

The group compared the efficiency of 1.89 to the catalytic performance of modified
palladium nanoparticles (NPs). These NPs were also stabilised with the PEG functionalised
bipy ligand and partially covered by chemisorbed oxygen atoms. Comparison of the
normalised turnover number (TON) values for this system with the homogeneous protocol

revealed that the palladium NP-based catalyst exhibited significantly increased catalytic
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activity. However, following the first catalytic run, the palladium NPs became deactivated due

to the formation of a hydroxide-water layer on their surface.

The use of NPs in the hydration of nitriles to primary amides has also been exploited by other

127,128

groups. Further palladium NP-catalysed protocols have been reported, as well as NP-

129 o, 127 5, 130 o, 131,132 133
Pt,”" Au,” Ru, Mo

based approaches employing transition metals such as Ni, and

Ag (the most prevalent).”****

In 2015, Yonezawa and colleagues reported the selective
hydration of nitriles to amides using water-dispersible silver nanoparticles, which are
stabilised by silver-carbon covalent bonds between the metal and benzoic acid molecules. ™
This arrangement results in a hydrophobic layer between the hydrophilic layer and the Ag
surface, thereby increasing the concentration of substrate molecules near the particle

surface.

Owing to the stabilisation described, this system showed increased catalytic activity

compared to previous Ag NP-based methods, for example PVP-stabilised Ag NPs.™*

Employing
3 mol% Ag NPs, a number of aromatic nitriles were converted into their corresponding
primary amides at 140 °C in 4-24 hours (Scheme 1.41). Notably however, the strongly
electron-donating methoxy substrate (1.90) was transformed in low conversion (15%),
therefore illustrating the effect electron donation has on the catalytic performance of Ag NPs.

Similarly to previous Ag NP studies, aliphatic nitriles exhibited significantly decreased

reactivity (1.91).

Ag NPs (3 mol%) o
- A
R

H,0, 140 °C, 4-24 h R NH,

10 examples

1-99% vyield
)

NH, NH, N NH,
R N
1.91
8 h, 95% Cl: 4 h, >99% 4 h, >99% 24 h, <1%

CHj: 8 h, >99%
OMe (1.90): 24 h, 15%

Scheme 1.41. Silver NP-catalysed hydration of nitriles to amides developed by Yonezawa et al.
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A range of other heterogeneous catalysts have also been developed for the preparation of

130,137,138 Copper(ll) supported on 4 A molecular sieves, prepared

primary amides from nitriles.
via impregnation of the molecular sieves with copper salt, has been reported as an effective
and recyclable catalyst for the transformation (Scheme 1.42).*% In contrast, when
palladium(ll) and palladium(0) were used as the metal, the reaction proceeded with

decreased efficiency.

cu(l)-4 A (0.2 g) o
_CN MeCHNOH (3 equiv.) )J\
MeOH, 65 °C, 4 h R” NH,

R

12 examples
54-100% vyield

Scheme 1.42. Cu(ll)-4 A-catalysed hydration of nitriles into primary amides.

In 2014, Ley et al. detailed a mild and sustainable flow process for the hydration of nitriles

139 After an

using a column containing commercially available manganese dioxide (MnQ,).
aqueous solution of the nitrile has been passed through the heterogeneous catalyst, the
output is concentrated to afford the amide product without any further purification steps.
The protocol displayed a remarkable level of chemical tolerance — substrates containing
esters (1.92), aldehydes (1.93), hydroxyls (1.94) and alkenes (1.95) were all efficiently

transformed into the corresponding primary amides in excellent yields (Scheme 1.43).

_CN MnO, column )CJ)\
R H,O/IPA, 2-60 min, R NH,
30-110 °C

36 examples
94-99% vyield

0
EtO 0
0
N NH, 0
o” Y NH, H o
~ \ NH2
~ HO \

N cl o} NH, 0

1.92 1.93 1.94 1.95
60 °C, 15 min, 94% 100 °C, 20 min, 99% 60 °C, 15 min, 98% 80 °C, 15 min, 98%

(Only H,0)

Scheme 1.43. Flow hydration of nitriles and selected functional groups tolerated.

In addition, acrylonitrile was hydrated to acrylamide without polymerisation, therefore

illustrating the mildness of the protocol. The authors also showed that dinitriles could be
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partially or fully hydrated by simply changing the temperature of the reaction and the time
spent in the MnO, column (Scheme 1.44).

20 min, 70 °C

NC\)J\ 90% yield
NH,

o} (0]
)J\/U\ 99% yield
30 min, 100 °C H2N NH2

Scheme 1.44. Flow hydration of dinitriles.

MnO, column

NC.__CN

A further heterogeneous protocol tolerating an impressively wide range of functional groups
was published in 2015 by Naka, Saito and Wheatley.mA chitin-supported ruthenium catalyst,
prepared by impregnating commercially available chitin with ruthenium(lll) chloride
(agueous) and then reducing the product with sodium borohydride, successfully hydrated
nitriles in 16-60 hours at 120 °C (Scheme 1.45). Notably, ester (1.96) and carbamate (1.97)
functionalities, which are base- and redox- sensitive respectively, were tolerated by the

methodology.

_oN Ru/chitin (2.3 mol% Ru) j\
R H,O (220 equiv.), 16-60 h, R NH,
120 °C, N,

25 examples
23-98% vyield

(0]
(0] OH O
NH> NH
o O)J\N/\H/ 2 NH,
~ H 8
O
1.97

1.96
18 h, 89% 16 h, 90% 30 h, 46%

Scheme 1.45. Ru/chitin-catalysed hydration of nitriles.

1.2.3.4. Primary Amides from Aldehydes and Aldoximes
Another well-documented approach for forming amides is the rearrangement of oximes.
Specifically, the Beckmann rearrangement of ketoximes is a popular method for the

preparation of secondary amides. In contrast, when aldoximes are exposed to classical
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Beckmann conditions, the corresponding nitriles are formed instead of primary amides

(Scheme 1.46).

N Beckmann reaction O
By M r
. R' N7
R” R N
Ketoxime
OH

Beckmann conditions

Aldoxime

Scheme 1.46. Reaction of ketoximes and aldoximes under Beckmann conditions.

However, a multitude of metal complexes have since been reported which catalyse efficient
transformation of aldoximes into their corresponding primary amides. In addition, methods
have also been developed for the direct conversion of aldehydes (and alcohols) into primary
amides (Scheme 1.47). Reaction of the aldehyde with hydroxylamine generates the aldoxime

in situ before the rearrangement occurs.

H
0 NH,OH N Catalyst O

g ey e

R” NH,

Scheme 1.47. Rearrangement of aldoximes into primary amides starting from an aldehyde.

In 2001 and 2002, Sharghi and co-workers detailed a number of reports in which
stoichiometric amounts of Zn0,**' Al,03/CHsSOsH'* and wet Al,03/MeSO,CI*? were
employed for the rearrangement of aldoximes into primary amides, starting from either the
aldehyde or aldoxime. Shortly after, the first catalytic protocol for the transformation was
published by Chang et al.** The group detailed a highly selective and efficient method for the
rearrangement of aldoximes into primary amides using Wilkinson’s catalyst, RhCI(PPhs)s, at
150 °C. The protocol, which is performed under essentially neutral conditions, is able to
convert a range of aldoximes into the corresponding primary amides in 2-5 hours using 5

mol% of the rhodium catalyst (Scheme 1.48). Lower catalyst loadings of 0.5-1 mol% could also

be employed if the reaction was left for a longer period of time (8-12 hours).
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N RhCI(PPhs); (5 mol%) o

)l\ DMF or toluene, 150 °C, 2-5 h R)J\NH2

14 examples
73-98% yield

o} o} 0 0]
~
O,N N

Toluene, 2 h, 78% DMF, 5 h, 84% Toluene, 5 h, 87% Toluene, 5 h, 94%

Scheme 1.48. Aldoxime rearrangement catalysed by Wilkinson’s catalyst, RhCI(PPh;);.

In 2007, the first ruthenium-based procedure was reported by the Williams group.’® A
combination of Ru(PPhs)3(CO)H, (0.1-1 mol%), dppe and TsOH (in a 1:1:4 ratio) successfully
converted aliphatic, aromatic and heteroaromatic aldoximes into their corresponding primary

amides in toluene under reflux conditions (Scheme 1.49).

Ru(PPhs)3(CO)H, (0.1-1 mol%)
dppe (0.1-1 mol%)
o TsOH+H ,0 (0.4-4 mol%) 0

)l\ Toluene, 111 °C, 4-8 h R NH,

12 examples
80-95% vyield

Scheme 1.49. Ruthenium-catalysed aldoxime rearrangement developed by Williams et al.

Since this initial report, many groups have focused their research on the conversion of both
aldehydes and aldoximes into primary amides using ruthenium catalysts. In 2009, Crabtree
detailed the use of cis-[RuCl,(PPhs)(terpy)] for the rearrangement reaction.’* In contrast to
the Williams group’s protocol, the method didn’t require any chelating phosphines or
additives. Employing 1 mol% of the ruthenium catalyst in toluene at 110 °C aliphatic and
aromatic substrates, including both E- and Z-isomers, were converted into their

corresponding primary amide products (Scheme 1.50).

In addition, the group also adapted their protocol in order to convert aldehydes into primary
amides in a one-pot process using a 1:1:1 mixture of aldehyde, hydroxylamine hydrochloride

and NaHCO; (Scheme 1.50).*¢

The presence of the base in the reaction is important as
without it, the HCl produced during the aldoxime-forming step catalyses over-hydrolysis of

the amides into the carboxylic acids.
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OH " (is-[RuCI,(PPha)(terpy)] (1 mol%) o}

N..f‘J
R)l\H Toluene, 110 °C, 8-10 h R NH,
7 examples
82-90% yield
NH,OH-HCI (1 equiv.),
NaHCO; (1 equiv.),
0 cis-[RUCI,(PPh3)(terpy)] (1 mol%) j\
R)J\H Toluene, 110 °C, 17 h R NH,

8 examples
82-90% yield

Scheme 1.50. cis-[RuCl,(PPh;)(terpy)]-catalysed formation of primary amides from aldoximes and aldehydes.

Following Crabtree’s report, a number of other protocols have been developed based on

octahedral ruthenium(ll) complexes containing polydentate O-, N- and/or S-donor Iigands.m’

12 These complexes, displayed in Figure 1.9, are able to catalyse the transformation of
aldoximes and/or aldehydes into their corresponding primary amides using 0.5-1 mol%

catalyst loading in refluxing toluene or acetonitrile.

/ AsPhs
S \ | Ci
N /N—/RIU co
s~\( \\[?j o \—0" AsPh;
N—Ru 0
N Vs
PhsP’ Cco
X
Z S//\N/
N - \S ‘ o
//’, \\\\
S~ Neo N \ ( Ry OMe
/N,/ | (o) _— /,,"l \\\\N N/ | \O
N7 e \ Ru \ Co
| s~ | “~pph 07 Lomel
3 PPh, OMe

MeHN PPhs

Figure 1.9. Examples of octahedral ruthenium complexes containing O-, N- and/or S-ligands for the transformation of
aldoximes and/or aldehydes into primary amides.

In addition, ruthenium complexes containing arene ligands have also been shown to catalyse
these transformations. As well as their work on nitrile hydration reactions, Cadierno and

colleagues have also published important research on the rearrangement of aldoximes,
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including protocols involving phosphine-containing arene-ruthenium(ll) complexes (Figure
1.10).110,153,154

-

=

|
| C|\\“Ru\ S NH
S RUL - NMe; ¢ ° $ b
CI/ P N N, o
MezN 2 H
3
1.83

1.98

Figure 1.10. Arene-ruthenium(ll) complexes employed in aldoxime rearrangement reactions.

Arene-ruthenium complex 1.98 (5 mol%), which contains the commercially available and
inexpensive tris(dimethylamino)phosphine ligand, efficiently rearranged a wide array of
aldoximes at 100 °C in water (Scheme 1.51).153 Aliphatic, aromatic, heteroaromatic and «,8-
unsaturated aldoximes were all tolerated by the methodology, as were a broad spectrum of
functional groups, including halide, nitro, hydroxyl, thioether and amino moieties.
Significantly, the authors demonstrated the methodology could also be applied to optically

active aldoximes, with minimal loss of stereochemistry (1.99-1.101).

N 1.98 (5 mol%) o
| L
R)\H H,0, 100 °C, 1-24 h R NH,
39 examples
60-93% vyield
HoN o )
(0]
— NH,
NH,
1.99 1.100 1.101
8 h, 79% 2 h, 85% 6 h, 87%

Scheme 1.51. Rearrangement of aldoximes, including optically active substrates, employing 1.98 as the catalyst.

A follow-up report by the group demonstrated the use of 1.98 for the direct conversion of
aldehydes into primary amides, via in situ formation of aldoximes, in a one-pot procedure
(Scheme 1.52)."* Employing double the amount of hydroxylamine hydrochloride and NaHCO5;
allowed the conversion of benzenedicarboxaldehydes into benzenediamides under the same
conditions. In addition, the authors also adapted the methodology to develop a greener

procedure in which commercially available hydroxylamine solution was used as the
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hydroxylamine source instead. This avoids the use of a base in the reaction and therefore

reduces the generation of waste.

Reagents A or B,
o] 1.98 (5 mol%) O

)J\ H,0, 100 °C, 7-24 h i )J\

R OH R™ “NH,

40 examples
50-92% vyield

A: NH,OH-HCI (1.3 equiv.), NaHCO, (1.3 equiv.)
B: NHon(aq) (1 3 eqUiV.)

Scheme 1.52. One-pot synthesis of primary amides from aldehydes catalysed by 1.98, using different sources of

hydroxylamine.

The Cadierno research group also showed that complex 1.83 (Figure 1.10), which had also
been successful in catalysing nitrile hydration reactions, was able to transform aldoximes and

aldehydes into primary amides (Scheme 1.53).'%°

A wide range of aliphatic, aromatic,
heteroaromatic and a,8-unsaturated primary amides were synthesised using just 3 mol% of

ruthenium catalyst 1.83 in both protocols.

o 1.83 (3 mol%) j\
I
R)\H H,0, 100 °C, 7 h R NH,
8 examples
79-89% vyield
NH,OH-HCI (1.3 equiv.),
NaHCO; (1.3 equiv.),
0 1.83 (3 mol%) j\
R)J\H H,0, 100 °C, 7 h R NH,
8 examples

80-95% yield

Scheme 1.53. Conversion of aldoximes and aldehydes into primary amides using ruthenium catalyst 1.83.

In addition, Singh et al. have developed a highly active phosphine-free ruthenium catalyst,
with a similar structure to 1.98, containing a readily available aniline ligand (Scheme 1.54).>
The excellent catalytic ability of the complex allowed the direct conversion of aldehydes into
primary amides at a remarkably lower temperature (60 °C) compared with those reported

previously (100-110 °C).
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<o

«Ru
CI“/ \N
Cl H,

1.102

NH,OH-HCI (1.3 equiv.),

NaHCO3 (1.3 equiv.), o
j\ 1.102 (5 mol%) )J\
R H H,0, 60 °C, 5-24 h R NH,
25 examples

23-99% conversion into amide

Scheme 1.54. Phosphine-free arene-ruthenium(ll)-catalysed synthesis of primary amides from aldehydes in a one-pot
reaction.

More recently, other non-arene ruthenium catalysts have been developed, including those
based on bis(allyl)-ruthenium(IV) complexes.156 In addition, the first ruthenium complexes
containing phosphino-oxime ligands (1.103) were found to be active in the catalytic
rearrangement of aldoximes.™’ Similar complexes based on palladium (1.104) were also able

158

to catalyse the transformation (Scheme 1.55). In both cases primary amides were

synthesised from aldoximes using 5 mol% catalyst in water at 100 °C.

HO—N
Clu, | WPPhy
‘Ru
CI™ "~ RPh,

HO~N Ph,P
|
Cl—Pd—N_
& ToH
1.103 1.104

o 1.103 or 1.104 (5 mol%) j\

I
R)\H H,0, 100 °C, 2-24 h R™ ONH,

1.103 18 examples, 75-90% yield
1.104 21 examples, 58-91% yield

Scheme 1.55. Ruthenium and palladium complexes containing phosphino-oxime ligands in the catalytic rearrangement
of aldoximes.

Other palladium-based protocols for the rearrangement reaction have also been reported.159

Punniyamurthy et al. developed a simple and effective method for the one-pot conversion of

aldehydes into primary amides in aqueous dimethy! sulfoxide at 100 °C (Scheme 1.56).>* In

42



contrast to the other methods, the aldoxime was generated first before the metal catalyst

was added to form the primary amide.

i) NH,OH-HCI (1.2 equiv.), Cs,CO3 (1.2 equiv.), o
DMSO:H,0 (3:1), 100 °C, 5-7 h )J\

0
RJ\H ii) Pd(OAc), (5 mol%), 100 °C, 5-19 h R NH,

19 examples
65-98% yield

Scheme 1.56. Palladium-catalysed conversion of aldehydes into primary amides.

Methods employing rhodium as the catalytic metal have also been established. Very recently,
Xu and Liu showed that low catalyst loadings of two rhodium complexes, [Rh(CH,=CH,)Cl],
and Rh(NBD),OTf, could be employed in combination with the phosphine ligand PPh,Cy in the

rearrangement of aromatic and heteroaromatic aldoximes (Scheme 1.57).160

OH [Rh] cat. (1.25 mol%),
NIJV PPh,Cy (2.5 mol%) j\
R)\H PhCI, 140 °C, 12 h R™ NH,

13 examples
56-83% vyield

[Rh] cat. = [Rh(CH,=CH,)CI], or Rh(NBD),OTf

Scheme 1.57. Rearrangement of aldoximes catalysed by homogenous rhodium catalysts.

The much less studied area of heterogeneous catalysis has also yielded protocols based on

. 161-164
rhodium.

In fact, the first heterogeneous system developed for the conversion of
aldoximes into primary amides employed supported rhodium hydroxide (Rh(OH),/Al,03) in
water at high temperatures (Scheme 1.58).1%516 A variety of aldoximes were tolerated by the
methodology, including aliphatic, aromatic, heteroaromatic and a,8-unsaturated substrates.
The catalyst could also be easily recovered and then reused with minimal loss of its catalytic

ability. In addition, the method was applied to the one-pot synthesis of primary amides from

aldehydes, with (NH,0H),-H,SO, used as the hydroxylamine source (Scheme 1.58).
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N Rh(OH),/Al,05 (4 mol% Rh) j\
)l\ H,0 (0.25 M), 140-160 °C,7h  R” “NH,

16 examples
63-92% yield

(NH20H)2H2304 (05 eqUiV.),
o Rh(OH),/Al,05 (4 mol% Rh) o

R H  Hy0 (0.25 M), 120-160 °C, 7-9 h R)J\NH2

6 examples
73-90% vyield

Scheme 1.58. One-pot synthesis of primary amides from aldoximes and aldehydes using Rh(OH),/Al,05.

Other groups have explored the use of cheaper metals for the rearrangement reaction. A
simple, efficient and inexpensive method for the direct synthesis of primary amides from
aldehydes using commercially available FeCl; was detailed by Chakraborty and co-workers in
2011 (Scheme 1.59).167 The importance of employing water as the solvent was also illustrated
as use of anhydrous organic media resulted in the synthesis of the corresponding nitrile
instead. In addition, no racemisation was observed when chiral substrates were subjected to
the methodology. The authors also revealed that the catalytic system could directly convert
alcohols into primary amides when combined with an lodine-TEMPO oxidant (Scheme
1.59).168 This is similar to a previous method developed by Williams et al. in which an iridium
catalyst transformed alcohols into primary amides in a one-pot process via in situ formation

of the aldehyde and aldoxime.'®
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NH,OH-HCI (1 equiv.),
Cs,CO5 (1 equiv.),

o) FeClz (5 mol%) j\
RJ\H H,0 (0.25 M), 100 °C, 14-32 h R NH,
23 examples

83-96% yield

I, (2 equiv.), TEMPO (10 mol%),
NH,OH-HCI (1 equiv.), K,CO3 (3 equiv.),

0
_oH FeCl; (10 mol%) N )J\ 28 examples
R 75-92% yield
DCE (0.33 M), 90 °C, 8-32 h R” “NH, °ye
TEMPO,
! FeCl,
o NH,OH-HCl, _oH

)J\ K,COj NI
—_—
R H R)\

Scheme 1.59. One-pot synthesis of primary amides from aldehydes and alcohols employing catalytic FeCls, as developed

H

by Chakraborty et al.

In 2012 two studies reported the use of commercially available copper salts for the
conversion of aldehydes into primary amides via in situ aldoxime formation at 110 °C (Scheme
1.60).170'171 Ganguly et al. showed copper(ll) sulphate pentahydrate could be employed under
neat conditions,”’® whilst copper(ll) acetate was also shown to be a suitable catalyst for the
transformation in water by Ramon et al’ Remarkably, the copper(ll) acetate catalyst could

be recovered and reused up to 10 times without losing its catalytic activity.

NH,OH-HCI (1 equiv.), NaOAc (1.1 equiv.),

j\ CuS0,5H,0 (5 mol%) j\
R H 110 °C, 2-7 h R NH,
20 examples
Ganguly et al. 40-98% yield

NH,0H 44 (1 equiv.),

j\ Cu(OAc), (2 mol%) j\
R H H,O (2 M), 110 °C, 48 h R NH,
15 examples
Ramoén et al. 61-99% vyield

Scheme 1.60. Copper-catalysed direct synthesis of primary amides from aldehydes.
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These reports followed a study by Williams and co-workers which showed 1-3 mol% of
Cu(OAc), in toluene was able to transform a broad array of aldoximes into their

corresponding primary amide products at 80 °C in 24 hours (Scheme 1.61)."7

The group also
demonstrated that the rearrangement reactions could be performed using microwave
irradiation in only 2 hours at 80 °C, whilst a heterogeneous system consisting of CuO/ZnO

(10% wt) on activated carbon was also shown to be an efficient catalyst.'”?

Ot cu(0Ac), (1-3 mol%) 0

I
)\ Toluene (4 M), 80°C,24h  R” “NH,

12 examples
58-91% yield

NH2 NH2 (e} \ NH2
O,N CH3(CHy)g NH,
81% 67% 82% 70%

Scheme 1.61. Cu(OAc),-catalysed rearrangement of aldoximes developed by Williams et al. with selected products.

The Williams group detailed a further low-cost method for the rearrangement reaction. The
authors found that indium and zinc salts promoted the conversion of their model substrate
butyraldoxime into butyramide in excellent yield, with In(NO3); (0.4-1 mol%), Zn(NOs), (10

mol%) and ZnCl, (10 mol%) proving the most efficient catalysts (Scheme 1.62).""?

The group
subsequently demonstrated their methodology could also be extended to convert aldehydes

into primary amides (Scheme 1.62).

IN(NO3)3 (0.4-1 mol%), toluene,

NyOH 110 °C, 16-18 h o)
PG JC
R H or R NH,
ZnCl, or Zn(NO3), (10 mol%),
heptane, 100 °C, 18 h 18 examples

79-96% yield

le) NH,OH-HCI (2 equiv.), NaHCO; (2 equiv.), O
In(NO3)3 (5 mol%) or ZnCl, (15 mol%)
H NH,
Toluene, 110 °C, 20 h

In: 85% vyield
Zn: 93% yield

Scheme 1.62. Low-cost conversion of aldoximes and aldehydes into primary amides catalysed by zinc and indium salts.

46



Mechanistic Investigations

In addition to the novel methodologies invented by the group, Williams et al. also
investigated the mechanism of the metal-catalysed aldoxime rearrangement reaction.”
Originally, it was thought that the reaction proceeded via a dehydration/rehydration process
in which the metal promotes both steps (Scheme 1.63, Mechanism A). Firstly, a nitrile
intermediate is formed through dehydration of the starting aldoxime, before nucleophilic
attack by water and a subsequent rearrangement step affords the final primary amide

product.

[Ml\NCOH
Py
R H
-H,O
R——=N
A
R NH, >/ \(\
R—N---
1M|
R 10,H

OH

Scheme 1.63. Original proposed mechanism (A) involving a dehydration/rehydration process.

In support of this mechanistic proposal, studies have observed the formation of nitriles during

144,145,174

the rearrangement reaction. In addition, a range of metal complexes have been

shown to catalyse the dehydration (aldoxime to nitrile) and rehydration (nitrile to primary

amide) steps when both of the reactions are performed separately.lsg' 175-180

However, Williams and co-workers presented evidence suggesting the metal-mediated
aldoxime rearrangement reaction did not proceed via mechanism A. Firstly, many of the
complexes used to catalyse the rearrangement reaction were shown to be inactive in the
hydration of a nitrile with water. In addition, the authors also noted that aldoximes were
converted into primary amides in completely anhydrous conditions. These inconsistencies
resulted in the proposal of a second mechanism (B) in which, following the initial dehydration

step, another molecule of aldoxime attacks the metal-coordinated nitrile to generate a 5-
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membered cyclic intermediate (Scheme 1.64). Rearrangement of this cyclic intermediate

affords another metal-coordinated nitrile and the desired primary amide product.

H ~
\ R—==N---(M]
R/<£I\}/‘LI ~_H :/O_|'{I
-
R

Scheme 1.64. Second proposed mechanism (B) in which another molecule of aldoxime acts as the nucleophile.
This alternative mechanism, which had also been suggested by Noltes'® and Chang,llg’182 was
supported by two studies employing ‘*0-labelled reagents and a variety of metal catalysts
(Scheme 1.65). Firstly, use of one equivalent of H,'®0 in the reaction afforded the unlabelled
primary amide as the product; therefore illustrating water does not act as the nucleophile. In
addition, when the rearrangement of ¥0-labelled 3-phenylpropanaldoxime was performed in
the presence of an equivalent of unlabelled butyraldoxime, scrambling of the 80 label was
observed between the two different amide products. This supports a pathway in which the
coordinated nitrile is attacked by a second molecule of aldoxime.

150H 160
| Catalyst, H,'%0 (1 equiv.)

H NH,
Toluene (anh.), 110 °C, 24 h

No "80 incorporation

16/18 16/180
Catalyst O

N . N| /\)J\ + /\)J\
/\)l\ /\)\ Toluene (anh.), 110 °C, 24 h NH, Ph NH,
H Ph H

180 scrambling observed

Catalyst = RhCI(PPhj3)3, Ru(PPh3)3(CO)H,, Pd(OAc),, In(NO3)s, ZnCl, and Cu(OAc),.

Scheme 1.65. **0-Labelled experiments performed by Williams et al. supporting proposed mechanism B.
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In addition, Williams et al. also followed the conversion of 4-methylbenzaldoxime into 4-
methylbenzamide over time. This revealed that the initial rate of reaction is comparatively
slow and that dehydration of the starting aldoxime into the nitrile is the rate determining
step. Using the knowledge of both the rate determining step of the reaction and the newly
proposed reaction mechanism, the group hypothesised that the rate of reaction could be

increased by adding a nitrile additive to the rearrangement process.

As hoped, the group revealed a positive correlation between the mol% of nitrile additive and
the conversion of aldoxime into primary amide. However, for every mol% of nitrile added to
the reaction, an equal amount of amide product derived from this nitrile was formed,
reducing conversion into the desired amide product by the same amount. However, the
group illustrated that if the ‘same’ nitrile was added to the oxime rearrangement then
guantitative conversion into the desired amide product could be achieved (Scheme 1.66). A
similar study investigating the effect of nitrile additives on the rearrangement process using a

rhodium complex, Rh(cod)(IMes)Cl, was also reported by Chang and colleagues. '**

: _CN
(10 mol%)

| Cu(OAc), (2 mol%)

NH
H Toluene, 110 °C, 10 min 2

100% conversion
(17% conversion without nitrile)

Scheme 1.66. Rearrangement of 4-methylbenzaldoxime in the presence of 4-methylbenzonitrile.
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1.3. Summary
The direct coupling of amines and unactivated carboxylic acids, involving the release of one
equivalent of water, is one of the most attractive methods for the preparation of amides due
to its high atom efficiency. However, high temperatures are required to overcome the energy

barrier created by the formation of the ammonium-carboxylate salt.

In order to circumvent this problem, a wide variety of coupling reagents were developed.
These reagents activate the carboxylic acid, which then couples with the amine to generate
the desired amide product. However, although these protocols generally afford good yields
under mild conditions, the use of coupling reagents results in the production of a
stoichiometric amount of waste. This reduces the atom economy of the reaction, whilst also

adding further purification steps to remove the by-products.

As a result of these limitations, a catalytic waste-free synthesis of amides was highlighted as a
key area of research by the ACS’s Green Chemistry Institute Pharmaceutical Roundtable in
2005. The development of catalytic amide syntheses has eliminated the need for
stoichiometric coupling reagents and also allowed the formation of amides from a wide range
of other starting materials, including esters, nitriles, aldoximes and aldehydes. Despite the
advances in catalytic amide formation, research continues in order to find cheaper and more
sustainable catalysts for the reactions, as well as methods which tolerate the broadest

number of substrates.
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Results and Discussion |

Amides from Esters

“Acetic acid as a catalyst for the N-acylation of amines using esters as the acyl source”

D. D. Sanz Sharley and J. M. J. Williams, Chem. Commun., 2017, 53, 2020.
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2. Results and Discussion | — Amides from Esters

2.1. Aims and Objectives
Traditional methods used to synthesise acetamides usually involve the use of activated

acylating agents, such as acetic anhydride and acetyl chloride.™®**#

Although these reagents
are cheap, their toxicity and hygroscopic nature make them less than ideal acyl sources. The
bases traditionally used, namely pyridine-based compounds,'®® are also toxic and harmful to
humans and the environment. In addition, many procedures employ metal catalysts,lgl'200
both heterogeneous and homogeneous, which can be expensive and add further purification

steps.

As a result, the aim of this work was to develop a novel non-metal catalysed protocol for the
acetylation of amines using a less activated acylating agent — in this case ethyl acetate — to go
alongside previous work in the area. The lower reactivity of ethyl acetate makes it a more
desirable acylating agent compared with acid chlorides and acid anhydrides. It was hoped
that acetic acid could be used as an effective catalyst for the transformation as it is cheap and
readily available, whilst any reaction with the amine would still produce the desired product.
After fully exploring the acetylation reaction, the methodology could then be applied to other

esters to form higher amides.

2.2. Initial Investigations
Early work focussed on the suitability of acetic acid as a catalyst for the N-acetylation of
amines. As reported previously, it is well known that in polar solvents salt formation usually
occurs upon mixing of amines and acids, thus disfavouring the amidation reaction.' However,
other studies, such as that by Brahmachari and co-workers,”® have shown that the presence
of acetic acid in amidation reactions does not inhibit the formation of amides from amines.
This is likely due to the relatively moderate pK, value of acetic acid (12.6 in DMSO at 25 °C)
compared with stronger acids such as HZSO4.202 It was thought that, as a result of the lower
acidity of acetic acid, the protonation/deprotonation equilibrium would be shifted in favour

of the free amine, thus allowing transfer of the acyl group.

With this theory in mind, we decided to explore the effect of different acids on the

acetylation of our model substrate, 4-methylbenzylamine (2.1), using ethyl acetate as the acyl

52



source. Percentage conversion into product 2.2 was determined by analysis of the relative

integrals of the benzyl protons in the starting material (3.85 ppm, singlet) and product (4.39

ppm, doublet) in the crude "H NMR spectra (Scheme 2.1).

0
\©\/NH2 ) )J\o/\ NW/
0
21

\
T

2.2

2.2 2.1

111

:

B0 445 44D 435 430 425 420 445 4.*?{ 405 400 352 350 385 380 37
\ppmy

2004
1

T T T T T T T T T
85 8.0 75 70 65 &0 55 50 f14"5 . 4D 35 Ef)} 25 20 15 10 05 [}
PRy

Scheme 2.1. An example of the 'H NMR spectrum used to determine percentage conversion into acetamide 2.2,
showing benzyl protons in the starting material (2.1) and product (2.2).

Use of one equivalent of sulfuric acid in refluxing ethyl acetate resulted in no conversion into
acetamide 2.2 after 20 hours; presumably due to protonation of the amine nitrogen (Table
2.1, entry 1). Notably, even a small catalytic amount of sulfuric acid led to minimal

conversion, thus illustrating the ineffectiveness of strong acids as catalysts in this reaction

(Table 2.1, entry 2).
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Table 2.1. Effect of sulfuric acid on the acetylation of 4-methylbenzylamine.

H,SO, (x mol%) \@H
- N
NH, EtOAc (1 M), 80 °C, 20 h \H/

o]
2.1 2.2
Entry H,S0,4 (mol%) Conversion into 2.2 (%)
1 100 0
2 5 6

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

2.3. N-Acetylation of Amines: Optimisation

2.3.1. Primary Amines
With a strong acid catalyst yielding poor conversions, it was then decided to investigate
whether weaker acids would provide a more efficient alternative. Initial experiments showed
that, under the same reaction conditions employed in the sulfuric acid studies,
quantitative conversion of the model substrate into acetamide product 2.2 could be
achieved using a stoichiometric amount of acetic acid (Table 2.2, entry 6). Pleasingly,
analysis of the crude 'H NMR spectra revealed that catalyst loadings as low as 10 mol%
afforded the acetamide product in quantitative conversion (Table 2.2, entry 3-5),
compared with only traces for the background reaction (Table 2.2, entry 1). However,
when the catalyst loading was lowered to 5 mol% the conversion dropped fractionally

(Table 2.2, entry 2).

Table 2.2. Optimisation of the AcOH catalyst loading for the acetylation of 4-methylbenzylamine.

NH, EtOAc (1 M), 80 °C, 20 h \H/

o]
2.1 2.2
Entry AcOH (mol%) Conversion into 2.2 (%)
1 - Traces
2 5 98
3 10 100
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4 20 100
5 50 100
6 100 100

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

Using the optimum catalyst loading of 10 mol%, it was decided to investigate the effect of
reaction time on the overall progress of the model reaction. Analysis of the crude 'H NMR
spectra showed that a decrease in the reaction time from 20 hours to 16 hours led to a
reduction in the conversion from 100% to 96% (Table 2.3, entries 1 and 2). Conversions into
acetamide 2.2 then dropped off further as the reaction time was lowered from 16 hours to 8

hours (Table 2.3, entries 3 and 4).

Table 2.3. Optimisation of the reaction time for the acetylation of 4-methylbenzylamine.

AcOH (10 mol%) \©\/H
- N
NH, EtOAc (1 M), 80 °C \ﬂ/

o}
2.1 2.2
Entry Time (h) Conversion into 2.2 (%)
1 20 100
2 16 96
3 12 95
4 8 85

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

Further screening experiments showed that both an increase and decrease in the reaction
concentration from 1 M to 2 M and 0.5 M respectively also resulted in quantitative
conversion into acetamide 2.2 (Table 2.4, entries 1-3). As the solvent is also the acylating
agent in the reaction, a higher concentration, and thus less equivalents of ethyl acetate, was
thought to be more desirable. However, when the concentration was increased beyond 2 M,
analysis of the crude 'H NMR spectra showed a reduction in the reaction conversion (Table

2.4, entry 4).
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Table 2.4. Optimisation of the solvent concentration for the acetylation of 4-methylbenzylamine.

AcOH (10 mol%) \©\/H
NH, EtOAc, 80 °C, 20 h \ﬂ/

o]
2.1 2.2
Entry EtOAc (mL) Conversion into 2.2 (%)
1 2 100
2 1 100
3 0.5 100
4 0.25 90

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

A screen of reaction temperatures was then performed (Table 2.5). Unfortunately, analysis of
the crude "H NMR spectra revealed that reaction temperatures lower than 80 °C resulted in
considerably decreased conversions; temperatures of 40 and 60 °C afforded conversions of 10
and 53% respectively (Table 2.5, entries 2 and 3). This therefore confirmed the need for

refluxing conditions in order to achieve efficient transformation into acetamide 2.2.

Table 2.5. Optimisation of the reaction temperature for the acetylation of 4-methylbenzylamine.

AcOH (10 mol%) \©\/H
> N
NH> EtOAc (2 M), 20 h \ﬂ/

o}
2.1 2.2
Entry Temperature (°C) Conversion into 2.2 (%)
1 80 100
2 60 53
3 40 10

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

These optimisation studies generated reaction conditions A, in which 4-methylbenzylamine
(2.1) could be transformed into acetamide 2.2 using 10 mol% acetic acid and ethyl acetate as

the acyl source/solvent at 80 °C in 20 hours (Scheme 2.2).
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AcOH (10 mol%) \©\/H
» N
NH,  EtOAc (2 M), 80 °C, 20 h \ﬂ/
o)

21 2.2

Scheme 2.2. Final optimised reaction conditions for the transformation of primary amine 2.1 into acetamide 2.2
(reaction conditions A).

2.3.2. Secondary Amines
Following optimisation of the reaction conditions for the model primary amine substrate,
secondary amines were then explored. A model reaction system of N-benzylmethylamine and
ethyl acetate was selected for the reaction screening due to ease of spectral determination of
conversion into the desired product. Product 2.4 is observed as two rotamers in its 'Hand ®c
NMR spectra as rotation around the N-C(O) bond occurs slower than the NMR timescale.
Percentage conversion into product 2.4 was determined by analysis of the relative integrals of
the benzyl protons in the starting material (3.88 ppm, singlet) and the product (4.41 and 4.47

ppm, major and minor rotamers, singlets) in the crude 'H NMR spectra (Scheme 2.3).

©\/H\ R io/\ > ©\/IL\Q/ and ©V|L\’¢o

23 2.4
2.4 23
: !
0 450 440 430 420 410 400 390 380 37 3.60
1 (ppm)
J L l l
I d‘-&. e -lJ. | | | o
g 2
5.0 85 &0 75 o 6.5 &l 55 L. 4.0 5 30 25 20 L5 10 [ 0.0

® b
Scheme 2.3. An example of the 'H NMR spectrum used to determine percentage conversion into acetamide 2.4,

showing benzyl protons in the starting material (2.3) and product (2.4).
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Based on previous findings in the group we postulated that harsher reaction conditions would
be required to acetylate secondary amines.>® To investigate this claim, our secondary amine
model substrate was subjected to reaction conditions A, and as expected analysis of the
crude 'H NMR spectrum revealed poor conversion into the acetamide product (Table 2.6,

entry 1).

Table 2.6. Conversion of secondary amines into their acetamide products under reaction conditions A.

AcOH (10 mol%)
R\NH > R_ J\
||a1 EtOAc (2 M), 80 °C, 20 h N
R1
Entry Secondary amine Conversion (%)
H
N
2 /N 19
HN N—
__/

3 i > 13
HN

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

To confirm this result was representative of other secondary amines, reaction conditions A
were employed on 1-methylpiperazine and piperidine (Table 2.6, entries 2 and 3). Low
conversions of 19% and 13%, respectively, into the corresponding acetamide products were

achieved, thus illustrating the need for more forcing reaction conditions.

Employing the same reaction conditions that were developed for primary amines, the catalyst
loading was firstly increased to 50 mol%; however poor conversion into acetamide 2.4 was
observed after analysis of the "H NMR spectra (Table 2.7, entry 1). It was then thought a
further increase in the amount of acetic acid would perhaps drive the reaction towards
completion. Unfortunately, use of stoichiometric acetic acid only resulted in a slight increase

in the conversion from 31 to 45%, whilst a further increase in acid led to the conversion
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decreasing to 31% (Table 2.7, entries 2 and 3). The latter result is likely due to protonation of
the nitrogen’s lone pair by the large excess of acid present in the reaction, thus preventing

nucleophilic attack on the ethyl acetate.

Table 2.7. Optimisation of the catalyst loading for the acetylation of N-benzylmethylamine, using EtOAc as the solvent.

AcOH (x mol%) |
H - N
N\ EtOAc (2 M), 80 °C, 20 h \H/

o}
2.3 2.4
Entry AcOH (equiv.) Conversion into 2.4 (%)
1 0.5 32
2 1 45
3 2.5 31

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

With increased catalyst loadings failing to drive the reaction towards completion, it was
decided that higher reaction temperatures would be investigated. In order to do this a higher-
boiling acetate ester would need to be used as the solvent. Butyl acetate (BuOAc) was chosen
due to its cheap cost and common use as a solvent. Using our model substrate, a new catalyst
loading screen was performed in butyl acetate (2 M) at 120 °C for 20 hours. Analysis of the
crude 'H NMR spectra showed that even low catalyst loadings of 10 mol% resulted in a
considerable increase in the conversion into acetamide 2.4 compared with the results
obtained using ethyl acetate as the solvent at 80 °C (Table 2.8, entry 2; Table 2.6, entry 1).
This is in contrast to the background reaction which only yielded traces of desired acetamide
2.4 (Table 2.8, entry 1). Pleasingly, quantitative conversion was obtained when using both a
stoichiometric amount of acetic acid and a catalyst loading of 50 mol% (Table 2.8, entries 4

and 5).
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Table 2.8. Optimisation of the catalyst loading for the acetylation of N-benzylmethylamine, using BuOAc as the solvent.

AcOH (x mol%) ©\/ |
H N
N BuOAc (2 M), 120 °C, 20 h \ﬂ/

Y

o}
2.3 2.4
Entry AcOH (mol%) Conversion into 2.4 (%)

1 - Traces

2 10 76

3 25 94

4 50 100

5 100 100

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

Finally, we decided to explore whether the increased conversions observed were a result of
the higher temperature used or the change in acylating agent. We predicted that the longer
alkyl chain in butyl acetate, compared with ethyl acetate, was unlikely to have a significant
effect on the efficiency of the reaction, and that it was the higher temperature that resulted
in quantitative conversion into acetamide 2.4. This was confirmed by an investigation in
which the model substrate was subjected to 50 mol% acetic acid at 80 °C in butyl acetate.
This resulted in 44% conversion into the desired product (Table 2.9, entry 1), only marginally
higher than the 32% conversion obtained when ethyl acetate was employed as the acylating

agent (Table 2.7, entry 1).

Moreover, we found that even a slight decrease in the reaction temperature from 120 °C to
110 °C, using butyl acetate as the acylating agent, led to a reduction in the efficiency of the
transformation (Table 2.9, entry 2); thus proving 120 °C to be the optimal reaction

temperature under this set of conditions (Table 2.9, entry 3).
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Table 2.9. Optimisation of the reaction temperature for the acetylation of N-benzylmethylamine.

ACOH (50 mol%) ©\/ |
H - N
N__ BuOAc (2 M), 20 h \H/

\

2.3 2.4 ©
Entry Temperature (°C) Conversion into 2.4 (%)
1 80 44
2 110 96
3 120 100

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

The final optimised secondary amine reaction conditions (reaction conditions B) were able to
transform N-benzylmethylamine (2.3) into acetamide 2.4 using 50 mol% acetic acid and butyl

acetate as the acyl source/solvent at 120 °C in 20 hours (Scheme 2.4).

AGOH (50 mol%) ©\/ |
H - N
N._  BuOAc(2M),120°C,20h \H/

o)

23 24

Scheme 2.4. Final optimised reaction conditions for the transformation of secondary amine 2.3 into acetamide 2.4
(reaction conditions B).

2.3.3. Aniline Derivatives
Although the intention was to primarily focus on the N-acetylation of primary and secondary
amines, we also decided to investigate whether aniline derivatives could be transformed
using our methodology. Percentage conversion into product 2.6 was determined by analysis
of the relative integrals of the aromatic protons in the starting material (6.50-6.66 ppm, 3H,

multiplet) and product (7.28 ppm, 2H, triplet) in the crude ‘H NMR spectra (Scheme 2.5).
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Scheme 2.5. An example of the 'H NMR spectrum used to determine percentage conversion into acetamide 2.6,
showing aromatic protons in the starting material (2.5) and product (2.6).

Similarly to the case of secondary amines, limited conversion into acetamide 2.6 was
achieved using ethyl acetate as the acylating agent; with a maximum conversion of 58%
observed when using 2.5 equivalents of acetic acid (Table 2.10). The background reaction

revealed no conversion into acetamide 2.6 (Table 2.10, entry 1).

Table 2.10. Optimisation of the catalyst loading for the acetylation of aniline derivatives.

©\ AcOH (x equiv.) ©\ )OJ\
NH, EtOAc (2 M), 80 °C, 24 h H

25 2.6
Entry AcOH (equiv.) Conversion into 2.6 (%)
1 - 0
2 0.5 16
3 1 37
4 2.5 58

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.
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The low reactivity exhibited by aniline can be attributed to its reduced nucleophilicity; a result

of electron delocalisation of the nitrogen’s lone pair into the aromatic ring (Scheme 2.6).

NH, > NH, NH, NH,

Scheme 2.6. Electron delocalisation in aniline.

Applying these conditions to para-anilinic substrates resulted in varying degrees of
conversion into their corresponding acetamide products (Table 2.11). Analysis of the crude 'H
NMR spectra showed that 4-chloroaniline afforded the lowest conversion of 41% (Table 2.11,
entry 1), presumably a result of the chlorine’s electron withdrawing nature, whilst the bulky

‘Bu derivative gave 72% conversion into the acetamide product (Table 2.11, entry 2).

Table 2.11. Reaction of para-anilinic substrates with ethyl acetate in the presence of acetic acid.

R R
\©\ AcOH (2.5 equiv.) \©\ o)
NH, EtOAc (2 M), 80 °C, 24 h k

N
Entry R Conversion (%)
1 cl 41
2 ‘Bu 72

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

As with our secondary amine investigations, use of the higher-boiling solvent butyl acetate in
the aniline model reaction resulted in near-quantitative conversion (Table 2.12). The study
showed that reactions differing only in the acetate ester present afford near identical
conversions, as expected (Table 2.10, entry 4; Table 2.12, entry 1). However, analysis of the
crude 'H NMR spectrum revealed an increase in temperature to 110 °C, using butyl acetate,
results in near quantitative conversion into acetamide product 2.6 (Table 2.12, entry 3).
Interestingly, beyond this temperature the conversions appear to decrease (Table 2.12,

entries 4 and 5).
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Table 2.12. Optimisation of the reaction temperature for the acetylation of aniline derivatives.

©\ AcOH (2.5 equiv.) ©\ )OJ\
NH, BuOAc (2 M), 24 h N

N
2.5 2.6
Entry Temperature (°C) Conversion into 2.6 (%)
1 80 60
2 100 86
3 110 >99
4 120 96
5 130 93

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

The final reaction conditions (reaction conditions C) transformed aniline (2.5) into acetamide
2.6 using 2.5 equivalents of acetic acid and butyl acetate as the acyl source/solvent at 110 °C

in 24 hours (Scheme 2.7).

©\ AcOH (2.5 equiv.) ©\ )OJ\
NH, N

BuOAc (2 M), 110 °C, 24 h N

2.5 2.6

Scheme 2.7. Final optimised reaction conditions for the transformation of aniline (2.5) into acetamide 2.6 (reaction
conditions C).

2.4. N-Acetylation: Amine Substrate Scope
It was hoped that reaction conditions A-C would allow the transformation of a wide variety of
primary amines, secondary amines and aniline derivatives into their corresponding acetamide
products. An aqueous base wash using NaHCO; was firstly attempted in order to purify the
products, however this afforded low yields as many of the products were partially soluble in
the water layer. Therefore, in all cases where yields were obtained, purification involved a

facile column chromatography procedure using DCM/MeOH as the eluent.
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2.4.1. Primary Amines
Reaction conditions A were applied to a range of primary amines and encouragingly, good to
excellent yields were achieved in most cases (Table 2.13). Varying the substituent on the
arene ring of benzylamine had little to no effect on the efficiency of the reaction. Halogens
(Table 2.13, entries 1 and 5), methoxy groups (Table 2.13, entry 6) and trifluoromethyl groups
(Table 2.13, entry 7) were all tolerated by the methodology. Moreover, changing the chlorine
ring position from para to ortho resulted in comparable conversion (Table 2.13, entries 1 and
5). In addition, reaction conditions A were shown to tolerate heteroaromatic groups, such as

the pyridine moiety found in 2.8 (Table 2.13, entry 3).

Table 2.13. Primary amine substrate scope using reaction conditions A.

o}

AcOH (10 mol%)
R
~ > R_
NP2 Eoac (2 M), 80 °C, 20 h ”J\
Entry Product Conversion (%) Yield (%)
cl
H
1 \©VNW/ 2.7 100 93
o}
H
2 \©\/N 2.2 100 97
T

N
AN
| H
3 _ NW/ 2.8 96 90
(o]
DV
4 NW/ 2.9 100 92

(0]
H
5 NW/ 2.10 9 95
(6]

Cl

H
6 ©VN7( 2.11 100 93
(6]

OMe
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7 /@\/ 2.12 100 97
H
FsC N\H/

(@]
8 0 2.13 100 9%
PPN
H
(o]
HN
9 MeO 2.14 78 70
A\
N
H
S
10 HJ\ 2.15 31 -
(0]
11 AN/\/\OH 2.16 99 89
NH,
12 y 2.17 97 94

h

(0]
D]
13 N\/\HJ\ 2.18 100 90

. . . . 1
Reactions were performed on a 2 mmol scale. Percentage conversions were determined by analysis of the crude "H

NMR spectra.

As well as the benzylamine-based starting materials employed, other classes of primary
amine could also be successfully subjected to reaction conditions A. For instance, the
methodology is able to transform long alkyl chain amines, such as hexylamine, into their

corresponding acetamide products in excellent yields (Table 2.13, entry 8).

To test the pharmaceutical applicability of the methodology, we decided to synthesise the
hormone and sleep disorder drug, melatonin (2.14), from 5-methoxytryptamine. To our
delight, we were able to apply reaction conditions A and isolate the target molecule in good
yield (Table 2.13, entry 9). However, tert-butylamine showed poor conversion into 2.15 under

reaction conditions A; likely due to steric hinderance (Table 2.13, entry 10).
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Furthermore, the chemoselectivity of the methodology was investigated by applying the
protocol to bifunctional amines (Table 2.13, entries 11-13). The methodology is able to
selectively acetylate amino groups over alcohols; negligible O-acetylation was observed when
3-amino-1-propanol was subjected to the reaction conditions to afford 2.16 (Table 2.13, entry
11). In addition, when both an aromatic and benzyl amine are present in a substrate, the
latter is selectively acetylated (Table 2.13, entry 12). Finally, the protocol is also able to
distinguish between primary and secondary amines, operating only on the first functionality;
for example, when N-benzylethylenediamine was employed only acetamide 2.18 was

obtained (Table 2.13, entry 13).

The scalability of the reaction was also assessed by performing the N-acetylation of
benzylamine on a 67 mmol scale. Quantitative conversion into 2.9 was achieved after 22

hours and the product isolated in 92% yield (9.2 g) after purification (Scheme 2.8).

AcOH (10 mol%) ©\/H
NH,  EtOAc (2 M), 80 °C, 22 h \[(

o

2.9
92% yield

Scheme 2.8. Scaled-up N-acetylation of benzylamine (67 mmol scale).

2.4.2. Secondary Amines
The substrate scope for secondary amines was subsequently explored (Table 2.14). A
selection of secondary amines was subjected to reaction conditions B to afford tertiary
acetamides in excellent conversions, before purification by column chromatography using

DCM/MeOH as the elution system.
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Table 2.14. Secondary amine substrate scope using reaction conditions B.

R AcOH (50 mol%)
" oo
R BuOAc (2 M), 120 °C, 20 h I
R
Entry Product Conversion (%) Yield (%)

o]

>/

1 : N 2.19 88 78
L
2 24 100 91
T

N N
3 C§J " o 220 100 92

. . . B 1
Reactions were performed on a 2 mmol scale. Percentage conversions were determined by analysis of the crude "H

NMR spectra.

Reaction conditions B revealed alkenes are unaffected by the methodology (Table 2.14, entry
3). Analysis of the crude 'H NMR spectrum of acetamide 2.20 showed no presence of by-
products in the reaction mixture. This was further confirmed by mass spectrometry and Bc

NMR spectroscopy.

2.4.3. Aniline Derivatives
Finally, the substrate scope for aniline derivatives was partially investigated. As well as the
synthesis of 2.6 in excellent yield, we also illustrated that substrates containing a methoxy
substituent para to the aniline moiety could be transformed into the acetamide product

(2.21) in comparable yield using reaction conditions C (Table 2.15).
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Table 2.15. Aniline derivative substrate scope using reaction conditions C.
R R
\©\ AcOH (2.5 equiv) \©\ o)
NH, BUOAc(2M), 110 °C,24h HJ\

Entry Product Conversion (%) Yield (%)

(@)
1 ©\NJ\ 2.6 100 92
H
2 \ J 2.21 100 88

. . . . 1
Reactions were performed on a 2 mmol scale. Percentage conversions were determined by analysis of the crude "H

NMR spectra.

2.5. N-Acylation of Amines: Optimisation and Ester Substrate Scope
Following investigations into the N-acetylation of amines, we subsequently decided to
explore the substrate scope of the ester component in the reaction. Previous literature
describes the use of ethyl formate as a formylating agent, often in the presence of formic

203-205

acid. However, these reactions usually require increased temperatures ranging from 60

to 90 °C,%***® although one report details the formylation of a primary alkyl amine at room

203 With this in mind, we decided to explore whether less reactive anilinic

temperature.
substrates, namely aniline and p-anisidine, could undergo formylation at room temperature

in the presence of catalytic formic acid.

Preliminary experiments were conducted using aniline as the model substrate and ethyl
formate as the formyl donor. Percentage conversion into product 2.22 was determined by
analysis of the relative integrals of the aromatic protons in the starting material (6.50-6.66
ppm, 3H, multiplet) and product (7.26-7.37 ppm, 2H, major and minor rotamers, multiplet) in
the crude 'H NMR spectra. Analysis of the 'H NMR spectra revealed that in the presence of no
acidic catalyst only 36% conversion into formamide 2.22 was observed at 20 °C in 20 hours
(Table 2.16, entry 1). In comparison, very high conversions could be achieved with as low as
10 mol% formic acid catalyst present; whilst use of 50 mol% formic acid drove the reaction to

guantitative conversion (Table 2.16, entries 2-4).
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Table 2.16. Optimisation of the catalyst loading and reaction time for the formylation of aniline derivatives.

©\ Acid cat. (x mol%) ©\ i
NH, Ethyl formate (2 M), 20 °C H

N
2.5 2.22
Entry Acid Acid (mol%) Time (h) Conversion into 2.22 (%)
1 - - 20 36
2 Formic acid 10 20 94
3 Formic acid 20 20 97
4 Formic acid 50 20 100
5 Acetic acid 50 20 100
6 Formic acid 50 16 100
7 Acetic acid 50 16 100

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures.

Notably, the use of acetic acid instead of formic acid also resulted in quantitative conversion
with no acetamide product generated in the reaction (Table 2.16, entry 5). The absence of an
acetamide side-product is presumably due to the increased reactivity of ethyl formate
compared with acetic acid. Quantitative conversion using either formic acid or acetic acid was
also achieved in 16 hours (Table 2.16, entries 6 and 7). Pleasingly, both 2.22 and 2.23 were
isolated in excellent yield using both formic acid and acetic acid as the catalyst (Table 2.17,

entries 1 and 2).

In addition, a number of other methyl and ethyl esters were reacted with benzylamine or 1-
phenylethylamine to afford a range of secondary amides. Ethyl propionate and related
substrates were successfully transformed into their corresponding amide products using 2
equivalents of the ester and 10 mol% of acetic acid (Table 2.17, entries 3-6). Notably, product

2.26 illustrates that the methodology is tolerant to nitriles.

Remarkably, the transformation of ethyl trifluoroacetate into 2.27-2.29 was achieved at room
temperature (25 °C) with no acid catalyst present (Table 2.17, entries 7 and 8). Pleasingly, the
reaction of ethyl trifluoroacetate with (R)-(+)-a-methylbenzylamine to afford 2.29 proceeded

with retention of stereochemistry, as determined by chiral HPLC analysis (Table 2.17, entry 8).

70



The measured specific rotation of +138 (¢ 1.0 in CHCIl;) was consistent with literature values
([a]o® +137 (c 1.0 in CHCI5)).?® In addition, the methodology was shown to tolerate amino
acid esters (Table 2.17, entry 9). Amide 2.30 was afforded in excellent yield, with no

deprotection of the Boc protecting group by the acetic acid catalyst.

Table 2.17. Ester component substrate scope.

o}
R)J\O/R' © S, R"\NJ\R
Entry Product Conversioninto  Conversion Yield (%)
desired amide into
(%) acetamide (%)

©\ 2.22 100 0 94°
/O
2
3 ©\/
4 ©\/

2.23 100 0 92°

2.24 >99 Traces 92°

. Gl
. U

2.26 >99 Traces 94

2.27 100 0 100%¢

o}
HJ\”
o}
NJ\H
H
HW/\
o)
H
N 2.25 >99 Traces 93°
T
s
N
o)
H CF
3
g
o}
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ZT

7 CFy 2.28 100 0 100°
T
H
8 ©v“ CFs 2.29 100 0 100°
0
= 0 >99% ee’®
(6]
H
9 QVNW/\NJ\Ok 2.30 100 0 974/
H
(0]

H
10 ©VNW/© 2.31 329 6 -
O
NO,
11 ©VHW/© 2.32 72 13 60
O

Reactions were performed on a 2 mmol scale (using the appropriate amine). Percentage conversions were determined
by analysis of the crude "H NMR spectra. “ Reaction conditions: ethyl formate (2 M), AcOH or formic acid (50 mol%), 20
°C, 16 h. b Reaction conditions: ethyl ester (2 equiv.), AcOH (10 mol%), 110 °C, 20 h. © Reaction conditions: ethyl
trifluoroacetate (1 equiv.), no catalyst, 25 °C, 20 h. ? Can also be performed in toluene (2 M). ¢ As determined by chiral
HPLC analysis. f Reaction conditions: Boc-Gly-OMe (1 equiv.), AcOH (10 mol%), 110 °C, 20 h. ¢ Reaction conditions:
methyl benzoate or methyl 4-nitrobenzoate (1 equiv.), AcOH (10 mol%), 150 °C, 20 h.

However, methyl benzoate proved relatively unreactive under the reaction conditions (neat
and in toluene), likely as a result of electron donation from the aromatic ring into the C=0 n
orbital, thus making the carbonyl less electrophilic (Table 2.18). Although a greater total
conversion from the starting materials was achieved, an increase in the catalyst loading
resulted in a higher proportion of the acetamide side-product being formed (Table 2.18, entry
2). Meanwhile, an increase in temperature to 150 °C resulted in only 32% conversion into
desired amide product 2.31 (Table 2.18, entry 3; Table 2.17, entry 10), whilst use of excess

ester inhibited the reaction further (Table 2.18, entry 4). However, methyl 4-nitro benzoate, a
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more reactive benzoate ester, was successfully converted into 2.32 in 72% conversion at 150

°C (Table 2.17, entry 11).

Table 2.18. Reaction of methyl benzoate with benzylamine using AcOH as the catalyst.

O
AcOH cat. (10 mol%) H
+ O/ s = N +
NH, 20 h \ﬂ/

(0] O

ZT

2.31 29

Entry Temperature Equivalents Conversion Conversion Total Conversion

(°C) of Ester into 2.31 (%) into 2.9 (%) (%)
1 110 1 23 (6) 5(3) 28 (9)
2° 110 1 17 (7) 21 (13) 38 (20)
3 150 1 32 6 38
4 150 3 18 2 20

. . . . 1
Reactions were performed on a 1 mmol scale. Percentage conversions were determined by analysis of the crude "H

NMR spectra. Numbers in brackets represent conversions when the reaction was performed in toluene (2 M). °

Reaction performed using 50 mol% AcOH.

2.6. Mechanistic Investigations

2.6.1. Use of 3-Phenylpropionic Acid as the Catalyst
The origin of the acetyl group which is subsequently transferred to the amine was firstly
explored. It was thought that this group could have originated from either the ethyl acetate
or acetic acid. Experiments were conducted using 4-methylbenzylamine in which the acetic
acid was replaced with a different organic acid. 3-Phenylpropionic acid was chosen for two
reasons (Figure 2.1). Firstly, a structurally similar organic acid was required to ensure that the
acid was performing the same role as acetic acid in the reaction. Secondly, use of 3-
phenylpropionic acid enabled facile spectral determination of conversion into the two amide
products, as the amide derived from this acid was easily distinguishable from the amide
derived from acetic acid. Determining the ratio of amide products enabled us to elucidate
whether transfer of the acyl group from the ester or the acid was favoured during the

reaction.
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OH

2.33

Figure 2.1. Structure of 3-phenylpropionic acid.

Following an aqueous basic work-up to remove the excess acid, percentage conversion into
2.2 and 2.34 was determined by analysis of the relative integrals of the benzyl protons in the
starting material (3.85 ppm, singlet) and products (4.39 ppm, doublet) in the crude 'H NMR
spectra (Scheme 2.9). Product ratios were also calculated from the crude *H NMR spectra by

comparison of the peaks at 3.00 ppm (2.34, 2H, triplet) and 2.02 ppm (2.2, 3H, singlet).

\©\/NH2 )ko/\ e \g/ \H/v
o}

21 2.2 2.34

2.2and 2.34 ‘ 2.2 singlet

doublet /

J 2.34 triplet
I 2.1 singlet |
|‘|| / II Il

45 45 44 43 42 41 40 33 35 37 36 35 34 3?1("2‘ 31 30 29 28 27 26 25 24 23 22 21 20 19 18
o)

9.0 85 &0 75 70 [ &l 5 5D fl4(,5 . 40 L 30 25 2.0 15 1D [ 0.0
pprry

Scheme 2.9. 'H NMR spectrum showing the signals used to calculate percentage conversions and product ratios after
reaction of 2.1 with ethyl acetate in the presence of acid 2.33.
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Using ethyl acetate (1 M) as the solvent and a stoichiometric amount of 3-phenylpropionic
acid, analysis of the crude '"H NMR spectra showed that the majority of the resulting mixture
contained acetamide product 2.2, with only a small proportion of 2.34 present (Table 2.19,
entry 1). As the amount of acid used in the reaction decreased, the product ratio (2.2 : 2.34),
as expected, shifted towards quantitative conversion into 2.2 (Table 2.19, entries 2-5). In
addition, a reduction in the amount of ethyl acetate employed resulted in a decrease in the
2.2 : 2.34 ratio (Table 2.19, entries 6-8). Meanwhile, use of an equimolar amount of amine,
acid and ester gave acetamide 2.2 as the major product (Table 2.19, entry 8). These results
suggest that the acetyl moiety largely originates from the acetate ester and not the acetic

acid.

Table 2.19. Investigations into acetyl group transfer using 3-phenylpropionic acid as the catalyst.

2.33 (mol%) \©\/H \©\/H
Tl ' N

EtOAc, 80 °C, 20 h

2.2 2.34

Entry 2.33 (mol%) EtOAc (mL) Conversion into 2.2 and 2.34 (%) 22:2.34

1 100 1 100 95:5
2 50 1 100 96:4
3 20 1 100 97:3
4 10 1 100 98:2
5 5 1 97 99:1
6 100 0.5 100 93:7
7 100 0.25 97 91:9
8 100 0.098 62 84:16

Reactions were performed on a 1 mmol scale. Percentage conversions and product ratios were determined by analysis

of the crude "H NMR spectra.

2.6.2. Use of ’C-Labelled Acetic Acid
Further investigations were subsequently undertaken using 1‘:SC-methyI-IabeIIed acetic acid
(acetic acid-2-°c, 99%) as the catalyst. This enabled us to confirm whether the acetyl group
had been transferred from the ethyl acetate or acetic acid. If the acetyl group had been

transferred from the acetic acid catalyst then the amide product would contain the **C label.
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Two experiments were performed in which the model substrate, 4-methylbenzylamine, was
reacted with catalyst loadings of 10 mol% and 50 mol% to give a mixture of products 2.2 and
2.35. A further experiment was performed in which unlabelled acetic acid was employed. Two
methods of analysis were then used to determine percentage incorporation of the acid

catalyst into the product (Table 2.20).

Table 2.20. Investigations into catalyst incorporation using Bc-labelled AcOH.

(0]

H313C)J\OH (mol%) ’ ’
N_ '2CH; * N_ '3CH,
NH2 \”/ \”/

EtOAc (2 M), 80 °C,

20 h o) o]
2.2 235
Entry AcOH (mol%) 3C Incorporation (%)° 3C Incorporation (%)b
1 10° 0 0
2 10° 0.5 0.5
3 507 3.0 3.0

Reactions were performed on a 1 mmol scale. ° Percentage incorporation calculated using the "H NMR spectra; g
Percentage incorporation calculated using the crude BCcNMR spectra; € Unlabelled AcOH employed; ?Labelled AcOH-2-

Bc employed.

Firstly, quantitative BCNMR experiments allowed direct integration of the signals in the three
spectra relative to the arene methyl signals (Figure 2.2). If the product was fully labelled it
was expected that the acetyl signal in the BC NMR spectrum would integrate to 99% of the
arene methyl signal (as the labelled acetic acid was 99% B0). Analysis of the BC NMR spectra
showed minimal incorporation of acetic acid into the final product, with use of 10 mol% and
50 mol% acetic acid giving 0.5% and 3.0% incorporation respectively (Table 2.20, entries 2 and
3). As expected, employing unlabelled acetic acid resulted in no incorporation (Table 2.20,

entry 1).
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50 mol% AcOH

10 mol% AcOH

Unlabelled AcOH

I L H i 1

3 20 M0 W00 130 180 170 160 150 40 130 uon(uo\mo % 8 T & 50 40 I N 0 0 -10
PR

Figure 2.2. 'H NMR stacked spectra of the BC-labelled studies showing the relative intensities of the arene methyl
group and the acetyl group.

These results were further confirmed through analysis of the acetyl group satellites in the
crude 'H NMR spectra for each experiment, relative to the arene methyl group satellites
observed in the spectra (Table 2.20, Figure 2.3). These two pairs of satellites are a result of
the CHs protons coupling to the B¢ isotope present in the adjacent carbon. The satellites of
both the arene methyl group and the acetyl group were integrated in all three 'H NMR
spectra and percentage incorporation values calculated based on 100% incorporation giving

an overall satellite integral of 3 (1.5 for each satellite peak).
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Figure 2.3. Crude 'H NMR spectra showing the arene methyl group satellites (red) and the acetyl group satellites (blue)
used to calculate the percentage incorporation.

2.6.3. Plausible Reaction Mechanism
It is believed that the role of the acid catalyst is not simply that of a proton transfer reagent.
As detailed previously, when H,SO, was used as the acid catalyst, little to no conversion was
observed following analysis of the crude 'H NMR spectra. This was presumably due to
formation of the HSO,/RNHs* or HSO,/RR'NH," salt. However, RNHs* and RR'NH," are
stronger acids than acetic acid when comparing pK, values of these species in
dimethylsulfoxide (Table 2.21);’°***” a more similar solvent to ethyl acetate than water (both
non-protic). Therefore, if the reaction mechanism solely involved proton transfer, a higher

conversion would be expected with the protonated amine present compared with acetic acid.

Table 2.21. pK, values of selected acids in DMS0.29%27

Entry Acid pK, in DMSO
1 AcOH 12.6
2 BnNH;" 10.2
3 BuNH;" 11.1
4 PhNH;" 3.8
5 EtsNH" 9.0
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However, as detailed, this is not the case, leading us to believe that the reaction mechanism
proceeds through a transition state involving acetic acid rather than just a proton (2.36),
similar to that proposed by Whiting et al. in 2011 (Scheme 1.4 and Scheme 2.10)."° Further

mechanistic studies are to be performed in the future.

/ (0]
O----- —NH HO_ OEt
o, H—N OEt -AcOH >< -EtOH R
\\, NH ————> N~
ONHeooe o) I H
~/ R
2.36

Scheme 2.10. Plausible mechanism for the N-acetylation of amines using acetic acid as a catalyst and ethyl acetate as
the acyl source.

2.7. Conclusions
In conclusion, we have identified acetic acid as an effective catalyst for the N-acetylation of a
variety of amines using either ethyl acetate or butyl acetate as the acyl source. The
methodology has been shown to transform primary and secondary amines into their
acetamide products in excellent yields at 80 °C and 120 °C, respectively. A broad range of
functional groups were tolerated under the reaction conditions, whilst the chemoselectivity
of the protocol was also investigated — primary amines were selectively acetylated over
alcohols, aromatic amines and secondary amines. In addition to illustrating the scalability of
the reaction, the synthetic utility of the approach was also highlighted through the synthesis

of the hormone and sleep disorder drug, melatonin.

The methodology was then successfully applied to other esters, including electron deficient
benzoates and amino acid esters, in order to form higher amides. In addition, formamides
were synthesised at 20 °C whilst enantiomerically pure substrates were transformed with
retention of stereochemistry. Finally, mechanistic studies were performed, involving the use
of C-labelled acetic acid, and a plausible reaction mechanism was given which is consistent

with the data.
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Results and Discussion Il

Amides from Nitriles

“A selective hydration of nitriles catalysed by a Pd(OAc),-based system in water”

D. D. Sanz Sharley and J. M. J. Williams, Tetrahedron Lett., 2017, 58, 4090.
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3. Results and Discussion Il — Amides from Nitriles

3.1. Previous Work in the Group

The use of aldoximes, particularly acetaldoxime, to hydrate nitriles has been explored by a

118-121
number of groups.

However, the need for at least stoichiometric amounts of the oxime
and the risk of a competing hydration reaction involving the liberated nitrile, unless the
equivalent oxime is used, is less than ideal. Other research has focussed on employing more

. . 92,208
simple oxygen sources such as hydroxylamines.

Recent studies in the Williams group have
shown that N,N-diethylhydroxylamine in combination with catalytic Cu(OAc), can transform a

wide variety of nitriles into their corresponding primary amide products (Scheme 3.1).92

Cu(OAc), (2 mol%),

; O
N NEt,OH (3 equiv.)
= 2 P]
R NH,

R H,0,35°C,3h

H
R—=N-{M| \N\

Y M
10K — R4</;"\1 !
W SN~

-
3.2

Scheme 3.1. Hydroxylamine-promoted hydration of nitriles developed by Williams et al.

This transformation proceeds through a similar mechanism to the acetaldoxime-promoted
reaction; the nitrogen of the hydroxylamine coordinates to the metal, allowing the oxygen to
be delivered to the coordinated nitrile (3.1). Rearrangement of immolate species 3.2 affords
the desired amide product. However, although the methodology employs a low temperature
and short reaction time, three equivalents of the hydroxylamine are required for efficient

hydration of the nitrile.

3.2. Initial Aims and Objectives
The aim of this project was to develop a catalytic method for the hydration of nitriles based
on the aldoxime/hydroxylamine work discussed in Sections 1.2.3.3 and 3.1. In a similar
manner, an appropriate additive would bind to the metal (which is also coordinated to the

nitrile) and deliver its oxygen in an intramolecular process to the electrophilic carbon of the
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nitrile (Figure 3.1). Alternatively, the ligand of a commercially available metal complex could

potentially perform the same process.

R—=N-{Mm|

Co/

Figure 3.1. Generic intramolecular oxygen delivery to the nitrile.

Attack by water, through two possible pathways, would then afford the amide product and
recycle the additive/ligand. A representative example of this proposed mechanism is

illustrated in Scheme 3.2, employing N,N-dimethylglycine as the additive.

H ~ 1 | (H\N
R—=N-1{M -
R N{Ml / Pathway 2 ) :/ Pathway 1 R/ 1|\/{L /
FE W Sl G NI
Gon 77/
bl o)
XX 20
RCN
H H
£ N-{M / “NiMm
L R N/
(\( \ — > ~
:OH o}
OH OH

Scheme 3.2. Representative example of the proposed catalytic hydration methodology, employing N,N-dimethylglycine

as the additive.

3.3. Initial Work
For the optimisation process we used the same model substrate, 4-methoxybenzonitrile (3.3),
as had been previously employed during the group’s previous nitrile hydration work.
Percentage conversion into product 3.4 was determined by analysis of the relative integrals of
the peaks corresponding to the aromatic protons in product 3.4 (6.95 ppm and 7.86 ppm,
doublets) and starting material 3.3 (7.06 ppm and 7.72 ppm, doublets) in the crude 'H NMR

spectra (Scheme 3.3).
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Scheme 3.3. An example of the 'H NMR spectrum used to determine percentage conversion into 3.4, showing aromatic
protons in the starting material (3.3) and product (3.4).

Due to the success achieved in the group’s previous nitrile hydration work, Cu(OAc), was used
as the catalyst for the additive screening reactions. The reactions were performed under two
sets of conditions; in toluene with 4 equivalents of water (reaction conditions A) and in a 1:1
toluene:water solvent mixture (reaction conditions B). Stoichiometric amounts of each
additive were firstly used to determine which compound, if any, could promote the hydration
reaction (Table 3.1). A number of phosphates, organophosphates and phosphinamides were
also subjected to the reaction conditions as these compounds have precedence for

. . . . . 209
accelerating oxime rearrangements, as illustrated by previous work in the group.
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Table 3.1. Additive screen for the nitrile hydration reaction.

0
CN Cu(OAc), (10 mol%)
/©/ Additive (1 equiv.) . NH,
~ 24 h
(@] \O
3.3 3.4
Entry Additive Reaction conditions A: Reaction conditions B:

Conversion into 3.4 (%)°  Conversion into 3.4 (%)b

1 No catalyst or additive 9 Traces
2 No additive Traces Traces
3 | 0 Traces Traces
N OH
4 o Traces Traces
HZNQLOH
5 o 12 Traces
Ho%
OH
o}
6 j\ Traces Traces
H,N NH,
7 @\ o @ Traces Traces
NJ\N
H H
8 o 9 Traces
/O\H)J\O/
o}
9 o o Traces Traces
HZNMNHZ
10 o ] Traces Traces
)J\/U\NHZ
11 O -NH2 Traces Traces
X
»
N
12 100 100
\]\j\
OH
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13 \ 20° -

>Non
14 | 3 6
AN
15 | Traces® -
/N\/\OH
16 ﬁ 13 11
0—P—0
LN
17 (IDI Traces Traces
O-4
NH,
18 KH,PO, Traces Traces
19 Ky;HPO, Traces Traces

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. ? Reaction conditions A: In toluene (1 M) with 4 equivalents of H,0 at 110 °C. ® Reaction conditions B:

In 1:1 toluene:H,0 solvent mixture at 100 °C. ¢ Reaction performed using 20 mol% of the additive.

Unfortunately, analysis of the crude 'H NMR spectra revealed that all of the novel additives
employed were unsuccessful in promoting the reaction. In comparison, the use of N,N-
diethylhydroxylamine afforded quantitative conversion as expected (Table 3.1, entry 12). In
contrast to the other reactions, the addition of N,N-diethylhydroxylamine to the reaction
mixture prompted a rapid colour change from green/blue to orange/brown. Meanwhile, it is
interesting to note that when the reaction was performed with N,N-dimethylethanolamine, a
hydroxylamine with carbons between the two functional groups, very limited formation of
primary amide 3.4 was observed (Table 3.1, entry 14). This therefore highlights the
importance of the OH and NR, groups being adjacent to each other for efficient

transformation to be achieved.

Following this, a number of first row metal oxalate and metal acetate complexes were
screened under reaction conditions A (Table 3.2). In a similar mechanism to that shown in
Scheme 3.2, it was hoped that the oxalate/acetate ligand would deliver its oxygen to the
nitrile, before being recycled following attack by water. However, ‘H NMR analysis showed all
of the metal complexes gave similarly low conversions, thus illustrating the inefficiency of this

approach.
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CN
o” i

Table 3.2. Metal oxalate and metal acetate complex screen.

Catalyst (10 mol%),
Water (4 equiv.)

L.

3.3

Toluene (1 M), 110 °C,24h <

(0]

NH,

3.4

Entry

Catalyst

Conversion into 3.4 (%)

O 00 N o uu b W N -

=
o

11

No catalyst
Copper(ll) oxalate hemihydrate
Iron(ll) oxalate dihydrate
Cobalt(ll) oxalate dihydrate
Nickel(Il) oxalate dihydrate
Copper(ll) acetate
Copper(ll) acetate
Cobalt(ll) acetate tetrahydrate
Nickel(ll) acetate tetrahydrate
Iron(ll) acetate

Zinc(ll) acetate tetrahydrate

N A A 2 o~

v b~ O

4

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. * 20 mol% oxalic acid added to the reaction.

Finally, it was noticed Cazin et al. had developed a NaOH-catalysed system for the hydration

of aromatic nitriles.”® The group employed 10 mol% NaOH in a solvent system of EtOH/H,0

(7:3) and found quantitative conversion of their model substrate, benzonitrile, could be

achieved in 17 hours. It was thought that the efficiency of this approach could be enhanced if

copper hydroxide (Cu(OH),) was employed instead of NaOH. We hypothesised that

coordination of copper to the nitrile would increase the reactivity of the substrate and make

hydroxide addition more facile (Figure 3.2).

~ -
R—=N--Cu

\/cl)H

OH

Figure 3.2. Proposed intramolecular mechanism for Cu(OH),-catalysed hydration.

Unfortunately however, use of Cu(OH), in combination with the reaction conditions identified

by Cazin et al. resulted in no reaction at 35-100 °C (Table 3.3, entry 1). Similarly disappointing
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results were obtained with CuCO3-Cu(OH), and when H,0:dioxane (1:1) was employed as the

solvent system (Table 3.3, entries 2 and 3).

Table 3.3. Employing Cu(OH), and CuCO;-Cu(OH), as catalysts in the hydration reaction.

CN Cu(OH), or i
/©/ CuCO5 CulOH); (20 moi%) NH,
~0 Solvent (1 M), 35 - 100 °C, 24 h ~
3.3 3.4
Entry Copper complex (20 mol%) Solvent system Conversion into 3.4 (%)
1 Cu(OH), EtOH:H,0 (7:3) 0
2 Cu(OH), H,0:dioxane (1:1) 0
3 CuCO;-Cu(OH), EtOH:H,0 (7:3) 0

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Reactions employing Cu(OH), were performed at temperatures of 35, 55, 80 and 100 °C. Reactions

employing CuCO3;:Cu(OH), were performed at temperatures of 55 and 100 °C.

3.4. New Aims and Objectives
Due to the poor results obtained up until this point, we decided to alter the direction of the
project and instead focus on finding the most efficient metal catalyst for the hydration of
nitriles. This catalyst would be able to convert nitriles into their corresponding primary amide
products without the need for stoichiometric quantities of a hydroxylamine/oxime-type

additive.

3.5. Optimisation
Initially, a wide range of commercially available metal complexes were screened using the
hydration of butyronitrile (3.5) as the model reaction. Percentage conversion into product 3.6
was determined by analysis of the relative integrals of the peaks corresponding to the
protons alpha to the amide group in product 3.6 (2.02 ppm, triplet) and the internal standard
1,4-dimethoxybenzene (3.7, 6.83 ppm, singlet) in the crude 'H NMR spectra (Scheme 3.4). An
internal NMR standard was necessary when measuring conversions due to the volatility of

starting nitrile 3.5.
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Scheme 3.4. An example of the 'H NMR spectrum used to determine percentage conversion into 3.6.

Cheap first row metal catalysts — including metal chlorides, nitrates and triflates — were firstly
explored followed by a selection of alkali and alkali earth metal complexes; however their use
resulted in no conversion into primary amide 3.6 (Table 3.4, entries 1-11). Subsequently, a
variety of second and third row transition metal chloride complexes were then investigated
(Table 3.4, entries 16-20). We were pleased to find that some of these catalysts promoted the

reaction, although the conversions achieved were very low.

Table 3.4. Metal catalyst screen.

Metal catalyst (10 mol%) O

/\/CN /\)kNH

H,O (4 equiv.), 110 °C, 24 h

2

3.5 3.6

Entry Catalyst Conversion into 3.6 (%)
1 . 0
2 FeCl, 0
3 NiCl, 0
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4 CoCl, 0
5 ZnCl, 0
6 FeCls 0
7 Ni(NO3),-6H,0 0
8 Zn(N0Os),-6H,0 0
9 Cu(OTf), 0
10 FeBr, 0
11 Fe(BF,),-6H,0 0
12 InCls 0
13 NaNO; 0
14 Mg(NOs),-6H,0 0
15 EuCl3-6H,0 0
16 AgNO; 0
17°¢ IrCl3-xH,0 Traces
18° RuClzxH,0 6
19° RhCl3-xH,0 9
20 PdCl, 13

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard. ® 5 mol% catalyst employed.

Among these metal catalysts, use of PdCl, gave the highest conversion into primary amide 3.6
of 13% (Table 3.4, entry 20). As a result, we decided to explore the efficiency of other
palladium complexes in the reaction. Upon inspection of the crude 'H NMR spectra it was
observed that similarly low conversions were achieved when employing PdCl,-based metal
complexes as the catalyst (Table 3.5, entries 2 and 3), whilst the Pd(acac), complex afforded
no primary amide product (Table 3.5, entry 4). Pleasingly however, use of Pd(OAc), (73%) and
Pd(NOs),-xH,0 (55%) resulted in significantly increased conversions (Table 3.5, entries 5 and

6).
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Table 3.5. Palladium catalyst screen.

Pd catalyst (10 mol%) o

/\/CN = /\)kNH

H,0 (4 equiv.), 110 °C, 24 h

2

3.5 3.6
Entry Catalyst Conversion into 3.6 (%)

1 PdCl, 13

2 PdCl,(MeCN), 15

3 PdCl,(PhCN), 7

4 Pd(acac), 0

5 Pd(OAc), 73

6 Pd(NOs),-xH,0 55

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard..

The use of palladium-based catalysts for the hydration of nitriles has previously been

210-212

explored. Among the heterogeneous examples, palladium nanoparticles, in combination

with other compounds such as metal oxides, have received a lot of attention.™?®*% Other

methods  utilise ~ homogeneous catalysts,lzz'm’m'215 including  Pd(OAc),-based

120,126

. . . . 216
complexes. However, these methods require an additional Lewis acid co-catalyst™ or

126

complex co-ligands, > whilst other approaches also employing Pd(OAc), only operate in the

120,217

presence of an oxime (Scheme 1.38). As well as this, many protocols only exhibit a very

126

limited substrate scope.™ As a result, we felt that the hydration of nitriles using palladium

catalysis was an area that required further investigation.

Analysis of the crude 'H NMR spectrum showed that the use of water as a solvent (1 M),
instead of only 4 equivalents, afforded a cleaner reaction and aided stirring (Table 3.6, entry
1). However, when the hydration of nitrile 3.5 was performed in organic solvents the

efficiency of the reaction was reduced dramatically (Table 3.6, entries 2-9).
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Table 3.6. Solvent screen.

Pd(OAc), (10 mol%),

H,O (4 equiv. Q
AN Solveznt,(110q°C, )24h /\)kNHz
3.5 3.6
Entry Solvent Conversion into 3.6 (%)

1 Water 74
2 Toluene 1
3 Ethanol 0
4 Acetonitrile 4
5 Heptane 4
6 Dioxane 15
7 Isopropyl alcohol 0
8 1,2-Dichloroethane 6
9 Ethyl acetate 4

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard.

Subsequently, due to the cost of Pd(OAc), it was necessary to reduce the catalyst loading;
although doing so under the present reaction conditions resulted in decreased conversion
into primary amide 3.6 (Table 3.7, entries 1-3). It was noticed, however, that a black
precipitate was forming in these reactions at both 110 °C and 80 °C (Table 3.7, entries 2-5).

This was likely due to decomposition of the catalyst to palladium black.

Table 3.7. Catalyst loading screen.

Pd(OAc), (x mol%) O

/\/CN > /\)J\NH

H,O (1 M), 110 °C, 24 h

2

3.5 3.6
Entry Pd(OAc), loading Colour of reaction Conversion into 3.6 (%)
(mol%)
1 - Colourless 0
2 2 Black 27
3 5 Black 60
4° 5 Black 45
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5 10 Black 73

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard. “ Reaction performed at 80 °C.

It was clear a coordinating ligand needed to be introduced into the reaction mixture in order
to stabilise the catalyst, similar to previous studies. Oberhauser and co-workers showed
Pd(OAc), could be solubilised in water using a poly(ethyleneglycol) monomethylether

126

functionalised 2,2’-bipyridine (bipy) ligand.” Using this concept, we investigated whether a

non-functionalised bipy unit (3.8) could perform the same role in our system (Scheme 3.5).

Pd(OAc), + = N

3.8

Scheme 3.5. Likely coordination of bipy to a Pd(OAc), metal centre.

Pleasingly, the cheap and readily available bipy ligand was able to solubilise the palladium
catalyst in situ (Table 3.8). This solubilisation could be clearly observed as the reaction
mixture turned yellow instead of black when bipy was present. Moreover, we were pleased
to find that solubilisation of the Pd(OAc), catalyst increased the efficiency of the hydration
reaction at 80 °C (Table 3.8, entries 3 and 5-7). Investigations into the ratio of bipy to
Pd(OAc), revealed a 1:1 stoichiometry to be optimal; employing 5 mol% of each led to
guantitative conversion (Table 3.8, entry 3). However, a decrease in reaction temperature to
60 °C led to reduced conversion into primary amide 3.6 compared with that achieved at 80 °C

(Table 3.8, entry 4).

Table 3.8. Pd(OAc),:bipy ratio screen.

Pd(OAc), (x mol%),
Bipy (x mol%) (@)

NCN /\)J\NH

H,O (1 M), 80 °C, 24 h

2

3.5 3.6
Entry Pd(OAc), loading Bipyloading  Pd(OAc), Colour of Conversion
(mol%) (mol%) solubilised? reaction into 3.6 (%)
1 - - - Colourless 0
2 5 - No Black 45
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3 5 5 Yes Light yellow 100
4° 5 5 Yes Light yellow 70
5 5 10 Yes Light yellow 80
6 5 2 Partially Dark yellow 87
7 2 2 Yes Light yellow 90

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the 'H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard. ? Reaction performed at 60 °C.

In an effort to reduce the reaction temperature, but still reach quantitative conversion, it was
decided to investigate whether altering the electronic properties of the bipy moiety
influenced the hydration reaction (Table 3.9). Analysis of the crude 'H NMR spectra revealed
that introducing electron donating (Table 3.9, entries 4 and 5) and electron withdrawing
(Table 3.9, entries 6 and 7) groups to the 4-position of bipy made little difference to the
efficiency of the reaction at 60 °C. It was also thought that higher conversions may be
achievable if the active catalyst was preformed prior to the addition of the nitrile. Bipy and
Pd(OAc), were stirred in water for 5 minutes to produce a light yellow mixture, before the
nitrile was introduced. Inspection of the crude 'H NMR spectrum showed a slight increase in
conversion (80%) compared with when the active catalyst wasn’t preformed (Table 3.9,

entries 2 and 3).

In addition, other bidentate nitrogen-based ligands, including phenanthrolines and
ethylenediamine, were also investigated (Table 3.9, entries 8-14). Although some reactions
afforded slightly higher conversions, the increase observed wasn’t significant, whilst in some
cases the ligand inhibited the hydration reaction. Similar results were also observed when
mono and tridentate nitrogen-based ligands were employed in the reaction (Table 3.9,
entries 15-17). Subsequently, a range of mono and bidentate phosphine additives were
explored; however in all cases conversion into primary amide 3.6 was suppressed (Table 3.9,
entries 18-22). Meanwhile, poor conversions were also achieved with common oxygen-based

ligands (Table 3.9, entries 23 and 24).
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Table 3.9. Ligand screen.

Pd(OAc), (5 mol%),
Ligand (5 mol%) o

CN -
N " ) /\)J\NH2
ater (1 M), 60 °C, 24 h
3.5 3.6
Entry Ligand Conversion into 3.6 (%)
1 - 30
2 — — 70
N\ 7N
37 — — 80
/) \§
7\ _/
MeO OMe
4 N/ W 74
N
Bu 'Bu
5 T T 77
N\ 7N\
MeO,C CO,Me
6 N/ W 76
N
Br Br
7 \ / \ 79
N
8 N\ /N 78
N
9 / \ 83
N\ 7

11 - 33
\ 7 { IN
N N~
H
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13

14

15

16

17

18

19

20

21
22

23

24

H

)J\/U\ + NaOH (5 mol%)

17

34

70

45

11

Traces

22

16
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Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the 'H NMR spectra of the crude
reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard. * Catalyst was preformed before the

starting nitrile was added.

Although some of the other bidentate nitrogen-based ligands gave slightly higher
conversions, it was decided that due to the ready availability and inexpensiveness of bipy we
would continue our studies using this ligand in combination with Pd(OAc),. An elevated
temperature of 70 °C allowed higher conversions to be achieved and pleasingly, the reaction
could be driven to quantitative conversion, with and without preformation of the catalyst,

when increased water (0.5 M) was employed (Table 3.10, entries 3 and 4).

However, analysis of the crude "H NMR spectra revealed catalyst loadings lower than 5 mol%
did not yield quantitative conversion (Table 3.10, entries 6-9). It should also be noted that
preformation of the catalyst had no significant beneficial effect at this temperature (Table
3.10, entries 1-4 and 6-9). Meanwhile, employing increased amounts of water in the reaction
at the lower temperature of 60 °C afforded decreased conversions compared with those

achieved at 70 °C (Table 3.10, entries 10 and 11).

Table 3.10. Optimisation of the water concentration, temperature, catalyst loading and catalyst formation.

Pd(OAc), (x mol%),

Bipy (x mol%) 0
AN H,0, 24 h B /\)J\NH2
3.5 3.6
Entry Water Pd(OAc), and Catalyst Temperature Conversion
concentration Bipy loading preformed? (°C) into 3.6 (%)
(M) (mol%)
1 1 5 No 70 95
2 1 5 Yes 70 94
3 0.5 5 No 70 100
4 0.5 5 Yes 70 100
5° 0.5 5 - 70 37
6 0.5 3.5 No 70 94
7 0.5 3.5 Yes 70 95
8 0.5 2 No 70 71
9 0.5 2 Yes 70 74
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10 0.5 5 No 60 81
11 0.5 5 Yes 60 85

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard. ° Reaction performed without bipy.

Scheme 3.6 details the fully optimised reaction conditions for the model substrate using a

Pd(OAc),/bipy complex, which is formed in situ, as the catalyst.

Pd(OAc), (5 mol%),

Bipy (5 mol%) (0]
- H,0 (0.5 M), 70 °C, 24 h NH,
3.5 3.6

Scheme 3.6. Model reaction conditions using Pd(OAc),/bipy.

It was then investigated whether a cheaper catalyst could hydrate butyronitrile under these
reaction conditions. Less expensive first row metal acetate complexes, namely Ni(OAc),-H,0
and Cu(OAc),, were investigated; however analysis of the crude 'H NMR spectra revealed no
conversion into primary amide 3.6 either in the presence or absence of bipy at 70 °C (Table
3.11, entries 1-4). In addition, when the slightly cheaper palladium complex PdCl, was
employed as the catalyst under our model reaction conditions, only 5% conversion into
primary amide 3.6 was observed (Table 3.11, entry 5). Surprisingly, an increased conversion

was achieved when PdCl, was used without bipy present in the reaction mixture (Table 3.11,

entry 6).
Table 3.11. Metal acetate and palladium chloride screen.
9 0
/\/CN Catalyst (5 mol%) /\)J\NHZ
H,O (0.5 M), 70 °C, 24 h
3.5 3.6
Entry Catalyst 5 mol% Bipy present? Conversion into 3.6 (%)
1 Ni(OAc),.4H,0 Yes 0
2 Ni(OAc),.4H,0 No 0
3 Cu(OAc), Yes 0
4 Cu(OAc), No 0
5 PdCl, Yes 5
6 PdCl, No 33

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard.
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In previous work, the Williams group successfully used silver salts to generate a more active

zirconium species via abstraction of chlorides from Cp,ZrCl, (Scheme 3.7).218

It was thought
that this irreversible process, driven by precipitation of the highly insoluble silver chloride by-
product as well as the high halophilicity of silver, could be used to potentially afford a more

active palladium species.

Cp,ZrCl, + 2AgSCN — = Cp,Zr(NCS), + 2 AgCl (insoluble)

Scheme 3.7. Generation of a more active zirconium species, via silver promoted halide abstraction, as developed by
Williams et al.

A selection of four silver salts, containing anions with both low and high basicity, was
investigated (Table 3.12). PdCl, (5 mol%) and the silver salt (10 mol%) were stirred in water
for 30 minutes to preform the catalyst before the model nitrile was introduced and the
reaction heated at 70 °C for 24 hours. In comparison to the background reaction without a
silver salt present, the use of Agl and Ag(BPh), was shown to inhibit catalytic activity. On the
other hand, '*H NMR analysis revealed that the addition of Ag(NO); and Ag(CFs;COO) to the
reaction resulted in an increase in conversion into primary amide 3.6. However, despite this,

none of the PdCl,/Ag salt combinations rivalled the catalytic efficiency of Pd(OAc)./bipy.

Table 3.12. Silver salt screen.

PdCl, (5 mol%), o

AgX (10 mol%) /\)J\
CN
SN NH

H,0 (0.5 M), 70 °C, 24 h

2

3.5 3.6
Entry Silver salt Conversion into 3.6 (%)
1 - 33
2 Ag(NO); 56
3 Agl 9
4 Ag(CF5C00) 54
5 Ag(BPh), 16

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard.

With optimisation seemingly complete, we then started to apply the model reaction

conditions, detailed in Scheme 3.6, to a range of nitriles. However, during preliminary
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investigations into the substrate scope it was noticed that some substrates, particularly
aromatic nitriles, were insoluble in water and therefore a co-solvent screen was required.
Aromatic nitriles are soluble in alcohols and ethers; however, as Pd(OAc), decomposes upon
heating in the presence of alcohols, it was decided that ethers would be investigated as a

. 219
potential co-solvent.

4-Chlorobenzonitrile (3.9) was chosen as the model substrate and experiments were
conducted using the reaction conditions outlined in Scheme 3.6, except with either THF or
dioxane as a co-solvent. We found that, in contrast to the dioxane-based reactions, when THF
was employed as the co-solvent two distinct layers formed. As a result, we decided that
dioxane was the most suitable co-solvent and were pleased to find that a 7:3 ratio of
H,O:dioxane afforded quantitative conversion into primary amide 3.10 (Table 3.13, entry 4).
This therefore gave a second solvent system (B) to go alongside our original reaction medium
of just water (A). It was also confirmed that when using solvent system B, bipy was still
required in order to achieve efficient hydration (Table 3.13, entry 5), whilst lower

temperatures resulted in decreased conversions (Table 3.13, entry 6).

Table 3.13. Dioxane co-solvent screen.

Pd(OAc), (5 mol%),

CN . 0
Bipy (5 mol%) NH,
cl H,O:dioxane (0.5 M), 24 h

cl
3.9 3.10
Entry H,0:Dioxane Temperature (°C) Conversion into 3.10 (%)
1 10:0 70 76
2 9:1 70 87
3 8:2 70 99
4 7:3 70 100
5° 7:3 70 9
6 7:3 60 97

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard. ® Reaction performed without bipy.
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3.6. Substrate Scope

3.6.1. Successful Substrates
A comprehensive substrate scope was subsequently performed, employing solvent system A
for substrates that were soluble in water and solvent system B for those that proved insoluble
(Table 3.14). Two distinct purification procedures then afforded the final amide products in
yields close to the percentage conversion. Reactions which had gone to completion or that
contained a volatile nitrile were purified using a silica plug to remove the catalyst, whereas
for more challenging purifications silica column chromatography was employed (eluting with

DCM/MeOH).

Table 3.14. Scope of the hydration of nitriles.

Pd(OAc), (5 mol%),

: o o)
_CN Bipy (5 mol%) N )J\
R AorB,70°C, 24 h R™ “NH,
Entry Product A: Conversion (%)  B: Conversion (%)
1 NH, 3.6 100 (97) -
D
2 NH, 3.11 91 (88) -
T
3 ©\/\WNH2 3.12 77 96 (93)
o}
Br
NH
4 )\[( 2 3.13 87 (85) -
o)
5 @\/\WNHZ 3.14 97 (91) -
o}
6 NH, 3.15 80 (75) -
o}
o}

7 ©)J\NH2 3.16 100 (97) -
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0
18 /©)J\NH2 3.25 93 (85) 94
HO
O
19 (;)kma2 3.26 82 (77) -
(6]
20 ﬁNHZ 3.27 69 100 (95)
O
21 dNHQ 3.28 47 88 (84)
Cl Cl
(0]
MeO
22 NH, 3.29 19 100 (96)
MeO
OMe
O
23 <O:©)J\NH2 3.30 97 (93) 97
(0]
AN
| — NH
24 N 2 3.31 80 88 (84)
(0]
/ N\ o)
(0]
25 i, 3.32 100 (96) -
/ \ o
26 S \ 3.33 100 (98) -
2

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard, where necessary. Isolated yields are

shown in parentheses. Solvent system A: H,0 (0.5 M). Solvent system B: H,0/dioxane (7:3, 0.5 M).

Aliphatic nitriles were transformed into their corresponding primary amide products in
excellent yield, including the vinylic amide 3.12 (Table 3.14, entries 1-6). Pleasingly, primary
amide 3.13 was afforded in excellent yield with no by-products observed from palladium

insertion into the C-Br bond (Table 3.14, entry 4).
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Electron-withdrawing substituents in the ortho, meta and para positions of benzonitrile were
also well tolerated by the reaction conditions, including acetyl (3.23), ester (3.24), nitro (3.20-
3.22), halogenic (3.10, 3.17 and 3.19) and trifluoromethyl (3.18) groups (Table 3.14, entries 8-
16). Benzonitrile substrates containing electron-donating groups in the meta and para
positions, such as methoxy (3.4), hydroxyl (3.25) and methyl (3.26 and 3.27) moieties, were
also converted into their primary amide products in good to excellent yield (Table 3.14,

entries 17-20).

In addition, we were pleased to observe high conversions when di- (3.28) and tri-substituted
(3.29) benzonitriles were subjected to the methodology, with a substantial increase in
efficiency observed when employing solvent system B instead of solvent system A (Table
3.14, entries 21 and 22). The heteroaromatic amide products 3.31, 3.32 and 3.33 were also

synthesised in excellent yield from their corresponding nitriles (Table 3.14, entries 24-26).

3.6.2. Less Successful Substrates
However, although a large variety of nitriles were successfully converted into their primary

amide products under reaction conditions A and B, some substrates proved less successful

(Table 3.15).
Table 3.15. Less successful substrates in the hydration of nitriles.
Pd(QAc)2 (5 mol%), o
_CN Bipy (5 mol%) )J\
R AorB,70°C,24 h R NH,
Entry Product A: Conversion (%)  B: Conversion (%)

¢}

1 NH, 3.34 9 22
OH
(0]

2 NH> 3.35 26 a7

¢} ¢}

3 /\OMNHZ 3.36 48 49
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4 E)J\/U\NH2 3.37 7 8

5 /\o)\/LLN H2 3.38 32 =
O

NH,
6 3.39 43 -
/ \
S

o) NH,
7 | N 3.40 22 23
~
N
| N
8 N 3.41 11 11
O
/ \\ o
N
9 N 3.42 0 0

O
10 ﬁNHZ 3.43 ; 20
H,oN

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard, where necessary. Solvent system A: H,0

(0.5 M). Solvent system B: H,0O/dioxane (7:3, 0.5 M).

For example, electron-donating substituents, such as hydroxyl (3.34) and methyl (3.35)
groups, in the ortho position of benzonitrile were poorly tolerated by both sets of reaction

conditions (Table 3.15, entries 1 and 2).

Furthermore, amides 3.36, 3.37 and 3.38 were also afforded in decreased conversions (Table
3.15, entries 3-5). These three products contain an oxygen & to the amide oxygen and in the
cases of 3.36 and 3.37 it belongs to a carbonyl group. We hypothesised that this configuration
was the reason for the poor conversions observed. It was noticed that coordination of these
products to palladium formed a similar structure to Pd(acac),(3.44). This similarity is shown in
Figure 3.3, in which amide 3.37 is used as an example to form complex 3.45. As detailed

during our initial palladium complex screen, the use of Pd(acac), as the catalyst yielded no
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amide product, compared to the 73% conversion observed for Pd(OAc), (Table 3.5).

Therefore, we postulated the following:

1. Small amounts of 3.36, 3.37 and 3.38 formed at the beginning of the reaction.
2. These products then coordinated to the palladium catalyst.
3. This consequently inhibited the hydration reaction thereafter, in a similar manner to

Pd(acac),.

Bu ‘Bu

3.44 3.45

Figure 3.3. Structures of Pd(acac), (3.44) and the proposed palladium-3.37 complex (3.45).

Although a variety of heteroaromatic nitriles were efficiently hydrated (Table 3.14, entries 24-
26), we found a number of others were transformed less successfully (Table 3.15, entries 6-9).
N-Heteroaromatic nitriles proved particularly difficult to hydrate, yielding low conversions in
every case (Table 3.15, entries 7-9). Similarly, 4-aminobenzonitrile was incompatible with the
methodology (Table 3.15, entry 10). We hypothesised that this was likely a result of the
substrate’s nitrogen competing with the nitrile for coordination to the palladium. This was
strengthened by two studies in which the presence of stoichiometric amounts of pyrrole and
pyridine in our model reaction was found to completely inhibit formation of primary amide

3.6 (Table 3.16).

Table 3.16. Investigations into competing N-coordination.

Pd(OAc), (56 mol%), Bipy (5 mol%), o

Additive (1 equiv.)
o P
SN NH

25 H,O (0.5 M), 70 °C, 24 h 26 2
Entry Additive (1 equiv.) Conversion into 3.6 (%)
1 - 100
2 Pyridine 0
3 Pyrrole 0

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard.
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Furthermore, attempts to adapt the methodology in order to successfully hydrate these
nitrogen-containing substrates were unsuccessful. It was thought that the addition of one
equivalent of acid to the reaction would protonate the nitrogen, thus blocking its
coordination to the palladium and promoting the hydration of these substrates. Reactions
were performed using HCl and AcOH as acids and 4-pyridinecarbonitrile (3.46) as the model
substrate (Table 3.17). In all cases, however, the introduction of acid was found to inhibit
hydration of nitrile 3.46, compared with the background reaction (Table 3.17, entries 1, 2 and
4). Identical results were also obtained when the catalyst was preformed prior to addition of
the acid and nitrile (Table 3.17, entries 3 and 5). However, as previously shown, increased
steric bulk around the competing nitrogen allowed efficient hydration of the nitrile (Table

3.14, entry 24).

Table 3.17. Attempts to promote the hydration of 3.46 by employing acid in the reaction.

CN o NH,
Pd(OAc), (5 mol%), Bipy (5 mol%),
Acid (1 equiv.)

N B
N H,O/Dioxane (7:3, 0.5 M), 70 °C, 24 h 7
3.46 3.40
Entry Acid (1 equiv.) Catalyst preformed? Conversion into 3.40 (%)
1 - No 23
2 AcOH No 8
3 AcOH Yes 8
4 HCI” No 0
5 HCI’ Yes 0

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard. “ 32% w/w HCl employed.

3.6.3. Pharmaceutical Applicability and Large Scale Reaction
To further increase the impact of the methodology, we wished to illustrate its pharmaceutical
applicability. Although electron-donating groups in the ortho position hinder the efficiency of
the hydration reaction (Table 3.15, entries 1 and 2), we showed that increased temperature
(90 °C) could drive the reaction to quantitative conversion using solvent system B (Scheme

3.8). This enabled the synthesis of ethenzamide (3.47), a common analgesic and anti-
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inflammatory drug, in excellent yield (98%). In contrast, 68% conversion into 3.47 was

achieved at 70 °C.

~o Pd(OAc), (5 mol%), ~S0 o
CN Bipy (5 mol%)

. NH,
H,O/dioxane (7:3, 0.5 M),

90 °C, 24 h

3.47
98% isolated yield

Scheme 3.8. Synthesis of ethenzamide, 3.47.

In addition, the scalability of the methodology was also verified by performing the hydration
of benzonitrile on a 40 mmol scale. Using solvent system A, the reaction mixture was stirred
at 70 °C for 24 hours, before purification by silica plug afforded primary amide 3.16 in 94%
(4.56 g) isolated yield.

cN Pd(OAc), (5 mol%),
1 0,
Bipy (5 mol%) NH,
H,O (0.5 M), 70 °C, 24 h

40 mmol scale 3.16

94% isolated yield

Scheme 3.9. Scaled-up hydration of benzonitrile to afford 3.16.

3.7. Formation of Secondary Amides
The formation of secondary and tertiary amides through the coupling of nitriles and amines,
in the presence of water, was also investigated. The coupling of butyronitrile or benzonitrile
with benzylamine was subjected to the previously outlined methodology. The reactions were
performed using solvent systems A and B, whilst a third solvent system, toluene (1 M) with 4
equivalents of water (C), was also trialled (Table 3.18). Unfortunately, the crude 'H NMR
spectra revealed limited conversion into secondary amide 3.48 for all reactions. Upon closer
inspection of the spectra, we also noticed that no primary amide product had formed from
hydration of the nitrile. We postulated that this was, once again, a result of competition

between the nitrile and amine for coordination to the palladium catalyst.
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Table 3.18. Attempted formation of secondary amides.

Pd(OAc), (5 mol%), 0
oN ©\/ Bipy (5 mol%) )J\
R NH; AorBorC,70°C,24h R H/\©
3.48
Entry Nitrile Solvent system Conversion into 3.48 (%)
1 Butyronitrile A 7
2 Butyronitrile B 6
3 Butyronitrile Cc 2
4° Butyronitrile (o 3
5 Benzonitrile A 4

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures using 1,4-dimethoxybenzene as an internal NMR standard. Solvent system A: H,0 (0.5 M). Solvent
system B: H,0/dioxane (7:3, 0.5 M). Solvent system C: Toluene (1 M) with 4 equivalents of H,0. ? 2 equivalents of

butyronitrile were employed in the reaction.

3.8. Mechanistic Investigations
Finally, we hypothesised that the reaction mechanism could proceed through three plausible
routes, all of which begin with coordination of the nitrile to the palladium centre, as
illustrated in Scheme 3.10. This generally accepted step increases the electrophilicity of the
nitrile carbon, thus increasing its susceptibility to nucleophilic attack.”> From here, one
possible route involves direct attack by water followed by the rearrangement of iminolate
species 3.49 to afford the desired amide (pathway A). Alternatively, the reaction may proceed
via intermediate 3.50, formed from the internal delivery of oxygen by the acetate ligand of
the metal catalyst. Intermediate 3.50 can then undergo nucleophilic attack by water through

either pathway B or pathway C en route to the primary amide product.
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A [Pd+N%C—R _ [Pafnn

HZO:) = \
3.49 o

((')% R” “NH,
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[I'!’di—NEC—R oF R

v/ [Pd H

R (~iOH, R o
L0 —_— ,C—OH  ——— )J\
lPd+” ):\9 lPd+H R” “NH,
3.50

Scheme 3.10. Plausible mechanisms for the Pd(OAc),-catalysed hydration of nitriles.

In order to elucidate information on the reaction mechanism, a H,*0 labelling study was
performed (Scheme 3.11). This study enabled us to determine whether the water oxygen is
incorporated into the final product and thus rule out some of the potential pathways.
Employing H,™20 and excess Pd(OAc), in the model reaction, full incorporation (97% °0) of
the '®0 label was observed by mass spectrometry (Figure 3.4). As a result of this, pathway B
can be discounted from the plausible mechanisms as a lower percentage incorporation of %0

would be expected if the reaction proceeded via this route.

Pd(OAc), (4 equiv.),
Bipy (4 equiv.)

NON MNH

H,'80 (0.5 M), 70 °C, 24 h 2

Full incorporation

Scheme 3.11. Hydration of butyronitrile using Hzlso.
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C,HsN*®0ONa

+M15, 0.1-0Ubman #5-37

Observed spectrum 112 0854

C,HyN*®ONa

1100610 11306856

CaHaM™0, M=nMa, 1120619

Predicted spectrum for C;H,N'®*ONa 1120615

11306528
1

CeHaMO, MenNa, 110057,

s Predicted spectrum for C;HoN'°ONa

1+
111 0606
A

i T T T T . T T T T = T T T T e T T T T T T iz

Figure 3.4. Observed and predicted mass spectrums from the Hzlso labelling study.

Although this study doesn’t distinguish between pathways A or C, the increased efficiency
observed when employing Pd(OAc), compared with PdCl, (Table 3.5, entries 1 and 2; Table
3.10, entry 3; Table 3.11, entry 5) may suggest that the acetate ligands participate in the
reaction mechanism. As a result, this would lead us to believe pathway C is the most likely
route, however this theory is unconfirmed. Further studies are to be performed in the future

to elucidate the reaction mechanism.

3.9. Conclusions
In conclusion, a selective methodology for the hydration of organonitriles in water has been
developed. In situ formation of a Pd(OAc),bipy complex efficiently catalyses the
transformation of a wide array of aliphatic and aromatic nitriles into their primary amide
products in excellent yields. This methodology has the potential to offer a simple and
relatively mild alternative to existing hydration protocols, without the need for hydration-

promoting additives such as oximes and hydroxylamines.
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The reported methodology has been fully optimised, with two solvent systems (A and B)
developed for nitriles that are soluble and insoluble in water. A broad range of nitriles were
compatible with the reaction conditions, including aliphatic substrates and benzonitriles that
contained electron-withdrawing groups on the ring. Electron-donating benzonitriles were also
well tolerated, with para- and meta-substituted substrates converted in good to excellent
yield. However, a small number of substrates were transformed less efficiently, including N-

heteroaromatic nitriles and other nitrogen-containing compounds.

The synthesis of ethenzamide demonstrated the pharmaceutical applicability of the
methodology, whilst the reaction was also successfully performed on a large scale. Finally, %o
labelling studies were employed in order to develop a plausible reaction mechanism for the

methodology.
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4. Results and Discussion Ill — Amides from Aldoximes

4.1. Previous Work in the Group
Over the last decade the group has conducted extensive research into the rearrangement of
aldoximes into primary amides. A range of methods have been developed using a variety of
metal catalysts, including indium,173 zinc,173 ruthenium™ and iridium™®® complexes. However,
one of the most sustainable and inexpensive approaches published by the group involves the

use of Cu(OAc), (Scheme 4.1)."2

O cu0Ae), (1-3 mol%) o)
B L

R H Toluene (4 M), 80 °C, 24 h R NH,

12 examples
58-91% yield

Scheme 4.1. Cu(OAc),-catalysed rearrangement of aldoximes developed by Williams et al.

However, although this Cu(OAc),-based approach represented an improvement on previous
aldoxime to primary amide methodologies, a relatively high temperature was still required for
the rearrangement reaction to proceed. As previously outlined in Section 1.2.3.4, the group
investigated the reaction mechanism in the hope that further information on the

rearrangement process would allow the temperature of the method to be lowered.™

The group’s results led to the proposal of a second mechanism in which another equivalent of
aldoxime attacks the metal-coordinated nitrile (Scheme 1.64). In addition, further studies
showed that the addition of a nitrile to the reaction increased the rate of the rearrangement
reaction. However, unless the equivalent nitrile was employed, this resulted in the production

of an undesired primary amide product derived from the added nitrile.

In order to avoid the formation of a mixture of primary amide products, and therefore a
challenging purification procedure, Williams et al. employed nitrile additives that
corresponded to the starting aldoxime.’® Employing Cu(OAc), (2 mol%), triethyl phosphate (4
mol%) and the corresponding nitrile additive (10 mol%) in toluene, a broad variety of
aldoximes were successfully converted into their primary amide products in good to excellent

yield at 40 °C in 24 hours (Scheme 4.2).
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Cu(OAc), (2 mol%), PO(OEt); (4 mol%),

)NI: R-CN (10 mol%) i

Toluene (0.5 M), 40 °C, 24 h R NH,

Scheme 4.2. Aldoxime rearrangement employing a nitrile additive, as developed by Williams et al.

4.2. Aims and Objectives
As previously described, the group demonstrated that addition of a nitrile additive allows the
reaction to be performed at a significantly reduced temperature (40 °C). However, the need
to purchase or synthesise the corresponding nitrile for each aldoxime rearrangement, which
also reduces the maximum possible conversion into the desired amide product, is a significant
drawback to the methodology. Instead, we wanted to develop a more convenient and useful
approach for the conversion of aldoximes into primary amides at low temperature using the

group’s existing method as a starting point.

4.3. Optimisation
It was initially decided to investigate the use of acetonitrile as the nitrile additive in the
rearrangement reaction. Although this would still generate a mixture of amide products, we
hypothesised that the acetamide by-product would have a sufficiently different R; value
compared with the majority of the desired amide products, thus making purification by silica

column chromatography less challenging.

It was noticed that a similar approach had been published by Ma and Lu in 2016 (Scheme
4.3).””° The duo employed 5 mol% of both Cu(OAc), and acetonitrile in ethanol to convert a
selection of aldoximes into their corresponding primary amide products at 78 °C. The use of
ethanol as the solvent was interesting as the Williams group had previously found toluene to
be the most suitable solvent for the rearrangement process. As a result, we decided to
investigate whether any advantage was gained by using toluene instead of ethanol, both in

the presence and absence of acetonitrile, in Ma and Lu’s approach.
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Cu(OAc), (5 mol%), o

N™ MeCN (5 mol%)
R)l\H EtOH (0.33 M), 78 °C, 3-8 h R)J\NH2
o) o)
NH, NH, o S 0
o O,N CHy(CHp),~ NH, \ NH;
3h, 63% 8h, 76% 4h, 80% 5h, 90%

Scheme 4.3. Use of acetonitrile as an additive in the rearrangement reaction, as reported by Ma and Lu, including
selected products.

4-Methylbenzaldoxime was chosen as the model substrate for the reaction screening due to
ease of spectral determination of conversion into the desired product. The model aldoxime
was synthesised using a simple literature method previously employed by the group (Scheme
4.4).°

O NH,OH-HCI (2 equiv.), N*
NaOAc (3 equiv.) |

EtOH/H,0 (5:1), 1t, 3 h

94% yield

Scheme 4.4. Literature method for the synthesis of 4-methylbenzaldoxime.

Percentage conversion into product 4.2 and by-products 4.3 and 4.4 was determined by
analysis of the relative integrals of the doublet peaks corresponding to the aromatic protons
in primary amide product 4.2 (7.71 ppm), aldehyde 4.3 (7.78 ppm), nitrile 4.4 (7.55 ppm) and
aldoxime starting material 4.1 (7.47 ppm) in the crude 'H NMR spectra (Scheme 4.5).
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4.3

e SR l ).
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Scheme 4.5. An example of the 'H NMR spectrum used to determine the relative proportion of 4.1, 4.2, 4.3 and 4.4 at
the end of the reaction, showing aromatic protons in the starting material (4.1), product (4.2) and by-products (4.3 and
4.4).

Two sets of reactions were performed using Ma and Lu’s methodology — one set at 78 °C for
30 minutes and the other at 40 °C for 16 hours (Table 4.1). In both cases toluene was found to
promote the aldoxime rearrangement reaction more efficiently than ethanol. For example,
when the reaction was performed at 40 °C with just Cu(OAc), present, the use of ethanol as
the solvent resulted in 22% conversion into primary amide 4.2 (Table 4.1, entry 5). In
comparison, when toluene was employed in the reaction, the conversion increased to 46%
(Table 4.1, entry 6). A similar trend was also observed in the reactions employing acetonitrile
as an additive — 38% conversion for ethanol and 52% conversion for toluene (Table 4.1,
entries 7 and 8). It was also demonstrated that an increase in the reaction concentration from

0.33 M to 1 M afforded higher conversions into primary amide 4.2 (Table 4.1, entries 9 and
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10). As a result, we decided to employ a 1 M reaction concentration in subsequent screening

reactions.

Table 4.1. Comparison between ethanol and toluene as solvents in the aldoxime rearrangement reaction.

o Cu(OAc), (5 mol%), 0
| MeCN (0 or 5 mol%)
H EtOH or toluene (0.33 M) NH,
4.1 4.2
Entry Solvent MeCN loading Temp. Time Conversion from Conversion
(mol%) (°C) (h) 4.1 (%) into 4.2 (%)
1 Ethanol - 78 0.5 7 7
2 Toluene - 78 0.5 57 32
3 Ethanol 5 78 0.5 37 25
4 Toluene 5 78 0.5 62 38
5 Ethanol - 40 16 28 22
6 Toluene - 40 16 58 46
7 Ethanol 5 40 16 45 38
8 Toluene 5 40 16 69 52
9° Ethanol 5 40 16 72 65
10°  Toluene 5 40 16 93 78

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions. “ 1 M concentration employed.

The effect of both Cu(OAc), and MeCN loading on the rearrangement reaction at 40 °C in
toluene was then investigated. Employing 2 mol% Cu(OAc),, we revealed that increased
MeCN loading afforded elevated levels of aldoxime consumption and higher conversions into
primary amide 4.2 (Table 4.2, entries 1-4). In addition, "H NMR analysis revealed that use of 5
mol% Cu(OAc), in the presence of MeCN resulted in quantitative conversion from aldoxime
4.1, with 88% conversion into the desired amide product achieved when 5 mol% of the nitrile
additive was employed (Table 4.2, entries 5-8). In addition, higher loadings of Cu(OAc), (10
mol%) resulted in an increase in the production of nitrile and aldehyde by-products, leading
to reduced conversions into primary amide 4.2 compared with those achieved using 5 mol%

Cu(OAc); (Table 4.2, entries 9-12).
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Table 4.2. Effect of Cu(OAc), and MeCN loading on the aldoxime rearrangement reaction at 40 °C.

N Cu(OAc), (x mol%), 0
| MeCN (x mol%)
H Toluene (1 M), 40 °C, 24 h NHz
41 4.2

Entry Cu(OAc); loading MeCN loading Conversion Conversion into 4.2
(mol%) (mol%) from 4.1 (%) (%)
1 2 - 75 64
2 2 2 82 73
3 2 5 92 82
4 2 10 97 83
5 5 - 94 82
6 5 2 100 87
7 5 5 100 88
8 5 10 100 86
9 10 - 98 74
10 10 2 100 77
11 10 5 100 79
12 10 10 100 75

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions.

As our aim was to perform the aldoxime rearrangement at low temperature, we decided to
explore the reaction at 30 °C (Table 4.3). Employing the optimum Cu(OAc), catalyst loading of
5 mol%, we showed that 71% conversion into primary amide 4.2 could be achieved using an

equimolar amount of MeCN (Table 4.3, entry 3).
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4.1

Table 4.3. MeCN loading screen at 30 °C.

Cu(OAc), (5 mol%),
MeCN (x mol%)

Toluene (1 M), 30 °C, 24 h

NH,

Entry MaeCN loading (mol%)

Conversion from 4.1 (%)

Conversion into 4.2 (%)

w N

4

2
5
10

61
63
82
85

50
51
71
68

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions.

A concentration screen was subsequently performed using the optimum conditions at 30 °C

(Table 4.4). Analysis of the crude 'H NMR spectra showed that concentrations both above and

below 1 M afforded reduced conversion from aldoxime 4.1 into primary amide 4.2.

Table 4.4. Concentration screen for the aldoxime rearrangement reaction.

| +OH

Cu(OAc), (5 mol%),
MeCN (5 mol%)

Toluene, 30 °C, 24 h

NH,

4.1
Entry Concentration (M) Conversion from 4.1 (%) Conversion into 4.2 (%)
1 0.25 48 38
2 0.5 71 55
3 0.75 79 66
4 1 82 71
5 1.5 78 63
6 2 76 62
7 4 68 53

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions.
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Following this, the reaction medium was investigated to confirm that toluene is the superior
solvent under these conditions (Table 4.5). A broad spectrum of polar/apolar and
protic/aprotic solvents were screened; however, analysis of the crude 'H NMR spectrum
revealed a reduction in conversion for all reactions compared to when the rearrangement

was performed in toluene.

Table 4.5. Solvent screen for the aldoxime rearrangement reaction.

N Cu(OAc), (5 mol%), 0
I MeCN (5 mol%)
H NH,
Solvent (1 M), 30 °C, 24 h
4.1 4.2
Entry Solvent Conversion from 4.1 (%) Conversion into 4.2 (%)
1 Toluene 82 71
2 Water 7 7
3 Heptane 44 33
4 Methanol 37 28
5 Ethyl acetate 25 20
6 Tetrahydrofuran 15 10
7 1,2-Dichloroethane 62 47
8 Diethyl ether 36 28
9 Acetone 17 13

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions.

Although the group had previously identified Cu(OAc), as the most suitable catalyst for the
aldoxime rearrangement reaction, it was decided to screen a variety of different copper
complexes under these new reaction conditions (Table 4.6). However, all of the alternative
copper complexes proved extremely inefficient in promoting the rearrangement process,
with zero or minimal conversion into primary amide 4.2 observed in each case. Interestingly,
use of Cu(OTf), as the catalyst led to high levels of conversion from aldoxime 4.1 into

aldehyde 4.3 (52%) and nitrile 4.4 (32%) by-products (Table 4.6, entry 6).
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Table 4.6. Copper catalyst screen for the aldoxime rearrangement reaction.

NJ‘OH Cu catalyst (5 mol%), 0
| MeCN (5 mol%)
H NH;
Toluene (1 M), 30 °C, 24 h
41 4.2
Entry Cu catalyst Conversion from 4.1 (%) Conversion into 4.2 (%)
1 Cu(OAc), 82 71
2 CuCl, 0 0
3 CuBr, 0 0
4 Cul 0 0
5 CuCO5-Cu(OH), 0 0
6 Cu(OTf), 93° 9
7 Cu(NO3),-3H,0 19 3

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions. * 52% aldehyde 4.3 and 32% nitrile 4.4 were observed in the final reaction mixture.

In order to increase the conversion into the desired primary amide product at 30 °C, the use

of ligands in the reaction was explored. It was hoped that the addition of a ligand into the

reaction mixture would afford a more active copper catalyst and thus increase the efficiency

of the transformation. A selection of typical copper monodentate (10 mol%) and bidentate (5

mol%) ligands was investigated, including nitrogen- (Table 4.7, entries 2-6) and oxygen-based

(Table 4.7, entries 6-8) ligands, phosphates (Table 4.7, entry 9) and phosphines (Table 4.7,

entries 10 and 11).

Table 4.7. Effect of ligands on the aldoxime rearrangement reaction.

OH Cu(OAc), (5 mol%),
N* Ligand (5 or 10 mol%), O
I MeCN (5 mol%)
H NH,
Toluene (1 M), 30 °C, 24 h
41 4.2
Entry Ligand (mol%) Conversion from 4.1 (%) Conversion into 4.2 (%)

1 - 82 71
2 Pyridine (10) 69 55
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3 2,2'-Bipyridine (5) 17 8
4 Ethylenediamine (5) 17 3
5 1,10-Phenanthroline (5) 20 11
6 NaNO; (10) 100 91
7 H20 (10) 82 66
8 1,2-Dihydroxybenzene (5) 25 12
9 P(O)OEt; (10) 79 71
10 1,2-Bis(dicyclohexyl 61 48
phosphino)ethane (5)
11 PPh3(10) 29 13

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions.

Interestingly, the use of bidentate nitrogen ligands resulted in a significant decrease in the
formation of primary amide 4.2 (Table 4.7, entries 3-5), whilst the addition of pyridine to the
reaction also inhibited the transformation (Table 4.7, entry 2). This is likely a result of
competing nitrogen coordination, between the ligand and the aldoxime/nitrile species in the
rearrangement process, to the copper centre. Moreover, the Williams et al. had previously
employed PO(OEt); as a ligand in their previous aldoxime rearrangement methodology;
although analysis of the 'H NMR spectra revealed that under the new reaction conditions this
phosphate had no effect on the conversion observed (Table 4.7, entry 9). However, we were
pleased to reveal that addition of NaNO, to the reaction mixture afforded quantitative

consumption of aldoxime 4.1 and 91% conversion into primary amide 4.2 (Table 4.7, entry 6).

Even more satisfying was the observation that an equally high conversion (92%) into primary
amide 4.2 could be achieved upon removing MeCN from the reaction (Table 4.8, entry 2).
However, the efficiency of the transformation decreased significantly when the reaction was
performed at 20 °C (Table 4.8, entry 3). We also showed that both Cu(OAc), and NaNO, are
required to achieve high conversion into primary amide 4.2. Only 50% conversion into the
desired primary amide product was observed when NaNO, was removed from the reaction
(Table 4.8, entry 4), whilst no reaction occurred when the nitrite salt was employed on its

own (Table 4.8, entry 5).
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Table 4.8. Effect of Cu(OAc),, NaNO, and MeCN on the rearrangement reaction.

OH Cu(OAc), (5 mol%),
N* NaNO, (10 mol%), O
I MeCN (5 mol%)
H > NH,
Toluene (1 M), 30 °C, 24 h
4.1 4.2

Entry Cu(OAc), NaNO, MeCN Conversion from 4.1 Conversion into 4.2

(%) (%)
1 / W IV 100 91
2 v J - 100 92
3° J s - 33 20
4 J - - 61 50
5 - J - 0 0
6 - - - 0 0

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions. Ticks denote the presence of that reagent in the reaction. ? Reaction performed at 20 °C.

Due to the success of NaNO, in promoting the rearrangement reaction, we subsequently
decided to investigate the effect of other nitrite salts on the reaction (Table 4.9, entries 1-4).
The reactions were performed for 8 hours to ensure quantitative conversion from aldoxime
4.1 was not achieved. Use of AgNO, resulted in comparable conversions to when NaNO, was
employed in the reaction (76% and 75% into primary amide 4.2 respectively), whereas the
addition of KNO, afforded decreased conversion (53%). Subsequently, another reaction was
also performed employing sodium nitrate (NaNQ3) in order to investigate the importance of
the nitrite ligand (Table 4.9, entry 5). Replacing NaNO, with NaNOs; in the reaction led to the
conversion into primary amide 4.2 decreasing below that of the background reaction (Table
4.9, entry 1). In addition, as well as the usual nitrile and aldehyde by-products produced by
the rearrangement process, significant amounts of the corresponding carboxylic acid (7%)

were also observed in this reaction upon ‘H NMR analysis.
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Table 4.9. Effect of nitrite and nitrate salts on the aldoxime rearrangement reaction.

~OH Cu(OAc), (5 mol%), o
| NO, or NOj salt (10 mol%)
H NH,
Toluene (1 M), 30 °C, 8 h

4.1 4.2
Entry NO; or NOs salt Conversion from 4.1 (%) Conversion into 4.2 (%)
1 - 26 16
2 NaNO, 88 75
3 KNO, 64 53
4 AgNO, 89 76
5 NaNO; 18 7°

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions. * 7% of the corresponding carboxylic acid was formed in addition to the nitrile and aldehyde by-products.

With NaNO, and AgNO, demonstrating similar activity in the aldoxime rearrangement
reaction, a ligand loading screen was conducted using these two nitrite salts (Table 4.10).
When an equimolar amount of Cu(OAc), catalyst and NO, ligand were employed in the
reaction, increased conversion into primary amide 4.2 was observed when using the silver
salt (45%) compared with the sodium derivative (22%) (Table 4.10, entries 1 and 5). However,
upon employing 10 mol% of NaNO,/AgNO; (2 equivalents versus Cu(OAc),), both of the nitrite
salts exhibited similar activity, resulting in conversions of 75% and 76% respectively (Table
4.10, entries 2 and 6). Higher additive loadings resulted in no significant increase in
conversion into primary amide 4.2 for both NaNO, and AgNO, (Table 4.10, entries 3, 4, 7 and
8).
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Table 4.10. Nitrite loading screen for the aldoxime rearrangement reaction.

i) A i
H NH;
Toluene (1 M), 30 °C, 8 h
41 4.2
Entry NO,salt NO, salt loading Conversion from 4.1 Conversion into 4.2

(mol%) (%) (%)

1 NaNO, 5 31 22
2 NaNO, 10 88 75
3 NaNO, 20 92 77
4 NaNO, 50 92 78
5 AgNO, 5 53 45
6 AgNO, 10 89 76
7 AgNO, 20 93 78
8 AgNO, 50 94 78

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions.

Although 10 mol% of NaNO, and AgNO, both afforded similar conversions into primary amide
4.2, it was decided that NaNO, would be used for the rearrangement reaction as it is 7 times
cheaper per mole than the silver derivative (based on 25 grams of each reagent from Sigma
Aldrich on 09/02/18). A time screen was conducted using our optimised reaction conditions

to determine at which point aldoxime 4.1 is fully consumed (Table 4.11).
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Table 4.11. Time screen for the aldoxime rearrangement reaction.

NJ‘OH Cu(OAc), (5 mol%), 0
| NaNO, (10 mol%)
H NH;
Toluene (1 M), 30 °C
41 4.2
Entry Time (h) Conversion from 4.1 (%) Conversion into 4.2 (%)
1 4 26 15
2 8 88 75
3 12 90 77
4 16 93 82
5 20 97 87
6 24 100 92
7° 24 47 35

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions. ® Reaction performed in water (1 M).

'H NMR analysis revealed that, as expected, a decrease in the percentage of aldoxime 4.1
directly correlates with an increase in the amount of primary amide 4.2 formed, whilst the
low levels of nitrile 4.4 and aldehyde 4.3 remain roughly constant over time (Figure 4.1). The
time screen clearly illustrated that 24 hours were required for quantitative conversion from
aldoxime 4.1 to be achieved under our new reaction conditions. In addition, we also
demonstrated at this point that use of water as the solvent afforded significantly reduced
conversion into primary amide 4.2 (Table 4.11, entry 7). Meanwhile, the small percentage of
nitrile 4.4 observed in the 'H NMR spectra supports the previously proposed mechanism, in
which the starting aldoxime is initially dehydrated to form the corresponding nitrile.
Furthermore, reaction between the aldoxime and water released through the dehydration

process accounts for the low amounts of aldehyde 4.3 present in the reaction mixture.
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Figure 4.1. Product and starting material distribution as a function of time for the rearrangement of aldoxime 4.1.

Although quantitative conversion from aldoxime 4.1 had been reached in 24 hours under the
current reaction conditions, we decided to investigate the effect of preforming the active
catalyst before addition of the oxime substrate. It was hoped that this approach would enable
guantitative conversion from aldoxime 4.1 in a shorter reaction time. Cu(OAc),, NaNO, and
half of the toluene were added to the carousel tube and the reaction stirred at 30 °C for 10
minutes to form the active catalyst. Aldoxime 4.1 was then added followed by the other half

of the toluene and the reaction mixture left for a further 8 hours at 30 °C (Scheme 4.6).

(0]
NaNO, (10 mol%) Aldoxime 4.1 NH
Cu(OAc), (5 mol%) 2
Toluene, 30 °C, Toluene, 30 °C,
10 mins 8h
4.2

90% conversion from 4.1
77% conversion into 4.2

Scheme 4.6. Preformation of the active catalyst in the aldoxime rearrangement reaction.

Unfortunately, however, analysis of the crude '"H NMR spectrum revealed only a very minor
improvement in the efficiency of the reaction. Preforming the active catalyst resulted in 90%
conversion from aldoxime 4.1 and 77% conversion into primary amide 4.2, compared with
conversions of 88% and 75%, respectively, when the regents were all added at the start of the

reaction (Scheme 4.6; Table 4.11, entry 2). Therefore, taking into account the insignificant
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difference in conversions, it was decided that the active catalyst would be formed in situ, as

before, due to the more convenient nature of this approach.

In addition, as outlined in Section 3.1, the Williams group had previously developed a
Cu(OAc),-catalysed protocol for the conversion of nitriles into primary amides at low
temperature (Scheme 3.1). It was hoped that this method could be utilised in our aldoxime
rearrangement methodology in order to convert the small amount of nitrile 4.4 formed in the
reaction into the desired primary amide product. With Cu(OAc), and water already present
under our reaction conditions, the only reagent needed to be introduced into the oxime

rearrangement was NEt,OH.

Two separate reactions were performed in which 20 mol% NEt,OH (approximately 3
equivalents versus the 6% nitrile produced) was added at the start and the end of the
reaction (Table 4.12). As expected, addition of the Lewis basic hydroxylamine at the start of
the reaction inhibited the aldoxime rearrangement reaction (Table 4.12, entry 1). This is again
likely due to coordination of the additive to the copper catalyst. Meanwhile, when NEt,OH

was added after 24 hours nitrile 4.4 remained unconverted after a further 2 hours of reaction

time.
Table 4.12. Addition of NEt,OH at the start and end of the aldoxime rearrangement reaction.
~OH o
N Cu(OAc), (5 mol%), NaNO, (10 mol%),
I NEt,OH (20 mol%)
H NH2
Toluene (1 M), 30 °C, 24 h
4.1 4.2
Entry Time when NEt,OH Conversion from 4.1 (%) Conversion into 4.2 (%)
was added (h)
1 0 23 14
2° 24 100 90

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 4.3 and nitrile 4.4 by-products make up the difference between the two tabulated

conversions. ® Reaction left for a further 2 hours after addition of NEt,OH.

Scheme 4.7 details the final fully optimised reaction conditions for our model substrate using

a combination of Cu(OAc); (5 mol%) and NaNO, (10 mol%) in toluene at low temperature.
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N Cu(OAc), (5 mol%), o
| NaNO, (10 mol%)
H NH2
Toluene (1 M), 30 °C, 24 h

41 4.2

Scheme 4.7. Fully optimised reaction conditions for the rearrangement of aldoxime 4.1 at low temperature.

4.4. Substrate Scope

4.4.1. Successful Substrates
A variety of aldoximes were subjected to the fully optimised reaction conditions (Scheme
4.7). Aldoximes which were not available in the lab were synthesised using the method
outlined in Scheme 4.4.° Quadrasil™ TA was used to scavenge the copper catalyst and,
following filtration, the crude primary amide products were purified by silica column

chromatography (eluting with DCM/MeOH).

Benzaldoxime and an array of para-substituted aromatic aldoximes were successfully
converted into their corresponding primary amide products in good to excellent yield (Table
4.13, entries 1-7). Methyl (4.2), halogenic (4.6 and 4.7), methoxy (4.8), amino (4.9) and ester
(4.10) groups were all tolerated by the reaction conditions, although a higher temperature of
50 °C was required to achieve high conversions into primary amides 4.9 and 4.10. Pleasingly,
aromatic substrates containing small groups in the ortho position, such as fluorine, were also
transformed efficiently (Table 4.13, entry 8), whilst the meta-substituted primary amide 4.12

was also afforded in high yield (Table 4.13, entry 9).

In addition, quantitative conversion into the thiophene- and furan-based primary amides
4.13, 4.14 and 4.15 was also observed (Table 4.13, entries 10-12). Finally, both the vinylic
product 4.16 and primary amide 4.17 were afforded in high conversion, although the latter
required increased temperature to achieve efficient transformation (Table 4.13, entries 13

and 14).
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Table 4.13. Scope of the aldoxime rearrangement reaction.

Cu(OAc), (5 mol%),

N* NaNO, (10 mol%) (0]
R)l\H Toluene (1 M), 30 °C, 24 h R)J\NH2
Entry Product Conversion from Conversion into
aldoxime (%) primary amide (%)
(e}
1 ﬁNHZ 4.2 100 90 (86)
(6]
2 @%w 4.5 95 90 (86)
O
3 ﬁNHZ 4.6 100 84 (80)
Cl
O
4 ﬁ%m 4.7 100 94 (89)
.
(0]
5 ﬁwm 4.8 100 78 (72)
MeO
O

6 ﬁNHz 4.9 100 53

/>N 100° 66 (60)°
O

7 NH,  4.10 0 0

MeO 99° 87 (80)°
(0]
(e}

4.11 89 76 (68)

co
ﬂ %
P4
T
N
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)

9 \©)J\NH2 4.12 91 84 (80)
10 2 4.13 100 100 (97)
\_s

0
~ NH
(0]
11 ¢,/H\N
\_s
.
0
G,/KNHZ
\_0
¥z
o)
o)

H 4.14 100 100 (97)

12 4.15 100 100 (98)

2
13 N

B
H2
14 <O:©)J\NH2 4.17 41 35
0 100° 82 (74)°

Reactions were performed on a 2 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

4.16 100 76 (71)

reaction mixtures. The corresponding nitrile and aldehyde by-products make up the difference between the two

tabulated conversions. ® Reactions performed at 50 °C.

4.4.2. Less Successful Substrates
However, a number of aldoximes were converted less successfully under the optimised
reaction conditions (Table 4.14). Aliphatic substrates proved to be incompatible with the
methodology (Table 4.14, entries 1 and 2), whilst the approach is also sensitive to steric
effects, with larger groups in the ortho aromatic position blocking coordination of the

aldoxime/nitrile to the copper centre (Table 4.14, entries 3 and 4).
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Table 4.14. Less successful substrates in the aldoxime rearrangement reaction.

Cu(OAc), (5 mol%),

~OH NaNO, (10 mol%) o)
R)l\H Toluene (1 M), 30 °C, 24 h R” NH,
Entry Product Conversion from Conversion into
aldoxime (%) primary amide (%)
0
1 A)kNHz 4.18 0 0
0
2 NH,  4.19 0 0
NN
cl o

©/U\NH2 4.20 46 34
o)
4 ©/U\NH2 4.21 Traces Traces

NH, 4.22 0 0

O,

()]
pd
©) ::o

6 NH, 4.23 0 0
HO

OMe

(@]
7 (j)kmz 4.24 0 0

~
N

OH (o]

NH, 4.25 0 0

e

Reactions were performed on a 2 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. The corresponding nitrile and aldehyde by-products make up the difference between the two

tabulated conversions.
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In addition, the unsuccessful synthesis of primary amide 4.22 is likely due to the unreactive
nature of the starting aldoxime. The reactivity may have also been further decreased by
coordination of the nitro group to the copper centre (Table 4.14, entry 5). Meanwhile,
coordination of the oxygen or nitrogen atoms to the copper catalyst inhibited the formation
of primary amides 4.23, 4.24 and 4.25 (Table 4.14, entries 6-8). For example, in the case of
4.25, the starting aldoxime has a high tendency to form stable six-membered metallacycles

with metal ions, which consequently blocks the catalyst (Figure 4.2).

Cu

’

. JOH
H\O N

Figure 4.2. Formation of a six-membered metallacycle involving the starting aldoxime and copper centre.

4.5. Reaction Mechanism
It was noticed that during the optimisation process, the combined use of NaNO, and Cu(OAc),
resulted in a green reaction mixture, in contrast to the blue colour afforded by reactions that

only employed Cu(OAc), (Figure 4.3).

During During
reaction Workup reaction Workup

~ T

Figure 4.3. Colour difference between reactions employing Cu(OAc), (left) and those containing Cu(OAc), and NaNO,

(right).

It was hypothesised that this was due to a change in the copper catalyst present in the
reaction mixture. The blue colour observed is characteristic of Cu(OAc), whilst the green
colour is likely a result of Cu(NO,), forming in situ. This theory is supported by the literature

221

where nitrite-based copper complexes have been found to be green.””” Cu(NO,), then acts as
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the active catalytic species in the generally accepted aldoxime rearrangement mechanism

(Scheme 4.8).

Cu(OAc),
OH  NaNO;  (NO,),Cu.._ CoH
°N

Ead

\
| |
A gy

‘-HZO

o)
L R—=N---Cu(NO,), N*°"
NH, |
H ~

R—:N---C}J(Noz)z

R

\
N
/)

3 CU(NO,), oK
R/<6\/N\\‘£H D H/RJ\H

Scheme 4.8. Plausible mechanism for the aldoxime rearrangement reaction using Cu(NO,), as the active catalytic
species.

The increased conversions achieved using Cu(OAc), and NaNO, suggests that Cu(NO,), is a
better Lewis acid compared with Cu(OAc),. However, further work is required to elucidate
whether the nitrite salt simply increases the Lewis acidity of the metal or whether it has a
further role in the reaction mechanism. In addition, the configuration of the Cu(NO,),
complex is also unclear as various modes for the binding of nitrite to transition metal complexes

have been observed (Figure 4.4).**

N-nitro O-nitrito 0,0-bidentate
0
L N
o\ N /O O/ //N\\
| | oL 0
M M M

Figure 4.4. Common modes for nitrite-metal binding.222

4.6. Conclusions
To the best of our knowledge, this research details the first low temperature (30 °C) protocol
for the rearrangement of aldoximes into primary amides using an inexpensive and

commercially available copper-based catalytic system. A combination of Cu(OAc), and NaNO,
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furnished a variety of primary amides from aldoximes in toluene in 24 hours. Methyl,
halogenic, methoxy, amino and vinylic groups were well tolerated by the methodology, whilst

a selection of heterocycles was also successfully converted into primary amides.

Although some substrates, for example aliphatic and sterically hindered aldoximes, proved
incompatible with the methodology, a number of the slightly more challenging starting
materials could be transformed efficiently by using temperatures of 50 °C. The change in
colour observed during the reaction suggests Cu(NO,), is formed in situ and that this is the

active catalytic species responsible for promoting the transformation.
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Results and Discussion IV

Amides from Aldehydes
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5. Results and Discussion IV — Amides from Aldehydes

5.1. Aims and Objectives
Although the approach outlined in Chapter 4 represents a significant improvement on
previous aldoxime rearrangement protocols, we wanted to extend the methodology in order
to generate primary amides directly from aldehydes (Scheme 5.1). As detailed earlier,
aldoximes are usually synthesised from aldehydes, before a rearrangement reaction affords
the desired primary amide product in a second step. However, we theorised that the two
steps could potentially be combined to produce a more convenient one-step procedure at
low temperature. The aldehyde would firstly be converted into the aldoxime in situ and then
the methodology detailed in Chapter 4 could be employed to convert the aldoxime into the

primary amide product in a one-pot reaction.

(0] (e}
R)J\H R)J\NH2
' A
! Chapter 4 E
NJ"OH methodology !
T Mo e
R H

Scheme 5.1. Potential synthesis of primary amides from aldehydes in a one-pot reaction.

5.2. Optimisation
We hypothesised that the hydroxylamine salt used for the formation of the aldoxime
(Scheme 4.4) would be incompatible with the copper catalyst employed in the aldoxime
rearrangement step. This theory was based on similarly Lewis basic groups (hydroxyl, pyridyl)
inhibiting aldoxime rearrangement into the corresponding primary amides in the substrate
scope of Chapter 4 (Table 4.14). As a result, the one-pot procedure would need to be
performed in a sequential manner, whereby Cu(OAc), and NaNO, are added to the reaction
mixture only after quantitative conversion of the aldehyde into the aldoxime. In addition, in
contrast to the 2 equivalents of hydroxylamine salt employed in the literature protocol
(Scheme 4.4), only stoichiometric amounts would be used in our one-pot approach as any

excess hydroxylamine would poison the copper catalyst in the second step.
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In order for an efficient one-pot protocol, it was necessary to find a common set of reaction
conditions that worked for both the aldehyde to aldoxime transformation and the
rearrangement of the aldoxime into the primary amide product. 4-Methylbenzaldehyde (5.1)
and 4-methylbenzaldoxime (5.2) were employed as the model aldehyde and aldoxime
substrates respectively. We firstly investigated the solvent system for the one-pot procedure.
The first and second step reactions were performed in the optimum solvent for the other
step, in order to elucidate whether toluene or EtOH/H,0 could be employed as the solvent
system (Scheme 5.2). However, toluene proved to be a poor solvent for the first step, with
only 17% conversion into aldoxime 5.2. In addition, use of EtOH/H,0 (5:1) in the aldoxime
rearrangement reaction afforded only 15% conversion into primary amide 5.3. Therefore,
these results clearly illustrated that neither toluene nor EtOH/H,0 could be employed as

solvents in the one-pot protocol.

OH

k)

0 NH,OH-HCI (1 equiv.), N
NaOAc (1.5 equiv.) I

’ H
Step 1 Toluene (1 M), rt, 24 h

5.1 5.2

17% conversion into 5.2

OH
N Cu(OAC), (5 mol%), 5.3 51
| NaNO; (10 mol%) 15% conversion into 5.3 4% conversion into 5.1
H
Step 2 EtOH/H,0 (5:1, 1 M), 30 °C, 24 h
CN
5.2 /©/
5.4

4% conversion into 5.4

Scheme 5.2. Performing the first and second step reactions in the optimum solvent of the other step.

As a result, we decided to explore the use of other solvents for the conversion of aldehyde
5.1 into primary amide 5.3 via in situ formation of the aldoxime. It was noticed that during
the solvent screen for the rearrangement of aldoximes in Chapter 4 (Table 4.5), 1,2-

dichloroethane (DCE) gave the second highest conversion into the primary amide product
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(47%) after toluene (71%). In addition, there was also literature precedence for the use of
chlorohydrocarbons as solvents in the conversion of aldehydes into aldoximes; Zhang and
Feng employed dry dichloromethane (DCM) to synthesise oximes and hydrazones from the
corresponding aldehyde starting materials.””® As a result, it was hoped that either DCM or

DCE would be an appropriate solvent for the one-pot protocol.

We firstly decided to optimise both of the individual reactions before later combining the two
steps to produce our desired one-pot synthesis. The first step was performed in DCE and DCM
over a range of reaction temperatures, with all of the reagents added to the reaction at room
temperature. Inspection of the crude 'H NMR spectra for the aldehyde to aldoxime reactions
revealed that higher conversions were achieved in DCE compared with DCM (Table 5.1). For
example, performing the reaction in DCM at 30 °C afforded 43% conversion into aldoxime 5.2
(Table 5.1, entry 1), whereas quantitative conversion was achieved using DCE in the
equivalent reaction (Table 5.1, entry 3). It should also be noted that, unlike the aldoxime
rearrangements, no by-products were produced in any of the reactions. In addition, for
reactions performed in either solvent, higher temperatures resulted in reduced conversions.
When employing DCE as the solvent, conversion into aldoxime 5.2 decreased from
guantitative conversion at 30 °C to 57% at 40 °C and then 35% at 50 °C (Table 5.1, entries 3-
5).

Table 5.1. Conversion of aldehyde 5.1 into aldoxime 5.2 in DCM/DCE at different temperatures.

~OH
o NH,OH-HCI (1 equiv.), N
NaOAc (1.5 equiv.) I
H H
Solvent (1 M), 24 h
5.1 5.2
Entry Solvent Temperature (°C) Conversion into 5.2 (%)
1 DCM 30 43
2 DCM 40 28
3 DCE 30 100
4 DCE 40 57
5 DCE 50 35

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. No by-products formed.
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We subsequently performed the aldoxime rearrangement in DCE, the superior solvent from
the first step, at three different temperatures (Table 5.2). Pleasingly, 'H NMR analysis
indicated 75% conversion into primary amide 5.3 at 30 °C (Table 5.2, entry 1), with increased
reaction temperatures of 40 °C and 60 °C giving similar conversions. As high conversions were
achieved in both steps at 30 °C, it was decided that this reaction temperature would be

employed in the subsequent optimisation studies.

Table 5.2. Temperature screen for the oxime rearrangement reaction in DCE.

NT Cu(OAc), (5 mol%), 0
| NaNO, (10 mol%)
H - NH,
DCE (1 M), 24 h
5.2 5.3
Entry Temperature (°C) Conversion from 5.2 (%) Conversion into 5.3 (%)
1 30 83 75
2 40 86 75
3 60 84 82

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 5.1 and nitrile 5.4 by-products make up the difference between the two tabulated

conversions.

A time screen was performed for the aldehyde to aldoxime step to reveal when the reaction
had reached completion (Table 5.3). This was important as we reasoned that quantitative
conversion into aldoxime 5.2 had to be achieved otherwise the leftover hydroxylamine would
inhibit the copper catalyst when it was added to the reaction. Analysis of the crude 'H NMR
spectra showed 24 hours was required for the reaction to reach completion (Table 5.3, entry

5).
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Table 5.3. Time screen for the aldehyde to primary amide reaction.

OH

0 NH,OH-HCI (1 equiv.), N

NaOAc (1.5 equiv.) I
H H

DCE (1 M), 30 °C
5.1 5.2
Entry Time (h) Conversion into 5.2 (%)

1 4 47
2 8 60
3 16 73
4 20 85
5 24 100

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. No by-products formed.

With optimised conditions for the aldehyde to aldoxime and aldoxime to primary amide

reactions, it was decided to combine the two steps and perform a one-pot reaction (Table

5.4). Aldehyde 5.1, NH,OH-HCI (1 equiv.), NaOAc (1.5 equiv.) and DCE (1 M) were stirred for

24 hours at 30 °C, before Cu(OAc), (5 mol%) and NaNO, (10 mol%) were then added to the

reaction mixture and the reaction left for a further 24 hours at 30 °C (Table 5.4, entry 1).

However, although a high proportion of aldehyde 5.1 was converted into aldoxime 5.2, only

2% conversion into primary amide 5.3 was achieved during the reaction. Meanwhile, when a

higher temperature of 80 °C was employed in the second step, 58% conversion into primary

amide 5.3 was observed upon analysis of the "H NMR spectrum (Table 5.4, entry 2).
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Table 5.4. Initial one-pot protocol for the conversion of aldehyde 5.1 into primary amide 5.3.

0 0
i) NH,OH-HCI (1 equiv.), NaOAc (1.5 equiv.),
H DCE (1 M), 30 °C, 24 h NH,

ii) Cu(OAc), (5 mol%), NaNO, (10 mol%), 24 h
5.1 5.3

Entry Temperature of ii) Conversion from Conversion into Conversion into

(°C) 5.1 (%) 5.2 (%) 5.3 (%)
1 30 89 77 2
2 80 83 16 58

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. The remaining percentage conversion from aldehyde 5.1 corresponds to nitrile 5.4.

It was clear that the poor conversion into primary amide 5.3 achieved at 30 °C was due to
aldoxime 5.2 failing to transform into the final primary amide product. To account for the
decreased efficiency of the second step, we theorised that by-products generated from the

first step were inhibiting the aldoxime rearrangement reaction (Scheme 5.3).

NH,OH-HCI (1 equiv.), ~OH
NaOAc (1.5 equiv.), N
DCE (1 M), 30 °C, 24 h |
H \ H
NaOAc (0.5 equiv.) 5.2
H,O (1 equiv.)

AcOH (1 equiv.)
NaCl (1 equiv.)

5.1

Scheme 5.3. By-products, including amounts, produced by the aldehyde to aldoxime step.

To further explore this hypothesis we decided to add the by-products generated in the first
reaction to the model reaction conditions for the second step (Table 5.5). When NaOAc (0.5
equiv.), H,O (1 equiv.), AcOH (1 equiv.) and NaCl (1 equiv.) were all added to the reaction
together, conversion into primary amide 5.3 decreased to just 6%, compared with 75% for
the additive-free reaction (Table 5.5, entries 1 and 2). This therefore confirmed the likelihood

that the by-products from the first step were inhibiting the aldoxime rearrangement reaction.
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Table 5.5. Addition of first step by-products to the aldoxime rearrangement reaction.

.OH Cu(OAc), (5 mol%), o
N NaNO, (10 mol%),
I Additive(s)
H X NH;
DCE (1 M), 30 °C, 24 h

5.2 5.3

Entry Additive(s) (equiv.) Conversion from 5.2 (%) Conversion into 5.3 (%)
1 - 83 75
2 NaOAc (0.5), H,0 (1), 31 6°

NaCl (1), AcOH (1)

3 NaOAc (0.5) 85 75
4 NaCl (1) 92 79
5 H,0 (1) 100 87
6 AcOH (1) 60 14°

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. Aldehyde 5.1 and nitrile 5.4 by-products make up the difference between the two tabulated
conversions. 7% of an unidentified by-product also observed. ® 6% of the corresponding carboxylic acid and 12% of an

unidentified by-product also observed.

In order to determine which of the reagents was hindering the second step, we then added
the by-products individually. Addition of NaOAc and NaCl to the aldoxime rearrangement
reaction had little effect on the conversion into primary amide 5.3, with 75% and 79%
achieved respectively (Table 5.5, entries 3 and 4). Meanwhile, use of H,0 in the reaction
surprisingly afforded quantitative conversion from aldoxime 5.2 and 87% conversion into
primary amide 5.3. However, when AcOH was the employed in the reaction, inspection of the
'"H NMR spectrum revealed only 14% conversion into primary amide 5.3. This therefore
indicated that AcOH was the by-product responsible for inhibiting the aldoxime
rearrangement reaction. We hypothesised that this was likely due to AcOH poisoning the
copper catalyst and preventing coordination of both the nitrite ligand and the aldoxime

substrate.

These experiments made it clear that NaOAc could not be used as the base in the one-pot
protocol. Therefore, we decided to test the performance of NaHCO; in the aldehyde to

aldoxime reaction. It was thought that this base would be more suitable as the by-products
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generated (NaCl, H,O and CO,) are less likely to inhibit the aldoxime rearrangement step.
Pleasingly, quantitative conversion into aldoxime 5.2 was observed upon analysis of the 'H

NMR spectrum when NaHCO3; was employed as the base (Scheme 5.4).

0 NH,OH-HCI (1 equiv.), N
NaHCO; (1.5 equiv.) I

DCE (1 M), 30°C, 24 h
5.1 5.2

100% conversion into 5.2

Scheme 5.4. Use of NaHCO3; as the base in the aldehyde to aldoxime first step.

It was subsequently decided to investigate whether our one-pot protocol demonstrated
increased efficiency when NaHCO; was employed as the base (Table 5.6). As predicted, a
significant increase in the conversion into primary amide 5.3 was observed using NaHCO3
(84%) compared with NaOAc (58%). No aldoxime was observed in the NaHCOs-based
reaction, therefore indicating the second step was not inhibited under these reaction
conditions and that the copper catalyst was able to transform aldoxime 5.2 into primary
amide 5.3 (Table 5.6, entry 2). In addition, at first glance it appears the first step didn’t reach
quantitative conversion, with 94% conversion from aldehyde 5.1 observed in the one-pot
protocol. However, instead of being unreacted starting material, it is likely that this small
amount of aldehyde (6%) is formed as a by-product in the second step, as described

previously.

Table 5.6. Comparison between the use of NaOAc and NaHCO; as the base in the one-pot protocol.

O O

i) NH,OH-HCI (1 equiv.), Base (1.5 equiv.),

H DCE (1 M), 30 °C, 24 h NH,
i) Cu(OAc), (5 mol%), NaNO, (10 mol%),

80 °C, 24 h
5.1 5.3
Entry Base Conversion from Conversion into Conversion into
5.1 (%) 5.2 (%) 5.3 (%)
1 NaOAc 83 16 58
2 NaHCO; 94 0 84

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. The remaining percentage conversion from aldehyde 5.1 corresponds to nitrile 5.4.
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After identifying NaHCO;s; as a suitable base for the one-pot procedure, we decided to
investigate whether 1.5 equivalents were required to achieve quantitative conversion into
aldoxime 5.2 (Table 5.7). A small amount of aldehyde 5.1 was left unreacted when a
stoichiometric amount of NaHCO3; was employed (Table 5.7, entry 1); however, the use of a

slight excess (1.1 equivalents) afforded quantitative conversion into aldoxime 5.2 (Table 5.7,

entry 2).
Table 5.7. NaHCO; equivalents screen.
~OH

O NH,OH-HCI (1 equiv.), N

NaHCO, I
H H

DCE (1 M), 30 °C, 24 h
5.1 5.2
Entry Equivalents of Base Conversion into 5.2 (%)

1 1 96
2 1.1 100
3 1.5 100

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. No by-products formed.

The new reaction conditions for the aldehyde to aldoxime step were then applied to the one-
pot reaction. As our aim was to develop a low temperature methodology for the conversion
of aldehydes into primary amides, the reaction was performed at 30 °C (Scheme 5.5).
Pleasingly, spectroscopic analysis revealed 83% conversion into primary amide 5.3, with no

aldoxime visible in the crude "H NMR spectrum.

i) NH,OH-HCI (1 equiv.), NaHCOj (1.1 equiv.),
H DCE (1 M), 30 °C, 24 h NH,

if) Cu(OAc), (5 mol%), NaNO, (10 mol%),
30°C,24h
5.1 5.3

93% conversion from 5.1
0% conversion into 5.2
83% conversion into 5.3

Scheme 5.5. Conversion of aldehyde 5.1 into primary amide 5.3 using 1.1 equivalents of NaHCO; as the base.
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After achieving high conversions into primary amide 5.3 using the one-pot protocol, it was
decided that we would attempt to further refine the conditions for the aldehyde to aldoxime
step. Specifically, we wished to reduce the time required to achieve quantitative conversion
from aldehyde 5.1 into aldoxime 5.2. This would then allow us to perform the overall one-pot
reaction in less than the 48 hours it currently required. A time screen was performed and, to
our delight, quantitative conversion for the first step was observed after 4 hours upon

analysis of the crude 'H NMR spectra (Table 5.8, entry 6).

Table 5.8. Time screen for the conversion of aldehyde 5.1 into aldoxime 5.2.

o NH,OH-HCI (1 equiv.), ~OH

NaHCO; (1.1 equiv.), N

H,0? |
H H

DCE (1 M), 30 °C
5.1 5.2
Entry Time (h) Water added? Conversion into 5.2 (%)

1 1 - 18
2 1 v (1 equiv.) 93
3 1 v (3 equiv.) 100
4 2 - 92
5 3 - 96
6 4 - 100

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. No by-products formed.

In addition, we also observed a sharp increase in the conversion from 18% to 92% between
one and two hours (Table 5.8, entries 1 and 4). To account for the rapid acceleration in the
rate of the reaction after the slow start, we theorised that formation of aldoxime 5.2 was
being promoted by a reagent that was generated during the reaction. We revealed that the
addition of water to the reaction afforded a significant increase in the conversion into
aldoxime 5.2 after one hour (Table 5.8, entries 1-3). Use of 3 equivalents of water resulted in
guantitative conversion into aldoxime 5.2 compared with 18% conversion for the water-free
reaction. We postulated that the increase in conversion was due to the water improving the

solubility of the reaction mixture.
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Following this, it was thought that instead of having to add water to the reaction, we could
use commercially available NH,OH in water rather than the hydrochloride salt. However,
unfortunately no reaction was observed upon 'H NMR analysis, both in the presence and

absence of NaHCO; (Scheme 5.6).

NH,OH (50 wt. % in H,0) |
H X - H  NOREACTION
DCE (1 M), 30°C, 1h

5.1 5.2
With and without NaHCO4

Scheme 5.6. Failed attempt to form aldoxime 5.2 from aldehyde 5.1 using NH,OH in water.

It was then decided to apply the newly optimised water-based and water-free first step
reaction conditions to the one-pot approach. Employing 3 equivalents of water in part i) for 1
hour resulted in a significantly decreased conversion into primary amide 5.3 compared with
when the reaction was performed without water for 4 hours (Table 5.9). Specifically, 37%
conversion into primary amide 5.3 was achieved when water was added to the reaction
(Table 5.9, entry 1) compared with 81% conversion for the water-free approach (Table 5.9,
entry 2). This contrasts favourably to the previously performed one-pot reaction in which 83%

conversion into primary amide 5.3 was achieved after 48 hours (Scheme 5.5).

Table 5.9. One-pot protocol with and without the addition of water to the first step.

o] 0
i) NH,OH-HCI (1 equiv.), NaHCO3 (1.1 equiv.),
H H,0?, DCE (1 M), 30 °C NH,
ii) Cu(OAc), (5 mol%), NaNO, (10 mol%),
30°C, 24 h
5.1 5.3
Entry Part i) conditions Conversion from  Conversion into Conversion into
5.1 (%) 5.2 (%) 5.3 (%)
1 H,0 (3 equiv.),1 h 96 53 37
2 No H,0, 4 h 96 7 81

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude

reaction mixtures. The remaining percentage conversion from aldehyde 5.1 corresponds to nitrile 5.4.

However, it was noticed that a small amount (7%) of aldoxime 5.2 was left unreacted when

using the water-free reaction conditions (Table 5.9, entry 2). To convert the remaining
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aldoxime into primary amide 5.3, an increased catalyst loading of 7.5 mol% Cu(OAc), and 15
mol% NaNO, was employed. Pleasingly, analysis of the crude 'H NMR spectrum showed
quantitative conversion of aldoxime 5.2 into primary amide 5.3 after only 20 hours (Table

5.10, entry 2).

Table 5.10. Final optimisation of one-pot protocol.

i) NH,OH-HCI (1 equiv.), NaHCO3; (1.1 equiv.),
H DCE (1 M),30°C, 4 h NH,

ii) Cu(OAc), (7.5 mol%), NaNO, (15 mol%), 30 °C

5.1 5.3
Entry Part ii) time (h) Conversion from Conversion into Conversion into
5.1 (%) 5.2 (%) 5.3 (%)
1 24 95 0 85
2 20 95 0 85
3° 20 93 43 44
4° 20 79 24 47
5 20 91 43 42
6’ 20 72 45 22

Reactions were performed on a 1 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. The remaining percentage conversion from aldehyde 5.1 corresponds to nitrile 5.4. © Reaction
performed in H,0. b Reaction performed in DCM. © Reaction performed without NaNO,. d Reagents for both part i) and

ii) introduced at the start of the reaction.

Following this, we explored the possibility of replacing DCE with water. However, use of the
more environmentally friendly solvent resulted in only 44% conversion into primary amide
5.3 (Table 5.10, entry 3). Meanwhile, a similar conversion (47%) was achieved when DCM,
which is cheaper and more readily available than DCE, was employed as the solvent (Table
5.10, entry 4). The impact of NaNO, on the efficiency of the reaction was also investigated.
Removing the nitrite salt from the optimised reaction conditions yielded 42% conversion into
primary amide 5.3, with a large amount of aldoxime 5.2 left unconverted (Table 5.10, entry
5). This therefore illustrates the importance of NaNO, in transforming aldoxime 5.2 into
primary amide 5.3 in the one-pot protocol. Finally, as predicted, when all of the reagents
from part i) and ii) were introduced at the start of the reaction, formation of primary amide

5.3 was inhibited (Table 5.10, entry 6).

149



Scheme 5.7 details the final fully optimised reaction conditions for the one-pot protocol which

transforms aldehyde 5.1 into primary amide 5.3, via in situ formation of aldoxime 5.2, in 24

hours at 30 °C.

i) NH,OH-HCI (1 equiv.), NaHCO3; (1.1 equiv.),

H DCE (1 M), 30 °C, 4 h NH,

ii) Cu(OAc), (7.5 mol%), NaNO, (15 mol%),
30°C, 20 h
5.1 5.3

Scheme 5.7. Fully optimised reaction conditions for the conversion of aldehyde 5.1 into primary amide 5.3 in a one-pot
protocol at low temperature.

5.3. Substrate Scope
The methodology detailed in Scheme 5.7 was applied to a selection of aldehydes. The
aldoxime intermediates formed during the reaction were successfully transformed into
primary amides using the copper-catalysed methodology outlined in Chapter 4 (Table 5.11).
Quadrasil™ TA was used to scavenge the copper catalyst and, following filtration, the crude

primary amide products were purified by silica column chromatography (eluting with

DCM/MeOH).

Table 5.11. Scope of the one-pot protocol for the conversion of aldehydes into primary amides.

i) NH,OH-HCI (1 equiv.), NaHCO5 (1.1 equiv.),

o) DCE (1 M), 30°C, 4 h o
RJ\H ii) Cu(OAc); (7.5 mol%), NaNO, (15 mol%), RJ\NH2
30°C,20h
Entry Product Conversion from Conversion into
aldehyde (%) primary amide (%)
o)
1 NH, 5.3 94 84 (80)
0
2 NH, 5.5 96 87 (79)
(o
o]
3 S NH, 5.6 78 78 (72)
\_s
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5.7 84 65 (62)
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5.8 70 29
90 (83)°
O

6 ﬁNHZ 5.9 84 35

F 97° 91 (84)°
O

7 /©)J\NH2 5.10 51 7

MeO 84° 50 (41)°
(0]

NH, 5.11 25 7
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N
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5.12 73 0
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O
o
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N
(o]
w
Q
w
w
Q

10 \©)J\NH2 5.13 74 38
97° 88 (80)°

11 @\/\H/NHZ 5.14 68 29
0 90’ 80 (76)°

Reactions were performed on a 2 mmol scale. Conversions determined by analysis of the "H NMR spectra of the crude
reaction mixtures. The corresponding aldoxime and nitrile by-products make up the difference between the two

tabulated conversions (nitrile typically < 10%). ? Part i) and ii) left for 16 hours and 24 hours respectively.
The model primary amide, 5.3, was isolated in 80% yield (Table 5.11, entry 1), whilst the para-

chloro derivative was also successfully transformed using the one-pot methodology (Table

5.11, entry 2). In addition, 2-thiophenecarboxaldehyde and 2-furaldehyde underwent efficient
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transformation to afford primary amides 5.6 and 5.7 in 72% and 62% yield respectively (Table
5.11, entries 3 and 4).

However, many of the aldehydes were converted less successfully into their corresponding
primary amides under the present reaction conditions (Table 5.11, entries 5-11). Importantly,
the 'H NMR spectra revealed a significant percentage of unreacted aldehyde in the crude
reaction mixture for many of the reactions. It was thought that failure of the aldehyde to
aldoxime step to reach quantitative conversion resulted in the remaining hydroxylamine
inhibiting the second step of the one-pot protocol. As a result, it was imperative that part i)

was left long enough for quantitative conversion to be reached.

Formation of the aldoxime was left overnight for 16 hours and the copper-catalysed aldoxime
rearrangement then stirred for 24 hours overnight. Pleasingly, the new reaction conditions
were able to transform benzaldoxime and the para-fluoro derivative into their corresponding
primary amide products, 5.8 and 5.9, in 83% and 84% vyield respectively (Table 5.11, entries 5
and 6). In addition, the meta-substituted primary amide 5.13 was also successfully obtained,
whilst cinnamaldehyde was efficiently transformed in primary amide 5.14 in 76% yield (Table

5.11, entries 10 and 11).

5.4. Reaction Mechanism
It is likely the conversion of aldehydes into primary amides under our reaction conditions
proceeds via the reaction mechanism detailed in Scheme 5.8. Firstly, nucleophilic attack by
hydroxylamine on the aldehyde followed by proton transfer yields tetrahedral intermediate
5.15. This intermediate then collapses, losing water in the process, to form the aldoxime in
situ. Applying the copper-catalysed methodology developed in Chapter 4 then affords the

primary amide via the reaction mechanism detailed in Scheme 4.8.
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(O - N H* transfer HO HN—OH

)J\/\ O>H<N—OH

R H  HN—OH RSN R~ H
5.15
+H*
See Scheme 4.8 OH -
j\ Nl‘” H,0% HN—OH
R NH, R)\H -H,0, -H* R><H

Formed in situ

Scheme 5.8. Reaction mechanism for the conversion of an aldehyde into a primary amide using our methodology.

5.5. Conclusions
A one-pot synthesis of primary amides from aldehydes has been developed, via in situ
formation of the oxime. The protocol is performed at 30 °C, which, to the best of our
knowledge, is the lowest temperature published for the transformation. Following in situ
formation of the aldoxime from the aldehyde, the Cu(OAc),/NaNO, catalytic system detailed
in Chapter 4 efficiently rearranges the aldoxime intermediate into the primary amide product.
The protocol was shown to successfully transform aromatic aldehydes in 24 hours, although

longer reaction times were required for less reactive substrates.
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6. Experimental

6.1. Materials and Methods
Unless preparative details are provided, all reagents were purchased from Alfa Aesar, Acros
Organics, Aldrich, Fluka or Lancaster and used without further purification. Analytical thin
layer chromatography (TLC) was carried out on Merck silica gel 60 F254 aluminium or plastic
plates, purchased from Fisher. The organic compounds were visualised under UV (254 nm)
irradiation and stained with potassium permanganate dip, followed by gentle heating.
Purification of the final products was performed by flash chromatography using the indicated

solvent on Aldrich silica gel 60 A (230-400 mesh).

'"H NMR and *c NMR spectra were recorded on a Bruker Avance 250 (250 MHz), a Bruker
Avance 300 (300 MHz) or an Agilent 500 (500 MHz) in CDCl; or DMSO-d® as solvents. Chemical
shifts (8) are reported as parts per million (ppm) and are referenced internally to the residual
protic solvent signal for CDCl; (7.26 ppm) or DMSO-d® (2.50 ppm). Coupling constants (J) are
reported in Hertz (Hz) and signal multiplicities are reported as singlet (s), doublet (d), triplet
(t), quartet (q), quintet (quint), sextet (sext), doublet of doublets (dd), multiplet (m), or broad
singlet (br s). HRMS-ESI were run on an Agilent 1200 series LC/MSD coupled to a micrOTOF

electrospray time-of-flight (ESI-TOF) mass spectrometer (Bruker Daltonik).

Infra-red spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer, using a
Universal ATR accessory for sampling, with relevant absorbances quoted as v in em™. Optical
rotation values were measured at room temperature using an Optical Activity AA-10
Automatic Polarimeter (¢ = 1, CHCI;). Melting points were determined using Stuart SMP10

melting point equipment using closed end glass capillary tubes and are uncorrected.
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6.2. Chapter 2 Experimental Methods and Compound Characterisation

General Procedure | — Sulfuric Acid Catalyst Screen

(Table 2.1, Results and Discussion I)

To an oven dried Radleys carousel tube containing 4-methylbenzylamine (127 pL, 1 mmol)
was added ethyl acetate (1 mL, 1 M) followed by the appropriate amount of H,SO,. The
carousel tube was then sealed and the reaction mixture heated at 80 °C for 20 hours. After
being allowed to cool to room temperature, the solvent was removed in vacuo on a rotary
evaporator and the resulting crude reaction mixture was analysed by 'H NMR spectroscopy.
Percentage conversion into N-(4-methylbenzyl)acetamide was calculated from the crude 'H
NMR spectra by comparison of the peaks at 3.85 ppm (2H, 4-methylbenzylamine) and 4.39
ppm (2H, N-(4-methylbenzyl)acetamide).

Optimisation of the Reaction Conditions - Primary Amines

General Procedure Il — Acetic Acid Catalyst Loading Screen

(Table 2.2, Results and Discussion |)

To an oven dried Radleys carousel tube containing 4-methylbenzylamine (127 uL, 1 mmol)
was added ethyl acetate (1 mL, 1 M) followed by the appropriate amount of acetic acid. The
carousel tube was then sealed and the reaction mixture heated at 80 °C for 20 hours. After
being allowed to cool to room temperature, the solvent was removed in vacuo on a rotary
evaporator and the resulting crude reaction mixture was analysed by '"H NMR spectroscopy.
Percentage conversion into N-(4-methylbenzyl)acetamide was calculated from the crude 'H
NMR spectra by comparison of the peaks at 3.85 ppm (2H, 4-methylbenzylamine) and 4.39
ppm (2H, N-(4-methylbenzyl)acetamide).

General Procedure lll — Reaction Time Screen

(Table 2.3, Results and Discussion I)

To an oven dried Radleys carousel tube containing 4-methylbenzylamine (127 uL, 1 mmol)
was added ethyl acetate (1 mL, 1 M) followed by acetic acid (5.7 pL, 10 mol%). The carousel
tube was then sealed and the reaction mixture heated at 80 °C for the appropriate number of
hours. After being allowed to cool to room temperature, the solvent was removed in vacuo
on a rotary evaporator and the resulting crude reaction mixture was analysed by '"H NMR

spectroscopy. Percentage conversion into N-(4-methylbenzyl)acetamide was calculated from
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the crude 'H NMR spectra by comparison of the peaks at 3.85 ppm (2H, 4-
methylbenzylamine) and 4.39 ppm (2H, N-(4-methylbenzyl)acetamide).

General Procedure IV — Ethyl Acetate Solvent Concentration Screen

(Table 2.4, Results and Discussion 1)

To an oven dried Radleys carousel tube containing 4-methylbenzylamine (127 uL, 1 mmol)
was added the appropriate amount of ethyl acetate followed by acetic acid (5.7 pL, 10 mol%).
The carousel tube was then sealed and the reaction mixture heated at 80 °C for 20 hours.
After being allowed to cool to room temperature, the solvent was removed in vacuo on a
rotary evaporator and the resulting crude reaction mixture was analysed by 'H NMR
spectroscopy. Percentage conversion into N-(4-methylbenzyl)acetamide was calculated from
the crude 'H NMR spectra by comparison of the peaks at 3.85 ppm (2H, 4-
methylbenzylamine) and 4.39 ppm (2H, N-(4-methylbenzyl)acetamide).

General Procedure V — Reaction Temperature Screen

(Table 2.5, Results and Discussion 1)

To an oven dried Radleys carousel tube containing 4-methylbenzylamine (127 uL, 1 mmol)
was added ethyl acetate (0.5 mL, 2 M) followed by acetic acid (5.7 uL, 10 mol%). The carousel
tube was then sealed and the reaction mixture heated at the appropriate temperature for 20
hours. After being allowed to cool to room temperature, the solvent was removed in vacuo
on a rotary evaporator and the resulting crude reaction mixture was analysed by '"H NMR
spectroscopy. Percentage conversion into N-(4-methylbenzyl)acetamide was calculated from
the crude 'H NMR spectra by comparison of the peaks at 3.85 ppm (2H, 4-
methylbenzylamine) and 4.39 ppm (2H, N-(4-methylbenzyl)acetamide).

Optimisation of the Reaction Conditions — Secondary Amines

General Procedure VI — Conversion of Secondary Amines into Acetamides under Reaction
Conditions A

(Table 2.6, Results and Discussion 1)

To an oven dried Radleys carousel tube containing the appropriate secondary amine (1 mmol)
was added ethyl acetate (0.5 mL, 2 M) followed by acetic acid (5.7 uL, 10 mol%). The carousel
tube was then sealed and the reaction mixture heated at 80 °C for 20 hours. After being

allowed to cool to room temperature, the solvent was removed in vacuo on a rotary
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evaporator and the resulting crude reaction mixture was analysed by "H NMR spectroscopy.
Percentage conversion into the acetamide products was calculated from the crude 'H NMR

spectra.

General Procedure VIl — Catalyst Loading Screen With Ethyl Acetate

(Table 2.7, Results and Discussion |)

To an oven dried Radleys carousel tube containing N-benzylmethylamine (129 pL, 1 mmol)
was added ethyl acetate (0.5 mL, 2 M) followed by the appropriate amount of acetic acid. The
carousel tube was then sealed and the reaction mixture heated at 80 °C for 20 hours. After
being allowed to cool to room temperature, the solvent was removed in vacuo on a rotary
evaporator and the resulting crude reaction mixture was analysed by 'H NMR spectroscopy.
Percentage conversion into N-benzyl-N-methylacetamide was calculated from the crude 'H
NMR spectra by comparison of the peaks at 3.78 ppm (2H, N-benzylmethylamine) and 4.46

and 4.53 ppm (2H, N-benzyl-N-methylacetamide, major and minor rotamers).

General Procedure VIII — Catalyst Loading Screen With Butyl Acetate

(Table 2.8, Results and Discussion I)

To an oven dried Radleys carousel tube containing N-benzylmethylamine (129 uL, 1 mmol)
was added butyl acetate (0.5 mL, 2 M) followed by the appropriate amount of acetic acid. The
carousel tube was then sealed and the reaction mixture heated at 120 °C for 20 hours. After
being allowed to cool to room temperature, the solvent was removed in vacuo on a rotary
evaporator and the resulting crude reaction mixture was analysed by ‘H NMR spectroscopy.
Percentage conversion into N-benzyl-N-methylacetamide was calculated from the crude 'H
NMR spectra by comparison of the peaks at 3.78 ppm (2H, N-benzylmethylamine) and 4.46

and 4.53 ppm (2H, N-benzyl-N-methylacetamide, major and minor rotamers).

General Procedure IX — Reaction Temperature Screen

(Table 2.9, Results and Discussion I)

To an oven dried Radleys carousel tube containing N-benzylmethylamine (129 uL, 1 mmol)
was added butyl acetate (0.5 mL, 2 M) followed by acetic acid (28.6 uL, 50 mol%). The
carousel tube was then sealed and the reaction mixture heated at the appropriate
temperature for 20 hours. After being allowed to cool to room temperature, the solvent was

removed in vacuo on a rotary evaporator and the resulting crude reaction mixture was
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analysed by "H NMR spectroscopy. Percentage conversion into N-benzyl-N-methylacetamide
was calculated from the crude 'H NMR spectra by comparison of the peaks at 3.78 ppm (2H,
N-benzylmethylamine) and 4.46 and 4.53 ppm (2H, N-benzyl-N-methylacetamide, major and

minor rotamers).

Optimisation of the Reaction Conditions - Anilines

General Procedure X — Catalyst Loading Screen

(Table 2.10, Results and Discussion 1)

To an oven dried Radleys carousel tube containing aniline (91 pL, 1 mmol) was added ethyl
acetate (0.5 mL, 2 M) followed by the appropriate amount of acetic acid. The carousel tube
was then sealed and the reaction mixture heated at 80 °C for 24 hours. After being allowed to
cool to room temperature, the solvent was removed in vacuo on a rotary evaporator and the
resulting crude reaction mixture was analysed by 'H NMR spectroscopy. Percentage
conversion into N-phenylacetamide was calculated from the crude 'H NMR spectra by
comparison of the peaks at 6.50-6.66 ppm (3H, aniline) and 7.28 ppm (2H, N-

phenylacetamide).

General Procedure Xl — Reaction of para-Anilinic Substrates with Ethyl Acetate

(Table 2.11, Results and Discussion 1)

To an oven dried Radleys carousel tube containing the appropriate para-substituted aniline
substrate (1 mmol) was added ethyl acetate (0.5 mL, 2 M) followed by acetic acid (143 uL, 2.5
equiv.). The carousel tube was then sealed and the reaction mixture heated at 80 °C for 24
hours. After being allowed to cool to room temperature, the solvent was removed in vacuo
on a rotary evaporator and the resulting crude reaction mixture was analysed by 'H NMR

spectroscopy. Percentage conversion was calculated from the crude 'H NMR spectra.

General Procedure Xll — Reaction Temperature Screen

(Table 2.12, Results and Discussion 1)

To an oven dried Radleys carousel tube containing aniline (91 pL, 1 mmol) was added butyl
acetate (0.5 mL, 2 M) followed by acetic acid (143 pL, 2.5 equiv.). The carousel tube was then
sealed and the reaction mixture heated at the appropriate temperature for 24 hours. After
being allowed to cool to room temperature, the solvent was removed in vacuo on a rotary

evaporator and the resulting crude reaction mixture was analysed by ‘H NMR spectroscopy.
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Percentage conversion into N-phenylacetamide was calculated from the crude 'H NMR
spectra by comparison of the peaks at 6.50-6.66 ppm (3H, aniline) and 7.28 ppm (2H, N-

phenylacetamide).

Synthesis of Acetamides

General Procedure Xlll — Acetylation of Primary Amines

(Table 2.13, Results and Discussion 1)

To an oven dried Radleys carousel tube containing the appropriate primary amine (2 mmol)
was added ethyl acetate (1 mL, 2 M) followed by acetic acid (11.4 pL, 10 mol%). The carousel
tube was then sealed and the reaction mixture heated at 80 °C for 20 hours. After being
allowed to cool to room temperature, the solvent was removed in vacuo on a rotary
evaporator and the resulting crude amide product was purified by silica column

chromatography.

General Procedure XIV — Acetylation of Secondary Amines

(Table 2.14, Results and Discussion |)

To an oven dried Radleys carousel tube containing the appropriate secondary amine (2 mmol)
was added butyl acetate (1 mL, 2 M) followed by acetic acid (57.2 L, 50 mol%). The carousel
tube was then sealed and the reaction mixture heated at 120 °C for 20 hours. After being
allowed to cool to room temperature, the solvent was removed in vacuo on a rotary
evaporator and the resulting crude amide product was purified by silica column

chromatography.

General Procedure XV — Acetylation of Anilines

(Table 2.15, Results and Discussion 1)

To an oven dried Radleys carousel tube containing the appropriate aniline (2 mmol) was
added butyl acetate (1 mL, 2 M) followed by acetic acid (286 uL, 2.5 equiv.). The carousel tube
was then sealed and the reaction mixture heated at 110 °C for 24 hours. After being allowed
to cool to room temperature, the solvent was removed in vacuo on a rotary evaporator and

the resulting crude amide product was purified by silica column chromatography.
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General Procedure XVI - Scale-up Example

(Scheme 2.8, Results and Discussion |)

To an oven dried round bottomed flask containing benzylamine (7.3 mL, 67 mmol) was added
ethyl acetate (34 mL, 2 M) followed by acetic acid (0.38 mL, 10 mol%). The round bottomed
flask was then sealed with a rubber septum and a needle inserted into the top, and the
reaction mixture heated at 80 °C for 22 hours. After being allowed to cool to room
temperature, the solvent was removed in vacuo on a rotary evaporator and the resulting

crude amide product was purified by silica column chromatography.

Optimisation of the Reaction Conditions — Ethyl Formate

General Procedure XVII — Catalyst Loading and Reaction Time Screen for the Formylation of
Aniline

(Table 2.16, Results and Discussion 1)

To an oven dried Radleys carousel tube containing aniline (91 uL, 1 mmol) was added ethyl
formate (0.5 mL, 2 M) followed by the appropriate amount of either formic acid or acetic
acid. The carousel tube was then sealed and the reaction mixture heated at 20 °C for the
appropriate amount of hours. After being allowed to cool to room temperature, the solvent
was removed in vacuo on a rotary evaporator and the resulting crude reaction mixture was
analysed by '"H NMR spectroscopy. Percentage conversion into N-phenylformamide was
calculated from the crude 'H NMR spectra by comparison of the peaks at 6.50-6.66 ppm (3H,

aniline) and 7.26-7.37 ppm (2H, major and minor rotamers, N-phenylformamide).

Optimisation of the Reaction Conditions — Methyl Benzoate

General Procedure XVIIl — Reaction of Methyl Benzoate with Benzylamine

(Table 2.18, Results and Discussion 1)

To an oven dried Radleys carousel tube containing benzylamine (109 L, 1 mmol) was added
the appropriate amount of methyl benzoate followed by the appropriate amount of acetic
acid. The carousel tube was then sealed and the reaction mixture heated at the appropriate
temperature for 20 hours. After being allowed to cool to room temperature, the solvent was
removed in vacuo on a rotary evaporator and the resulting crude reaction mixture was
analysed by 'H NMR spectroscopy. Percentage conversion into N-benzylbenzamide was
calculated from the crude 'H NMR spectra by comparison of the peaks at 3.92 ppm (2H,

benzylamine) and 4.66 ppm (2H, N-benzylbenzamide). Percentage conversion into N-
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benzylacetamide was calculated from the crude ‘H NMR spectra by comparison of the peaks
at 3.92 ppm (2H, benzylamine) and 4.44 ppm (2H, N-benzylacetamide). Total conversion was
calculated by the addition of the percentage conversions into N-benzylbenzamide and N-

benzylacetamide.

Synthesis of Other Amides

General Procedure XIX — Synthesis of Formamides

(Table 2.17, Results and Discussion 1)

To an oven dried Radleys carousel tube containing the appropriate aniline (2 mmol), was
added ethyl formate (1 mL, 2 M) followed by acetic acid (28.6 uL, 50 mol%) or formic acid
(23.0 uL, 50 mol%). The carousel tube was then sealed and the reaction mixture heated at 20
°C for 16 hours. After being allowed to cool to room temperature, the solvent was removed in
vacuo on a rotary evaporator and the resulting crude amide product was purified by silica

column chromatography.

General Procedure XX — Synthesis of Higher Amides

(Table 2.17, Results and Discussion 1)

To an oven dried Radleys carousel tube containing the appropriate amine (2 mmol), was
added the appropriate ester followed by acetic acid (11.4 pL, 10 mol%), unless otherwise
stated. The carousel tube was then sealed and the reaction mixture heated at 110 °C, unless
otherwise stated, for 20 hours. After being allowed to cool to room temperature, the solvent
was removed in vacuo on a rotary evaporator and the resulting crude amide product was

purified by silica column chromatography.

N-(4-Chlorobenzyl)acetamide®** (2.7)

Following general procedure Xlll, 4-chlorobenzylamine (243 pL, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column

chromatography (94:6, DCM/MeOH, R; 0.31) as a beige solid (343 mg, 93%).
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mp 107-108 °C (lit.*** 106-108 °C); "H NMR (500 MHz, CDCls): & 7.29 (d, J = 8.3 Hz, 2H, 0-CH,,),
7.21 (d, J = 8.3 Hz, 2H, m-CH,,), 5.80 (br s, 1H, NH), 4.39 (d, J = 5.9 Hz, 2H, CH,), 2.02 (s, 3H,
CHs); °C NMR (126 MHz, CDCls): & 170.0, 136.8, 133.3, 129.1, 128.8, 43.0, 23.2; HRMS-ESI
calcd for [CoH1oCINONa]*: 206.0349 [M+Na]". Found: 206.0376; FT-IR (neat) v in cm™: 1638

(C=0 stretch). In agreement with previous literature data.

N-(4-Methylbenzyl)acetamide®” (2.2)

T,

o)

Following general procedure Xlll, 4-methylbenzylamine (255 uL, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column
chromatography (94:6, DCM/MeOH, R; 0.32) as a beige solid (323 mg, 99%).

mp 112-114 °C (lit.”** 111 °C); 'H NMR (500 MHz, CDCl5): & 7.18 — 7.12 (m, 4H, CH,,), 5.76 (br
s, 1H, NH), 4.38 (d, J = 5.6 Hz, 2H, CH.), 2.33 (s, 3H, PhCHs), 2.00 (s, 3H, C(O)CH,); *C NMR
(126 MHz, CDCl3): 6 169.8, 137.3, 135.2, 129.4, 127.9, 43.5, 23.3, 21.1; HRMS-ESI calcd for
[CioH1sNONa]": 186.0895 [M+Na]". Found: 186.0910; FT-IR (neat) v in cm™: 1633 (C=0

stretch). In agreement with previous literature data.

N-(Pyridin-3-ylmethyl)acetamide226 (2.8)

N

1.7 N4 6
| H o,
2 S~ o~ N
Tl

Following general procedure Xlll, 3-picolylamine (204 pL, 2 mmol) was used as the amine
species. The title compound was recovered after purification by column chromatography
(88:12, DCM/MeOH, R; 0.32) as a yellow oil (271 mg, 90%).

'H NMR (300 MHz, CDCl3): 6 8.52 - 8.47 (m, 2H, 1 & 4), 7.63 (d, J = 7.8 Hz, 1H, 3), 7.28 - 7.21
(m, 1H, 2), 6.19 (br s, 1H, 6), 4.43 (d, J = 5.9 Hz, 2H, 5), 2.02 (s, 3H, 7) ; >C NMR (126 MHz,
CDCls): 6 170.4, 149.1, 148.8, 135.8, 134.3, 123.7, 41.1, 23.2; HRMS-ESI calcd for [CgH1;N,0]":
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151.0871 [M+H]". Found: 151.0871; FT-IR (neat) v in cm™: 1648 (C=0 stretch). In agreement

with previous literature data.

N-Benzylacetamide225 (2.9)

Cln

o)

Following general procedure Xlll, benzylamine (218 pL, 2 mmol) was used as the amine
species. The title compound was recovered after purification by column chromatography
(95:5, DCM/MeOH, R¢ 0.37) as an off-white solid (283 mg, 95%).

mp 61-63 °C (lit.>*® 61 °C); "H NMR (500 MHz, CDCl5): & 7.34 — 7.22 (m, 5H, Ph), 6.14 (br s, 1H,
NH), 4.39 (d, J = 4.4 Hz, 2H, CH,), 1.98 (s, 3H, CHs); >C NMR (126 MHz, CDCl5): 6 170.0, 138.3,
128.6, 127.8, 127.4, 43.7, 23.2; HRMS-ESI calcd for [CoH;;NONa]"™: 172.0738 [M+Na]". Found:
172.0758; FT-IR (neat) v in cm™: 1640 (C=0 stretch). In agreement with previous literature

data.

N-(Z-Chlorobenzyl)acetamide227 (2.10)

H
N

T

Cl

Following general procedure Xlll, 2-chlorobenzylamine (241 pL, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column
chromatography (96:4, DCM/MeOH, R; 0.30) as a white solid (348 mg, 95%).

mp 72-74 °C (lit.”*’ 71-73 °C); '"H NMR (500 MHz, CDCls): & 7.41 — 7.35 (m, 2H, CH,,), 7.25 —
7.22 (m, 2H, CHy,), 5.87 (br s, 1H, NH), 4.53 (d, J = 6.0 Hz, 2H, CH,), 2.02 (s, 3H, CHs); *C NMR
(126 MHz, CDCl3): & 170.1, 135.7, 133.5, 130.0, 129.4, 128.8, 127.0, 41.5, 23.1; HRMS-ESI
calcd for [CsH1oCINONa]™: 206.0348 [M+Na]*. Found: 206.0359; FT-IR (neat) v in cm™: 1639

(C=0 stretch). In agreement with previous literature data.
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N-(2-Methoxybenzyl)acetamide®’ (2.11)

p X (0]

N
L T
Following general procedure XllI, 2-methoxybenzylamine (261 pL, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column
chromatography (95:5, DCM/MeOH, R; 0.26) as a yellow solid (333 mg, 93%).
mp 93-95 °C (lit.?*” 91-93 °C); 'H NMR (300 MHz, CDCl3): & 7.29 — 7.21 (m, 2H, 0-CH,, and p-
CHyr), 6.94 —6.83 (M, 2H, m-CHy,), 6.12 (brs, 1H, NH), 4.40 (d, J = 5.8 Hz, 2H, CH,), 3.84 (s, 3H,
OCH), 1.95 (s, 3H, C(O)CHs); >C NMR (75 MHz, CDCl3): 6 169.8, 157.5, 129.8, 128.9, 126.3,
120.7, 110.3, 55.3, 39.4, 23.4; HRMS-ESI calcd for [C1oH:3NO,Na]": 202.0844 [M+Na]". Found:

202.0851; FT-IR (neat) v in cm™: 1646 (C=0 stretch). In agreement with previous literature

data.

N-(3-(Trifluoromethyl)benzyl)acetamide®*® (2.12)

Following general procedure Xlll, 3-(trifluoromethyl)benzylamine (287 uL, 2 mmol) was used
as the amine species. The title compound was recovered after purification by column
chromatography (93:7, DCM/MeOH, R; 0.31) as a yellow-white solid (420 mg, 97%).

mp 56-57 °C (lit.?® 56-57 °C); *H NMR (500 MHz, CDCl5): & 7.51 — 7.35 (m, 4H, CHy,), 6.67 (brs,
1H, NH), 4.39 (d, J = 6.0 Hz, 2H, CH,), 1.95 (s, 3H, CHs); >C NMR (126 MHz, CDCl3): & = 170.5,
139.6, 131.1, 131.0 (q, J = 32.2 Hz), 129.2, 124.3 (g, J = 3.8 Hz), 124.2 (q, J = 3.8 Hz), 124.1 (q, J
= 272.2 Hz), 43.1, 23.0; F NMR (470 MHz, CDCls): § -62.67 (referenced against 4-
fluorotoluene); HRMS-ESI calcd for [C1oH1oFsNONa]': 240.0612 [M+Na]’. Found: 240.0605; FT-

IR (neat) vin cm™: 1628 (C=0 stretch). In agreement with previous literature data.
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N-Hexylacetamide®” (2.13)

O
AN
N 1
8 6 4 H

Following general procedure Xlll, hexylamine (264 pL, 2 mmol) was used as the amine
species. The title compound was recovered after purification by column chromatography
(96:4, DCM/MeOH, R¢ 0.36) as a colourless oil (276 mg, 97%).

'H NMR (500 MHz, CDCl3): & 5.86 (br s, 1H, 2), 3.18 (td, J = 7.2, 5.9 Hz, 2H, 3), 1.93 (s, 3H, 1),
1.47 — 1.42 (m, 2H, 4), 1.29 — 1.22 (m, 6H, 5-7), 0.84 (t, J = 6.7 Hz, 3H, 8); >C NMR (126 MHz,
CDCly): & 170.2, 39.7, 31.4, 29.5, 26.6, 23.2, 22.5, 13.9; HRMS-ESI calcd for [CgH1gNO]™:
142.1226 [M-H]". Found: 142.1251; FT-IR (neat) v in cm™: 1649 (C=0 stretch). In agreement

with previous literature data.

N-(2-(5-Methoxy-1H-indol-3-yl)ethyl)acetamide®* (2.14)

O
HN/Z<

MeO

Iz

Following general procedure Xlll, 5-methoxytryptamine (380 mg, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column
chromatography (94:6, DCM/MeOH, R; 0.31) as a dark brown oil (324 mg, 70%).

'H NMR (500 MHz, DMSO-d®°): 6 10.63 (br s, 1H, CHNH), 7.92 (br s, 1H, CH,NH), 7.22 (d, J = 8.7
Hz, 1H, NHCH), 7.09 (s, 1H, CH.,), 7.01 (s, 1H, CH,,), 6.74 — 6.68 (m, 1H, CH,,), 3.78 (s, 3H,
OCHs), 3.30 (q, J = 7.0 Hz, 2H, CH,NH), 2.77 (t, J = 7.4 Hz, 2H, CCH,), 1.81 (s, 3H, C(0)CHs); *C
NMR (126 MHz, DMSO-dG): 6 169.4, 153.4, 131.8, 128.0, 123.7, 112.4, 112.1, 111.5, 100.6,
55.8, 40.2, 25.7, 23.2; HRMS-ESI caled for [Ci3Hi6N,O,Na]™: 255.1109 [M+Na]". Found:
255.1116; FT-IR (neat) v in cm™: 1627 (C=0 stretch). In agreement with previous literature

data.
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N-(tert-butyl)acetamide (2.15)
>L o)

Nk

H

Following general procedure Xlll, tert-butylamine (210 uL, 2 mmol) was used as the amine
species. Percentage conversion into 2.15 was calculated from the crude 'H NMR spectra by

comparison of the peaks corresponding to the starting material and and 2.15.

N-(3-Hydroxypropyl)acetamide®" (2.16)

0
SN
1 N7 N"on
H 4 6

2

Following general procedure Xlll, 3-amino-1-propanol (150 mg, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column
chromatography (90:10, DCM/MeOH) as a colourless oil (209 mg, 89%).

R (80:20, DCM/MeOQOH) 0.24; 'H NMR (500 MHz, CDCls): 6 6.01 (brs, 1H, 2), 3.64 (t, J = 5.6 Hz,
2H, 5), 3.40 (g, J = 6.1 Hz, 2H, 3), 3.25 (br s, 1H, 6), 2.00 (s, 3H, 1), 1.71 — 1.65 (m, 2H, 4); **C
NMR (126 MHz, CDCl5): & 171.4, 59.3, 36.4, 32.2, 23.1; HRMS-ESI calcd for [CsH1,NO,]™
118.0868 [M+H]". Found: 118.0881; FT-IR (neat) v in cm™: 1625 (C=0 stretch), 3287 (O-H

stretch). In agreement with previous literature data.

N-(3-Aminobenzyl)acetamide232 (2.17)

NH,
2 5 7
H 8
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Following general procedure Xlll, 3-aminobenzylamine (244 mg, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column

chromatography (91:9, DCM/MeOH, R; 0.28) as an orange-brown solid (308 mg, 94%).
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mp 97-99 °C; 'H NMR (500 MHz, CDCl3): 6 7.11 (t, J = 7.6 Hz, 1H, 3), 6.68 — 6.63 (m, 1H, 5),
6.63 — 6.57 (M, 2H, 2 & 4), 5.66 (br s, 1H, 7), 4.34 (d, J = 5.6 Hz, 2H, 6), 3.69 (br s, 2H, 1), 2.02
(s, 3H, 8); BC NMR (126 MHz, CDCl3): 6 169.8, 146.8, 139.4, 129.6, 117.9, 114.4, 114.2, 43.8,
23.3; HRMS-ESI calcd for [C1gH24N40,Na]™: 351.1797 [2M+Na]’. Found: 351.1747; FT-IR (neat)
vincm™: 1617 (C=0 stretch).

N-(2-(Benzylamino)ethyl)acetamide®** (2.18)

Following general procedure Xlll, N-benzylethylenediamine (300 pL, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column
chromatography (90:10, DCM/MeOH) as a viscous yellow oil (346 mg, 90%).

Ry (85:15, DCM/MeOH) 0.28; *H NMR (500 MHz, CDCl,): & 7.36 — 7.24 (m, 5H, 1), 6.05 (br s,
1H, 5), 3.79 (s, 2H, 2), 3.34 (g, J = 5.5 Hz, 2H, 4), 2.78 (t, J = 5.5 Hz, 2H, 3), 1.97 (s, 3H, 6); Bc
NMR (126 MHz, CDCls): 6 170.6, 139.7, 128.5, 128.1, 127.1, 53.5, 48.0, 39.1, 23.1; HRMS-ESI
calcd for [Cy3H37N,0]": 193.1341 [M+H]". Found: 193.1324; FT-IR (neat) v in cm™: 1638 (C=0

stretch).

1-(Indolin-1-yl)ethan-1-one®** (2.19)

o)

P,

Following general procedure X1V, indoline (224 pL, 2 mmol) was used as the amine species.
The title compound was recovered after purification by column chromatography (97:3,
DCM/MeOH, R¢ 0.31) as a brown solid (251 mg, 78%).

mp 98-100 °C (Iit.>** mp 100-102 °C); *H NMR (500 MHz, DMSO-d°): & 8.03 (d, J = 7.6 Hz, 1H,

CHa), 7.21 (d, J = 7.6 Hz, 1H, CHa,), 7.13 (t, J = 7.6 Hz, 1H, CHa,), 6.97 (t, J = 7.6 Hz, 1H, CHa,),
4.07 (t,J = 8.5 Hz, 2H, NCH,), 3.12 (t, J = 8.5 Hz, 2H, NCH,CH.,), 2.14 (s, 3H, CHs); *C NMR (126
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MHz, DMSO—dG): 6 168.5, 142.9, 131.7, 126.9, 124.7, 123.0, 115.8, 48.1, 27.3, 24.0; HRMS-ESI
calcd for [CioH1:NONa]": 184.0738 [M+Na]*. Found: 184.0737; FT-IR (neat) v in cm™: 1642

(C=0 stretch). In agreement with previous literature data.

N-Benzyl-N-methylacetamide® (2.4)
s
r
o}

Following general procedure XIV, N-benzylmethylamine (258 uL, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column
chromatography (96:4, DCM/MeOH, R; 0.33) as a yellow-brown oil (296 mg, 91%). The
product was observed as two rotamers in its 'H and *C NMR spectra.

'H NMR (500 MHz, DMSO-d®): & 7.36 — 7.16 (m, 5H, Ph), 4.53 (s, 2H, minor rotamer, CH,), 4.46
(s, 2H, major rotamer, CH,), 2.88 (s, 3H, major rotamer, NCHs), 2.77 (s, 3H, minor rotamer,
NCHs), 2.04 (s, 3H, major rotamer, C(O)CHs), 2.02 (s, 3H, minor rotamer, C(O)CHs); B3C NMR
(126 MHz, CDCl3): 6 170.3 (major rotamer), 170.3 (minor rotamer), 138.3 (major rotamer),
138.0 (minor rotamer), 129.2 (minor rotamer), 128.8 (major rotamer), 127.9 (major rotamer),
127.6 (minor rotamer), 127.4 (minor rotamer), 127.0 (major rotamer), 53.7 (minor rotamer),
50.1 (major rotamer), 35.8 (major rotamer), 33.6 (minor rotamer), 22.0 (major rotamer), 21.7
(minor rotamer); HRMS-ESI calcd for [C10H:3NONa]": 186.0895 [M+Na]®. Found: 186.0897; FT-

IR (neat) vin cm™: 1638 (C=0 stretch). In agreement with previous literature data.

1-(4-CinnamyIpiperazin-1-y|)ethan-1-one236 (2.20)

N N
@Juo

Following general procedure XIV, 1-cinnamylpiperazine (405 mg, 2 mmol) was used as the
amine species. The title compound was recovered after purification by column

chromatography (88:12, DCM/MeOH, R¢ 0.31) as a dark brown oil (451 mg, 92%).
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'H NMR (500 MHz, CDCls): § 7.45 — 7.42 (m, 2H, Ph), 7.35 — 7.29 (m, 2H, Ph), 7.26 — 7.21 (m,
1H, Ph), 6.53 (d, J = 16.0 Hz, 1H, PhCH), 6.30 (dt, J = 16.0, 6.6 Hz, 1H, PhCHCH), 3.48 — 3.39 (m,
4H, C(O)NCH,), 3.11 (d, J = 6.6 Hz, 2H, CHCH,), 2.39 (t, J = 5.1 Hz, 2H, CH,NCH,), 2.34 (t, J = 5.1
Hz, 2H, CH,NCH,), 1.98 (s, 3H, CHs); *C NMR (126 MHz, CDCl3): & 168.1, 136.6, 132.3, 128.5,
127.4, 126.7, 126.2, 60.0, 52.8, 52.3, 45.6, 40.8, 21.2; HRMS-ESI calcd for [CisH»oN,ONal'":
267.1473 [M+Na]". Found: 267.1480; FT-IR (neat) v in cm™: 1627 (C=0 stretch).

N-Phenylacetamide”’ (2.6)

Lt

Following general procedure XV, aniline (182 pL, 2 mmol) was used as the amine species. The
title compound was recovered after purification by column chromatography (95:5,
DCM/MeOH, R; 0.30) as a pale brown solid (249 mg, 92%).

mp 114-116 °C (lit.”*’ 114-115 °C); "H NMR (500 MHz, DMSO-d®): § 9.90 (br s, 1H, NH), 7.57 (d,
J=8.0Hz, 2H, Ph), 7.28 (t, J = 7.7 Hz, 2H, Ph), 7.01 (t, J = 7.4 Hz, 1H, Ph), 2.04 (s, 3H, C(O)CHs);
B¢ NMR (126 MHz, DMSO-de): 6 168.2, 139.3, 128.6, 122.9, 118.9, 24.0; HRMS-ESI calcd for
[CsH1oNO]": 136.0762 [M+H]". Found: 136.0773; FT-IR (neat) v in cm™: 1662 (C=0 stretch). In

agreement with previous literature data.

N-(4-Methoxyphenyl)acetamide®’ (2.21)

m
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Following general procedure XV, p-anisidine (246 mg, 2 mmol) was used as the amine species.
The title compound was recovered after purification by column chromatography (95:5,
DCM/MeOH, R 0.26) as a brown solid (290 mg, 88%).

mp 129-130 °C (lit.?” 128-129 °C); *H NMR (500 MHz, DMSO-d®°): & 9.76 (br s, 1H, NH), 7.48 (d,
J = 8.9 Hz, 2H, 0-CHy,), 6.86 (d, J = 8.9 Hz, 2H, m-CH,,), 3.71 (s, 3H, OCHj3), 2.00 (s, 3H,
C(0)CHs); *C NMR (126 MHz, DMSO-d®): & 167.7, 155.0, 132.5, 120.5, 113.8, 55.1, 23.8; ESI-
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MS of [CoH11NO,]"; HRMS-ESI caled for [CoH15NO,]: 166.0868 [M+H]*. Found: 166.0887; FT-IR

(neat) vin cm™: 1646 (C=O stretch). In agreement with previous literature data.

N-Benzylacetamide®” (2.9)

Cla

o)

Following general procedure XVI, benzylamine (7.3 mL, 67 mmol) was used as the amine
species. The title compound was recovered after purification by column chromatography
(95:5, DCM/MeOH, R¢ 0.37) as an off-white solid (9.18 g, 92%).

mp 61-63 °C (lit.>”® 61 °C); "H NMR (500 MHz, CDCl3): § 7.34 — 7.21 (m, 5H, Ph), 6.18 (br s, 1H,
NH), 4.37 (d, J = 4.4 Hz, 2H, CH,), 1.97 (s, 3H, CHs); °C NMR (126 MHz, CDCl5): 6 170.1, 138.4,
128.7, 127.9, 127.5, 43.8, 23.2; HRMS-ESI calcd for [CoH,;NONa]*: 172.0738 [M+Na]". Found:
172.0752; FT-IR (neat) v in cm™: 1642 (C=0 stretch). In agreement with previous literature

data.

N-Phenylformamide®*® (2.22)

O

H

Following general procedure XIX, aniline (182 pL, 2 mmol) was used as the amine species. The
title compound was recovered after purification by column chromatography (95:5,
DCM/MeOH, R; 0.30) as a colourless oil (228 mg, 94%).

'H NMR (300 MHz, DMSO—ds): 6 10.27 — 10.08 (m, 1H, minor and major rotamers, NH), 8.79
(d, J=11.0 Hz, 1H, minor rotamer, CHO), 8.27 (d, J = 1.9 Hz, 1H, major rotamer, CHO), 7.59 (d,
J=7.6 Hz, 2H, major rotamer, Ph), 7.37 — 7.26 (m, 2H, minor and major rotamers, Ph), 7.19 (d,
J = 7.5 Hz, 2H, minor rotamer, Ph), 7.11 — 7.02 (m, 1H, minor and major rotamers, Ph); Bc
NMR (75 MHz, DMSO-d®): & 162.6 (minor rotamer), 159.6 (major rotamer), 138.4 (minor
rotamer), 138.3 (major rotamer), 129.4 (minor rotamer), 128.9 (major rotamer), 123.7 (minor

rotamer), 123.6 (major rotamer), 119.1 (major rotamer), 117.5 (minor rotamer); HRMS-ESI
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calcd for [C;H,NONa]': 144.0425 [M+Na]". Found: 144.0481; FT-IR (neat) v in cm™: 1670 (C=0

stretch). In agreement with previous literature data.

N-(4-Methoxyphenyl)formamide®*® (2.23)

Following general procedure XIX, p-anisidine (246 mg, 2 mmol) was used as the amine
species. The title compound was recovered after purification by column chromatography
(95:5, DCM/MeOH, R¢ 0.25) as a white-yellow solid (278 mg, 92%).

mp 79-81 °C (Iit.”*® 79-81 °C); 'H NMR (500 MHz, DMSO-d®): & 10.05 — 9.90 (m, 1H, minor and
major rotamers, NH), 8.59 (d, J/ = 11.1 Hz, 1H, minor rotamer, CHO), 8.20 (d, J = 1.6 Hz, 1H,
major rotamer, CHO), 7.50 (d, J = 9.0 Hz, 2H, major rotamer, 0-CH,,), 7.11 (d, J = 9.0 Hz, 2H,
minor rotamer, 0-CHp,;), 6.91 — 6.86 (m, 2H, minor and major rotamers, m-CHy,), 3.72 (s, 3H,
OCH,); °C NMR (126 MHz, DMSO-d®): 6 162.5 (minor rotamer), 159.0 (major rotamer), 156.0
(minor rotamer), 155.4 (major rotamer), 131.4 (major rotamer), 131.3 (minor rotamer), 120.6
(major rotamer), 119.7 (minor rotamer), 114.6 (minor rotamer), 114.0 (major rotamer), 55.3
(minor rotamer), 55.2 (major rotamer); HRMS-ESI calcd for [CsHoNO,Na]": 174.0531 [M+Na]".
Found: 174.0546; FT-IR (neat) v in cm™: 1655 (C=O stretch). In agreement with previous

literature data.

N-Benzylpropionamidez‘:’9 (2.24)

Cln

o]
Following general procedure XX, benzylamine (218 uL, 2 mmol) and ethyl propionate (461 pL,
4 mmol) were used as the amine and ester species, respectively. The title compound was
recovered after purification by column chromatography (100% DCM) as a yellow oil (300 mg,

92%).
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Rf (96:4, DCM/MeOH) 0.34; 'H NMR (300 MHz, CDCls): & 7.38 — 7.24 (m, 5H, Ph), 5.71 (br s,
1H, NH), 4.45 (d, J = 5.7 Hz, 2H, PhCH,), 2.25 (q, J = 7.6 Hz, 2H, CH3CH>), 1.19 (t, J = 7.6 Hz, 3H,
CHs); *C NMR (75 MHz, CDCl3): 6 173.6, 138.4, 128.8, 127.9, 127.6, 43.6, 29.8, 9.9; HRMS-ES|
calcd for [CioH1sNONa]™: 186.0895 [M+Na]*. Found: 186.0949; FT-IR (neat) v in cm™: 1641

(C=0 stretch). In agreement with previous literature data.

N-Benzyl-2-phenylacetamide®*® (2.25)

Following general procedure XX, benzylamine (218 uL, 2 mmol) and ethyl phenylacetate (638
pL, 4 mmol) were used as the amine and ester species, respectively. The title compound was
recovered after purification by column chromatography (from 100% DCM to 96:4,
DCM/MeOH) as a white solid (419 mg, 93%).

Rf (99:1, DCM/MeOH) 0.34; mp 123-124 °C (lit.>*° 121-123 °C); *H NMR (500 MHz, CDCl): &
7.37 — 7.21 (m, 8H, Ph), 7.20 — 7.15 (m, 2H, Ph), 6.05 (br s, 1H, NH), 4.38 (d, J = 5.9 Hz, 2H,
NHCH,), 3.58 (s, 2H, C(O)CH,); BC NMR (126 MHz, CDCls): 6 170.9, 138.2, 134.9, 129.4, 129.0,
128.6, 127.5, 127.4, 127.3, 43.8, 43.6; HRMS-ESI calcd for [CisH1sNONa]™: 248.1051 [M+Na]".
Found: 248.1108; FT-IR (neat) v in cm™: 1636 (C=0 stretch). In agreement with previous

literature data.

N-Benzyl-2-cyanoacetamide’*’ (2.26)
s
N
T
o}

Following general procedure XX, benzylamine (218 pL, 2 mmol) and ethyl cyanoacetate (426
uL, 4 mmol) were used as the amine and ester species, respectively. The title compound was
recovered after purification by column chromatography (from 100% DCM to 96:4,
DCM/MeOH) as a white solid (327 mg, 94%).
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R (96:4, DCM/MeOH) 0.31; mp 124-126 °C (lit.>** 124 °C); "H NMR (500 MHz, CDCl5): & 7.47 —
7.17 (m, 5H, Ph), 6.54 (br s, 1H, NH), 4.45 (d, J = 5.7 Hz, 2H, PhCH,), 3.36 (s, 2H, CNCH,); “*C
NMR (126 MHz, CDCls): & 160.8, 136.8, 128.9, 128.0, 127.9, 114.6, 44.4, 25.8; HRMS-ESI calcd
for [CioH1oN,ONa]": 197.0691 [M+Na]*. Found: 197.0696; FT-IR (neat) v in cm™: 1643 (C=0

stretch), 2257 (C=N stretch). In agreement with previous literature data.

N-Benzyl-2,2,2-trifluoroacetamide* (2.27)

©VT

(0]

Following general procedure XX, benzylamine (218 pL, 2 mmol) and ethyl trifluoroacetate
(238 uL, 2 mmol) were used as the amine and ester species, respectively, and the reaction
was performed at room temperature (25 °C) with no acid catalyst present. The title
compound was recovered after purification by column chromatography (100% DCM, R; 0.36)
as a white solid (406 mg, 100%).

mp 74-75 °C (lit.?*® 74-75 °C); "H NMR (300 MHz, CDCl,): § 7.46 — 7.19 (m, S5H, Ph), 6.82 (br s,
1H, NH), 4.51 (d, J = 5.8 Hz, 2H, CH,); *C NMR (75 MHz, CDCl3): § 157.2 (q, J = 37.1 Hz), 135.9,
129.1, 128.3, 128.0, 115.9 (q, J = 287.7 Hz), 43.9; ">F NMR (470 MHz, CDCly): & -75.84
(referenced against 4-fluorotoluene); HRMS-ESI calcd for [CoH,F3sNO]™: 202.0480 [M+H]".
Found: 202.0486; FT-IR (neat) v in cm™: 1699 (C=O stretch). In agreement with previous

literature data.

2,2,2-Trifluoro-N-(1-phenylethyl)acetamide®** (2.28)

H
N_ _CF,

b

0

Following general procedure XX, racemic-methylbenzylamine (255 plL, 2 mmol) and ethyl
trifluoroacetate (238 uL, 2 mmol) were used as the amine and ester species, respectively, and

the reaction was performed at room temperature (25 °C) with no acid catalyst present. The
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title compound was recovered after purification by column chromatography (100% DCM, R
0.30) as a white solid (433 mg, 100%).

mp 89-90 °C (lit.** 88 °C); 'H NMR (500 MHz, CDCl3): & 7.41 — 7.36 (m, 2H, Ph), 7.35 - 7.30 (m,
3H, Ph), 6.43 (brs, 1H, NH), 5.15 (quint, J = 7.1 Hz, 1H, NHCH), 1.60 (d, J = 7.1 Hz, 3H, CH); **C
NMR (126 MHz, CDCl3): 6 156.3 (g, J = 37.0 Hz), 140.9, 129.0, 128.1, 126.1, 115.8 (q, / = 288.1
Hz), 49.8, 21.0; °F NMR (470 MHz, CDCly): & -75.92 (referenced against 4-fluorotoluene);
HRMS-ESI calcd for [C1oH11F3NO]: 218.0793 [M+H]". Found: 218.0789; FT-IR (neat) v in em™:
1693 (C=0 stretch); [01].320 + 0 (c 1.0 in CHCIs); HPLC: Chiracel OD column (25 cm), 1.0 mL min™,
98:2 Hexane:IPA, (S)-enantiomer retention time 11.20 minutes, (R)-enantiomer retention

time 19.40 minutes. In agreement with previous literature data.

(R)-2,2,2-Trifluoro-N-(1-phenylethyl)acetamide®® (2.29)

Following general procedure XX, (R)-(+)-a-methylbenzylamine (255 uL, 2 mmol) and ethyl
trifluoroacetate (238 uL, 2 mmol) were used as the amine and ester species, respectively, and
the reaction was performed at room temperature (25 °C) with no acid catalyst present. The
title compound was recovered after purification by column chromatography (100% DCM, R¢
0.30) as a white solid (434 mg, 100%).

mp 89 °C (lit.**> 88 °C); 'H NMR (500 MHz, CDCl3): & 7.41 — 7.36 (m, 2H, Ph), 7.35 — 7.30 (m,
3H, Ph), 6.43 (br s, 1H, NH), 5.15 (quint, J = 7.1 Hz, 1H, NHCH), 1.60 (d, J = 7.1 Hz, 3H, CH5); B¢
NMR (126 MHz, CDCls): 6 156.3 (q, J = 37.0 Hz), 140.9, 129.0, 128.1, 126.1, 115.8 (q, / = 288.1
Hz), 49.8, 21.0; °F NMR (470 MHz, CDCl): & -75.92 (referenced against 4-fluorotoluene);
HRMS-ESI calcd for [C1oH11F3sNO]": 218.0793 [M+H]". Found: 218.0797; FT-IR (neat) v in cm™:
1697 (C=0 stretch); [a]p™® + 138 (c 1.0 in CHCl3) (Iit.”®® [alp”® + 137 (c 1.0 in CHCl3)); HPLC:
Chiracel OD column (25 cm), 1.0 mL min, 98:2 Hexane:IPA, (R)-enantiomer retention time
18.81 minutes, no peak observed for (S)-enantiomer at 11.20 minutes, ee > 99%. In

agreement with previous literature data.
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tert-Butyl (2-(benzylamino)-2-oxoethyl)carbamate®*° (2.30)

T

Following general procedure XX, benzylamine (218 uL, 2 mmol) and N-Boc-glycine methyl
ester (351 uL, 2 mmol) were used as the amine and ester species, respectively. The title
compound was recovered after purification by column chromatography (94:6, DCM/MeOH, R¢
0.32) as an off-white solid (512 mg, 97%).

mp 66-68 °C (lit.>*® 65 °C); "H NMR (300 MHz, CDCl5): § 7.34 — 7.16 (m, S5H, Ph), 6.93 (br s, 1H,
PhCH,NH), 5.50 (t, J = 5.1 Hz, 1H, OC(O)NH), 4.39 (d, J = 5.8 Hz, 2H, PhCH,), 3.79 (d, J = 5.1 Hz,
2H, C(O)CH,), 1.39 (s, 9H, (CHs)s); >C NMR (75 MHz, CDCl3): & 169.6, 156.2, 138.0, 128.7,
127.6, 127.5, 80.2, 44.4, 43.3, 28.3; HRMS-ESI calcd for [C14H0N,0sNa]": 287.1372 [M+Na]".
Found: 287.1346; FT-IR (neat) v in cm™: 1655 (amide C=0 stretch), 1703 (carbamate C=0

stretch). In agreement with previous literature data.

N-Benzylbenzamide (2.31)
Ol
N

Following general procedure XX, benzylamine (218 puL, 2 mmol) and methyl benzoate (250 pL,
2 mmol) were used as the amine and ester species, respectively, and the reaction was
performed at 150 °C. Percentage conversion into 2.31 was calculated from the crude 'H NMR

spectra by comparison of the peaks corresponding to the starting material and and 2.31.
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N-Benzyl-4-nitrobenzamide®"’ (2.32)

o NO,
H
N

Following general procedure XX, benzylamine (218 pL, 2 mmol) and methyl 4-nitrobenzoate
(362 mg, 2 mmol) were used as the amine and ester species, respectively, and the reaction
was performed at 150 °C. The title compound was recovered after purification by column
chromatography (from 100% DCM to 96:4, DCM/MeOH) as an off-white solid (307 mg, 60%).

R (98:2, DCM/MeOH) 0.33; mp 140-142 °C (lit.**® 139-140 °C); 'H NMR (500 MHz, CDCls): &
8.26 (d, J = 8.9 Hz, 2H, m-CH,,), 7.94 (d, J = 8.9 Hz, 2H, 0-CHy,), 7.40 — 7.29 (m, 5H, Ph), 6.59
(br s, 1H, NH), 4.65 (d, J = 5.7 Hz, 2H, CH,); *C NMR (126 MHz, CDCls): & 165.3, 149.6, 139.9,
137.4, 128.9, 128.2, 128.0, 127.9, 123.8, 44.5; HRMS-ESI calcd for [C14H1,N,0sNa]™: 279.0746
[M+Na]*. Found: 279.0726; FT-IR (neat) v in cm™: 1629 (C=0 stretch). In agreement with

previous literature data.

Investigations into the Reaction Mechanism

General Procedure XXI — PhCH,CH,CO,H Catalyst Screen

(Table 2.19, Results and Discussion 1)

To an oven dried Radleys carousel tube containing 4-methylbenzylamine (127 uL, 1 mmol)
was added the appropriate amount of ethyl acetate, followed by the appropriate amount of
3-phenylpropionic acid. The carousel tube was then sealed and the reaction mixture heated
at 80 °C for 20 hours. After being allowed to cool to room temperature, the reaction mixture
was diluted with ethyl acetate (20 mL) and washed with NaHCOs (3 x 20 mL). The organics
were dried with MgSQ,, filtered and concentrated in vacuo on a rotary evaporator. The
resulting crude reaction mixture was analysed by 'H NMR spectroscopy. Percentage
conversion into N-(4-methylbenzyl)acetamide and N-(4-methylbenzyl)-3-phenylpropanamide
was calculated from the crude *H NMR spectra by comparison of the peaks at 3.85 ppm (2H,
4-methylbenzylamine), 4.39 ppm (2H, N-(4-methylbenzyl)acetamide and N-(4-methylbenzyl)-
3-phenylpropanamide). Product ratios were also calculated from the crude 'H NMR spectra
by comparison of the peaks at 3.00 ppm (2H, N-(4-methylbenzyl)-3-phenylpropanamide) and
2.02 ppm (3H, N-(4-methylbenzyl)acetamide).
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General Procedure XXII — *C-Labelled Acetic Acid Screen

(Table 2.20, Results and Discussion 1)

To an oven dried Radleys carousel tube containing 4-methylbenzylamine (127 pL, 1 mmol)
was added ethyl acetate (0.5 mL, 2 M) followed by the appropriate amount of acetic acid-2-
3C. The carousel tube was then sealed and the reaction mixture heated at 80 °C for 20 hours.
After being allowed to cool to room temperature, the reaction mixture was diluted with ethyl
acetate (20 mL) and washed with NaHCOs; (3 x 20 mL). The organics were dried with MgSQy,,
filtered and concentrated in vacuo on a rotary evaporator. The resulting crude reaction
mixture was analysed by 'H and *C NMR spectroscopy. Percentage incorporation of labelled
acetic acid was calculated using (i) the integrals of the two acetyl methyl peaks in each of the
guantitative BC NMR spectra; (ii) the integrals of the arene methyl satellite peaks and the

acetyl methyl satellite peaks in each of the 'H NMR spectra.
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6.3. Chapter 3 Experimental Methods and Compound Characterisation

General Procedure XXIIl — Additive Screen under Reaction Conditions A

(Table 3.1, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing 4-methoxybenzonitrile (133 mg, 1 mmol)
was added Cu(OAc), (18 mg, 10 mol%), the appropriate additive (1 equivalent, unless stated
otherwise), water (72 pL, 4 mmol) and toluene (1 mL, 1 M). The tube was then sealed and the
reaction mixture heated at 110 °C for 24 hours. After being allowed to cool to room
temperature, the crude reaction mixture was diluted with methanol (5 mL) and the solvent
removed in vacuo on a rotary evaporator. Percentage conversion into 4-methoxybenzamide
was calculated from the crude 'H NMR spectra by comparison of the peaks at 6.95 ppm (2H,

4-methoxybenzamide) and 7.06 ppm (2H, 4-methoxybenzonitrile).

General Procedure XXIV — Additive Screen under Reaction Conditions B

(Table 3.1, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing 4-methoxybenzonitrile (133 mg, 1 mmol)
was added Cu(OAc), (18 mg, 10 mol%), the appropriate additive (1 equivalent), water (0.5 mL,
2 M) and toluene (0.5 mL, 2 M). The tube was then sealed and the reaction mixture heated at
100 °C for 24 hours. After being allowed to cool to room temperature, the crude reaction
mixture was diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary
evaporator. Percentage conversion into 4-methoxybenzamide was calculated from the crude
'H NMR spectra by comparison of the peaks at 6.95 ppm (2H, 4-methoxybenzamide) and 7.06
ppm (2H, 4-methoxybenzonitrile).

General Procedure XXV — Metal Oxalate and Metal Acetate Catalyst Screen

(Table 3.2, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing 4-methoxybenzonitrile (133 mg, 1 mmol)
was added the appropriate catalyst (10 mol%, unless otherwise stated), water (72 uL, 4
mmol) and toluene (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at
110 °C for 24 hours. After being allowed to cool to room temperature, the crude reaction
mixture was diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary

evaporator. Percentage conversion into 4-methoxybenzamide was calculated from the crude
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'H NMR spectra by comparison of the peaks at 6.95 ppm (2H, 4-methoxybenzamide) and 7.06

ppm (2H, 4-methoxybenzonitrile).

General Procedure XXVI — Copper(ll) Hydroxide and Copper(ll) Carbonate Hydroxide as
Catalysts in the Hydration Reaction

(Table 3.3, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing 4-methoxybenzonitrile (133 mg, 1 mmol)
was added the appropriate copper complex (20 mol%) and the appropriate solvent system (1
mL, 1 M). The tube was then sealed and the reaction mixture heated at the appropriate
temperature for 24 hours. After being allowed to cool to room temperature, the crude
reaction mixture was diluted with methanol (5 mL) and the solvent removed in vacuo on a
rotary evaporator. Percentage conversion into 4-methoxybenzamide was calculated from the
crude 'H NMR spectra by comparison of the peaks at 6.95 ppm (2H, 4-methoxybenzamide)

and 7.06 ppm (2H, 4-methoxybenzonitrile).

General Procedure XXVII - Initial Metal Catalyst Screen

(Table 3.4, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing butyronitrile (87 uL, 1 mmol) was added
the appropriate catalyst (10 mol%, unless otherwise stated) and water (72 uL, 4 mmol). The
tube was then sealed and the reaction mixture heated at 110 °C for 24 hours. After being
allowed to cool to room temperature, the crude reaction mixture was diluted with methanol
(5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-Dimethoxybenzene (46
mg, 1/3 mmol) was used as an NMR standard and the crude reaction mixture was analysed by
'H NMR spectroscopy in DMSO-d°. Percentage conversion into butyramide was calculated
from the crude 'H NMR spectra by comparison of the peaks at 2.02 ppm (2H, butyramide)
and 6.84 ppm (4/3H, NMR standard).

General Procedure XXVIII — Palladium Catalyst Screen

(Table 3.5, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing butyronitrile (87 pL, 1 mmol) was added
the appropriate palladium catalyst (10 mol%) and water (72 uL, 4 mmol). The tube was then
sealed and the reaction mixture heated at 110 °C for 24 hours. After being allowed to cool to

room temperature, the crude reaction mixture was diluted with methanol (5 mL) and the
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solvent removed in vacuo on a rotary evaporator. 1,4-Dimethoxybenzene (46 mg, 1/3 mmol)
was used as an NMR standard and the crude reaction mixture was analysed by 'H NMR
spectroscopy in DMSO-d°. Percentage conversion into butyramide was calculated from the
crude 'H NMR spectra by comparison of the peaks at 2.02 ppm (2H, butyramide) and 6.84
ppm (4/3H, NMR standard).

General Procedure XXIX — Solvent Screen

(Table 3.6, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing butyronitrile (87 uL, 1 mmol) was added
Pd(OAc), (22 mg, 10 mol%), water (72 uL, 4 mmol) and the appropriate solvent (1 mL, 1 M).
The tube was then sealed and the reaction mixture heated at 110 °C for 24 hours. After being
allowed to cool to room temperature, the crude reaction mixture was diluted with methanol
(5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-Dimethoxybenzene (46
mg, 1/3 mmol) was used as an NMR standard and the crude reaction mixture was analysed by
'H NMR spectroscopy in DMSO-d®. Percentage conversion into butyramide was calculated
from the crude 'H NMR spectra by comparison of the peaks at 2.02 ppm (2H, butyramide)
and 6.84 ppm (4/3H, NMR standard).

General Procedure XXX — Palladium(ll) Acetate Catalyst Loading Screen at 110 °C

(Table 3.7, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing butyronitrile (87 uL, 1 mmol) was added
the appropriate amount of palladium acetate and water (1 mL, 1 M). The tube was then
sealed and the reaction mixture heated at 110 °C, unless otherwise stated, for 24 hours. After
being allowed to cool to room temperature, the crude reaction mixture was diluted with
methanol (5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-
Dimethoxybenzene (46 mg, 1/3 mmol) was used as an NMR standard and the crude reaction
mixture was analysed by 'H NMR spectroscopy in DMSO-d®. Percentage conversion into
butyramide was calculated from the crude 'H NMR spectra by comparison of the peaks at

2.02 ppm (2H, butyramide) and 6.84 ppm (4/3H, NMR standard).
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General Procedure XXXI — Palladium(ll) Acetate:Bipy Ratio Screen

(Table 3.8, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing butyronitrile (87 uL, 1 mmol) was added
the appropriate amount of palladium acetate, the appropriate amount of 2,2'-bipyridine and
water (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 80 °C, unless
otherwise stated, for 24 hours. After being allowed to cool to room temperature, the crude
reaction mixture was diluted with methanol (5 mL) and the solvent removed in vacuo on a
rotary evaporator. 1,4-Dimethoxybenzene (46 mg, 1/3 mmol) was used as an NMR standard
and the crude reaction mixture was analysed by 'H NMR spectroscopy in DMSO-d°.
Percentage conversion into butyramide was calculated from the crude 'H NMR spectra by

comparison of the peaks at 2.02 ppm (2H, butyramide) and 6.84 ppm (4/3H, NMR standard).

General Procedure XXXII - Ligand Screen
(Table 3.9, Results and Discussion Il)

No preforming of catalyst: To an oven dried Schlenk carousel tube containing butyronitrile (87

puL, 1 mmol) was added palladium acetate (11 mg, 5 mol%), water (1 mL, 1 M) and the
appropriate ligand (5 mol%).

Preforming of catalyst: To an oven dried Schlenk carousel tube containing palladium acetate

(11 mg, 5 mol%) was added 2,2’-bipyridine (7.8 mg, 5 mol%) and water (0.5 mL). The reaction
mixture was stirred for 5 minutes until the palladium species solubilised and a light yellow

solution was observed. Butyronitrile (87 uL, 1 mmol) and water (0.5 mL) were then added.

The tube was then sealed and the reaction mixture heated at 60 °C for 24 hours. After being
allowed to cool to room temperature, the crude reaction mixture was diluted with methanol
(5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-Dimethoxybenzene (46
mg, 1/3 mmol) was used as an NMR standard and the crude reaction mixture was analysed by
'H NMR spectroscopy in DMSO-d®. Percentage conversion into butyramide was calculated
from the crude 'H NMR spectra by comparison of the peaks at 2.02 ppm (2H, butyramide)
and 6.84 ppm (4/3H, NMR standard).
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General Procedure XXXIll — Water Concentration, Temperature, Catalyst Loading and
Catalyst Formation Screen
(Table 3.10, Results and Discussion )

No preforming of catalyst: To an oven dried Schlenk carousel tube containing butyronitrile (87

puL, 1 mmol) was added the appropriate amount of palladium acetate, the appropriate
amount of 2,2’-bipyridine and the appropriate amount of water.

Preforming of catalyst: To an oven dried Schlenk carousel tube containing the appropriate

amount of palladium acetate was added the appropriate amount of 2,2’-bipyridine and half of
the appropriate amount of water. The reaction mixture was stirred for 5 minutes until the
palladium species solubilised and a light yellow solution was observed. Butyronitrile (87 pL, 1

mmol) and the other half of the water were then added.

The tube was then sealed and the reaction mixture heated at the appropriate temperature
for 24 hours. After being allowed to cool to room temperature, the crude reaction mixture
was diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary evaporator.
1,4-Dimethoxybenzene (46 mg, 1/3 mmol) was used as an NMR standard and the crude
reaction mixture was analysed by '"H NMR spectroscopy in DMSO-d®. Percentage conversion
into butyramide was calculated from the crude 'H NMR spectra by comparison of the peaks

at 2.02 ppm (2H, butyramide) and 6.84 ppm (4/3H, NMR standard).

General Procedure XXXIV — Metal Acetate and Palladium(ll) Chloride Screen at 70 °C

(Table 3.11, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing butyronitrile (87 puL, 1 mmol) was added
the appropriate catalyst (5 mol%), 2,2'-bipyridine, (7.8 mg, 5 mol%) if appropriate, and water
(2 mL, 0.5 M). The tube was then sealed and the reaction mixture heated at 70 °C for 24
hours. After being allowed to cool to room temperature, the crude reaction mixture was
diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-
Dimethoxybenzene (46 mg, 1/3 mmol) was used as an NMR standard and the crude reaction
mixture was analysed by 'H NMR spectroscopy in DMSO-d°. Percentage conversion into
butyramide was calculated from the crude 'H NMR spectra by comparison of the peaks at

2.02 ppm (2H, butyramide) and 6.84 ppm (4/3H, NMR standard).
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General Procedure XXXV - Silver Salt Screen with Palladium(Il) Chloride

(Table 3.12, Results and Discussion 1)

To an oven dried Schlenk carousel tube containing butyronitrile (87 pL, 1 mmol) was added
PdCl;, (8.9 mg, 5 mol%), the appropriate silver salt (10 mol%) and water (2 mL, 0.5 M). The
tube was then sealed and the reaction mixture heated at 70 °C for 24 hours. After being
allowed to cool to room temperature, the crude reaction mixture was diluted with methanol
(5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-Dimethoxybenzene (46
mg, 1/3 mmol) was used as an NMR standard and the crude reaction mixture was analysed by
'H NMR spectroscopy in DMSO-d°. Percentage conversion into butyramide was calculated
from the crude 'H NMR spectra by comparison of the peaks at 2.02 ppm (2H, butyramide)
and 6.84 ppm (4/3H, NMR standard).

General Procedure XXXVI — Dioxane Co-Solvent Screen

(Table 3.13, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing 4-chlorobenzonitrile (138 mg, 1 mmol) was
added palladium acetate (11 mg, 5 mol%), 2,2'-bipyridine, (7.8 mg, 5 mol%, unless stated
otherwise), and the appropriate water to organic solvent ratio (total 2 mL, 0.5 M). The tube
was then sealed and the reaction mixture heated at the appropriate temperature for 24
hours. After being allowed to cool to room temperature, the crude reaction mixture was
diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-
Dimethoxybenzene (46 mg, 1/3 mmol) was used as an NMR standard and the crude reaction
mixture was analysed by ‘H NMR spectroscopy in DMSO-d°. Percentage conversion into 4-
chlorobenzamide was calculated from the crude 'H NMR spectra by comparison of the peaks

at 7.93 ppm (2H, 4-chlorobenzamide) and 6.81 ppm (4/3H, NMR standard).

General Procedure XXXVII — Additive Inhibition Investigations

(Table 3.16, Results and Discussion 1)

To an oven dried Schlenk carousel tube containing butyronitrile (87 pL, 1 mmol) was added
palladium acetate (11 mg, 5 mol%), 2,2'-bipyridine, (7.8 mg, 5 mol%), the appropriate additive
(1 equiv.) and water (2 mL, 0.5 M). The tube was then sealed and the reaction mixture heated
at 70 °C for 24 hours. After being allowed to cool to room temperature, the crude reaction
mixture was diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary

evaporator. 1,4-Dimethoxybenzene (46 mg, 1/3 mmol) was used as an NMR standard and the

189



crude reaction mixture was analysed by 'H NMR spectroscopy in DMSO-d°®. Percentage
conversion into butyramide was calculated from the crude 'H NMR spectra by comparison of

the peaks at 2.02 ppm (2H, butyramide) and 6.84 ppm (4/3H, NMR standard).

General Procedure XXXVIII — Addition of Acid to the Hydration of 4-Pyridinecarbonitrile
Reaction
(Table 3.17, Results and Discussion )

No preforming of catalyst: To an oven dried Schlenk carousel tube containing 4-

pyridinecarbonitrile (104 mg, 1 mmol) was added palladium acetate (11 mg, 5 mol%), 2,2'-
bipyridine, (7.8 mg, 5 mol%), the appropriate acid (1 equiv.), dioxane (0.6 mL) and water (1.4
mL).

Preforming of catalyst: To an oven dried Schlenk carousel tube containing palladium acetate

(11 mg, 5 mol%) was added 2,2'-bipyridine, (7.8 mg, 5 mol%), dioxane (0.3 mL) and water (0.7
mL). The reaction mixture was stirred for 5 minutes until the palladium species solubilised
and a light yellow solution was observed. 4-Pyridinecarbonitrile (104 mg, 1 mmol), the

appropriate acid (1 equiv), dioxane (0.3 mL) and water (0.7 mL) were then added.

The tube was then sealed and the reaction mixture heated at 70 °C for 24 hours. After being
allowed to cool to room temperature, the crude reaction mixture was diluted with methanol
(5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-Dimethoxybenzene (46
mg, 1/3 mmol) was used as an NMR standard and the crude reaction mixture was analysed by
'H NMR spectroscopy in DMSO-d°. Percentage conversion into isonicotinamide was
calculated from the crude 'H NMR spectra by comparison of the peaks at 8.71 ppm (2H,
isonicotinamide) and 6.84 ppm (4/3H, NMR standard).

Synthesis of Primary Amides

General Procedure XXXIX — Synthesis of Primary Amide Products in Water (Solvent System
A)

(Table 3.14, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing the appropriate nitrile (1 mmol) was added
palladium acetate (11 mg, 5 mol%), 2,2'-bipyridine, (7.8 mg, 5 mol%) and water (2 mL, 0.5 M).
The tube was then sealed and the reaction mixture heated at 70 °C for 24 hours. After being

allowed to cool to room temperature, the reaction mixture was diluted with methanol (5 mL)
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and the solvent removed in vacuo on a rotary evaporator whilst azeotroping with toluene.
Where the reaction had gone to quantitative conversion or the starting nitrile was volatile,
the crude reaction mixture was passed through a short plug of silica to remove the catalyst
(eluting with DCM/MeOH, 95:5). Otherwise, the primary amide products were purified by

column chromatography (eluting with DCM/MeOH, 95:5, unless otherwise stated).

General Procedure XL — Synthesis of Primary Amide Products in Water/Dioxane (Solvent
System B)

(Table 3.14, Results and Discussion 1)

To an oven dried Schlenk carousel tube containing the appropriate nitrile (1 mmol) was added
palladium acetate (11 mg, 5 mol%), 2,2'-bipyridine, (7.8 mg, 5 mol%), dioxane (0.6 mL) and
water (1.4 mL). The tube was then sealed and the reaction mixture heated at 70 °C for 24
hours. After being allowed to cool to room temperature, the reaction mixture was diluted
with methanol (5 mL) and the solvent removed in vacuo on a rotary evaporator whilst
azeotroping with toluene. Where the reaction had gone to quantitative conversion or the
starting nitrile was volatile, the crude reaction mixture was passed through a short plug of
silica to remove the catalyst (eluting with DCM/MeOH, 95:5). Otherwise, the primary amide
products were purified by column chromatography (eluting with DCM/MeOH, 95:5, unless

otherwise stated).

General Procedure XLI — Notable Substrate Exceptions

(Table 3.15, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing the appropriate nitrile (1 mmol) was added
palladium acetate (11 mg, 5 mol%), 2,2'-bipyridine, (7.8 mg, 5 mol%) and either water (2 mL,
0.5 M, solvent system A) or water/dioxane (1.4 mL/0.6 mL, solvent system B) as stated. The
tube was then sealed and the reaction mixture heated at 70 °C for 24 hours. After being
allowed to cool to room temperature, the reaction mixture was diluted with methanol (5 mL)
and the solvent removed in vacuo on a rotary evaporator. 1,4-Dimethoxybenzene (46 mg, 1/3
mmol) was used as an NMR standard and the crude reaction mixture was analysed by 'H

NMR spectroscopy.
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General Procedure XLII - Synthesis of Ethenzamide

(Scheme 3.8, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing 2-ethoxybenzonitrile (147 mg, 1 mmol)
was added palladium acetate (11 mg, 5 mol%), 2,2'-bipyridine, (7.8 mg, 5 mol%), dioxane (0.6
mL) and water (1.4 mL). The tube was then sealed and the reaction mixture heated at 90 °C
for 24 hours. After being allowed to cool to room temperature, the reaction mixture was
diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary evaporator whilst
azeotroping with toluene. The crude reaction mixture was passed through a short plug of

silica to remove the catalyst (eluting with DCM/MeOH, 95:5).

General Procedure XLIII - Scale-up Example

(Scheme 3.9, Results and Discussion Il)

To an oven dried round bottomed flask containing benzonitrile (4.12 mL, 40 mmol) was added
palladium acetate (0.45 g, 5 mol%), 2,2'-bipyridine, (0.31 g, 5 mol%) and water (80 mL, 0.5 M).
The round bottomed flask was then sealed with a rubber septum and a needle inserted into
the top, and the reaction mixture heated at 70 °C for 24 hours. After being allowed to cool to
room temperature, the reaction mixture was diluted with methanol (100 mL) and the solvent
removed in vacuo on a rotary evaporator whilst azeotroping with toluene. The crude reaction
mixture was passed through a short plug of silica to remove the catalyst (eluting with

DCM/MeOH, 95:5).

Butyramide” (3.6)

\/\H/NHZ

o}

Following general procedure XXXIX, butyronitrile (87 pL, 1 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (84 mg, 97%) after being passed
through a silica plug and the solvent evaporated.

mp 115-117 °C (Iit.** 115-117 °C); *H NMR (500 MHz, DMSO-d®): 6 7.23 (br's, 1H, NH), 6.71 (br
s, 1H, NH), 2.01 (t, J = 7.4 Hz, 2H, C(O)CH,), 1.55 — 1.41 (sext, J = 7.4 Hz, 2H, CH3CH,), 0.84 (t, J
= 7.4 Hz, 3H, CHs); Bc NMR (126 MHz, DMSO-dS): 6 174.4, 37.2, 18.6, 13.7; HRMS-ESI calcd
for [C4HsNONa]*: 110.0576 [M+Na]*. Found: 110.0558; FT-IR (neat) v in cm™: 3360, 3173,

1655, 1630. In agreement with previous literature data.
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Propionamide92 (3.11)

o}
Following general procedure XXXIX, propionitrile (72 uL, 1 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (64 mg, 88%) after being passed
through a silica plug and the solvent evaporated.
mp 78-80 °C (Iit.>*> 79 °C); 'H NMR (500 MHz, CDCl,): & 5.36 (br s, 2H, NH,), 2.27 (g, J = 7.6 Hz,
2H, CH,), 1.17 (t, J = 7.6 Hz, 3H, CHs); *C NMR (126 MHz, CDCl;): & 176.2, 29.1, 9.8; HRMS-ESI
calcd for [C3H,NONa]": 96.0420 [M+Na]’. Found: 96.0420; FT-IR (neat) v in cm™: 3351, 3176,

1627, 1605. In agreement with previous literature data.
Cinnamamide” (3.12)

Pz NH,
0

Following general procedure XL, cinnamonitrile (129 mg, 1 mmol) was used as the nitrile
species. The title compound was recovered after purification by column chromatography (R¢
0.16) as an off-white solid (136 mg, 93%).

mp 149-151 °C (lit.”* 149-151 °C); ‘"H NMR (500 MHz, CDCls): & 7.65 (d, J = 15.7 Hz, 1H, PhCH),
7.54 —7.48 (m, 2H, Ph), 7.41 - 7.33 (m, 3H, Ph), 6.47 (d, J = 15.7 Hz, 1H, PhCHCH), 5.78 (br s,
2H, NH,); *C NMR (126 MHz, CDCl3): & 168.0, 142.6, 134.7, 130.1, 129.0, 128.1, 119.7; HRMS-
ESI calcd for [CoHsNONa]™ and [CoH1oNO]™: 170.0576 [M+Na]" and 148.0757 [M+H]". Found:
170.0580 and 148.0760; FT-IR (neat) v in cm™: 3382, 3161, 1655, 1607. In agreement with

previous literature data.

2-Bromopropanamide”° (3.13)

Br

)\H/NHZ

o]
Following general procedure XXXIX, 2-bromopropionitrile (87 puL, 1 mmol) was used as the
nitrile species. The title compound was recovered as an orange/brown solid (129 mg, 85%)

after being passed through a silica plug and the solvent evaporated.
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mp 119-121 °C (lit.”** 122-123 °C); 'H NMR (500 MHz, DMSO-d®): & 7.61 (br s, 1H, NH), 7.19
(br's, 1H, NH), 4.43 (q, J = 6.8 Hz, 1H, CHBr), 1.62 (d, J = 6.8 Hz, 3H, CHs); >C NMR (126 MHz,
CDCly): & 170.7, 44.1, 21.7; HRMS-ESI calcd for [C3HgBrNONa]* and [CsH,BrNO]*: 173.9525
[M+Na]* and 151.9706 [M+H]". Found: 173.9524 and 151.9702; FT-IR (neat) v in cm™: 3326,

3164, 1661, 1628. In agreement with previous literature data.
3-Phenylpropanamide92 (3.14)

NH,
o}
Following general procedure XXXIX, 3-phenylpropionitrile (131 pL, 1 mmol) was used as the
nitrile species. The title compound was recovered as a white solid (136 mg, 91%) after being
passed through a silica plug and the solvent evaporated.
mp 97-99 °C (lit.* 96-98 °C); "H NMR (300 MHz, CDCl5): 6 7.33 — 7.26 (m, 2H, Ph), 7.25 — 7.17
(m, 3H, Ph), 5.40 (br s, 2H, NH), 2.98 (t, J = 7.7 Hz, 2H, PhCH,CH,), 2.54 (t, J = 7.7 Hz, 2H,
PhCH,); BC NMR (126 MHz, CDCls): & 174.6, 140.8, 128.7, 128.5, 126.5, 37.7, 31.5; HRMS-ESI
calcd for [CoHi;NONa]*: 172.0733 [M+Na]’. Found: 172.0730; FT-IR (neat) v in cm™: 3388,

3185, 1646, 1627. In agreement with previous literature data.

3-Methylbutanamide®” (3.15)

Y\H/NHZ
O

Following general procedure XXXIX, isovaleronitrile (105 pL, 1 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (76 mg, 75%) after being passed
through a silica plug and the solvent evaporated.

mp 134-136 °C (lit.”*> 134-135 °C); 'H NMR (500 MHz, DMSO-d®): & 7.20 (br s, 1H, NH), 6.67
(br's, 1H, NH), 1.99 — 1.87 (m, 3H, CH and CH,), 0.87 (d, J = 6.4 Hz, 6H, CH(CHs),); *C NMR
(126 MHz, DMSO—dG): & 173.6, 44.5, 25.3, 22.3; HRMS-ESI calcd for [CsH;;NONa]® and
[CsH1,NO]™: 124.0733 [M+Na]” and 102.0913 [M+H]". Found: 124.0733 and 102.0916; FT-IR

(neat) vin cm™: 3346, 3175, 1661, 1627. In agreement with previous literature data.
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Benzamide®” (3.16)

(0]

NH,

Following general procedure XXXIX, benzonitrile (103 uL, 1 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (117 mg, 97%) after being passed
through a silica plug and the solvent evaporated.

mp 127-128 °C (lit.”* 129-130 °C); '*H NMR (500 MHz, DMSO-d®): § 7.96 (br s, 1H, NH), 7.87 (d,
J=7.3Hz, 2H, Ph), 7.52 (t, J = 7.3 Hz, 1H, Ph), 7.44 (t, J = 7.4 Hz, 2H, Ph), 7.35 (br s, 1H, NH);
B¢ NMR (126 MHz, DMSO—dG): 6 167.8, 134.2, 131.2, 128.2, 127.4; HRMS-ESI calcd for
[C;HsNO]": 122.0600 [M+H]*. Found: 122.0601; FT-IR (neat) v in cm™: 3361, 3165, 1655, 1619.

In agreement with previous literature data.

4-Fluorobenzamide® (3.17)

o)
NH,

F
Following general procedure XXXIX, 4-fluorobenzonitrile (121 mg, 1 mmol) was used as the
nitrile species. The title compound was recovered as a white solid (125 mg, 90%) after being
passed through a silica plug and the solvent evaporated.
mp 152-154 °C (lit.>* 153-155 °C); '"H NMR (500 MHz, DMSO-d®): & 7.98 (br s, 1H, NH), 7.94
(dd, J = 8.8, 5.6 Hz, 2H, CH,,), 7.38 (br s, 1H, NH), 7.27 (t, J = 8.8 Hz, 2H, CH,,); *C NMR (126
MHz, DMSO-d°): 6 166.8, 163.9 (d, J = 248.3 Hz), 130.7 (d, J = 2.9 Hz), 130.1 (d, J = 9.0 Hz),
115.1 (d, J = 21.6 Hz); F NMR (470 MHz, DMSO-d®): & -111.07 (referenced against
trifluoroacetic acid): HRMS-ESI calcd for [C;HsFNONa]*: 162.0326 [M+Na]*. Found: 162.0324;
FT-IR (neat) vin cm™: 3322, 3146, 1670, 1622. In agreement with previous literature data.
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4-(Trifluoromethyl)benzamide® (3.18)

o}
NH,

FsC

Following general procedure XXXIX, 4-(trifluoromethyl)benzonitrile (171 mg, 1 mmol) was
used as the nitrile species. The title compound was recovered as a white solid (180 mg, 95%)
after being passed through a silica plug and the solvent evaporated.

mp 183-184 °C (Iit.** 183-185 °C); "H NMR (500 MHz, DMSO-d®): & 8.18 (br s, 1H, NH), 8.06 (d,
J = 8.1 Hz, 2H, CHy,), 7.84 (d, J = 8.1 Hz, 2H, CH,,), 7.61 (br s, 1H, NH); °C NMR (126 MHz,
DMSO-d®): 6 166.6, 138.1, 131.1 (q, J = 31.8 Hz), 128.3, 125.2 (q, / = 3.8 Hz), 123.9 (q, / = 272.4
Hz); °F NMR (470 MHz, DMSO-d®): 6 -62.72 (referenced against trifluoroacetic acid); HRMS-
ESI calcd for [CgH;FsNO]*: 190.0474 [M+H]*. Found: 190.0486; FT-IR (neat) v in cm™: 3368,

3167, 1652, 1620. In agreement with previous literature data.

4-Chlorobenzamide™ (3.10)

o)
NH,
cl
Following general procedure XXXIX, 4-chlorobenzonitrile (138 mg, 1 mmol) was used as the
nitrile species. The title compound was recovered after purification by column

chromatography (R; 0.20) as a white solid (111 mg, 71%).

Following general procedure XL, 4-chlorobenzonitrile (138 mg, 1 mmol) was used as the
nitrile species. The title compound was recovered as a white solid (153 mg, 98%) after being

passed through a silica plug and the solvent evaporated.

mp 178-180 °C (lit.**> 178-181 °C); "H NMR (500 MHz, DMSO-d®): & 8.03 (br s, 1H, NH), 7.88 (d,
J = 8.6 Hz, 2H, CHp,), 7.52 (d, J = 8.6 Hz, 2H, CH,,), 7.45 (br s, 1H, NH); *C NMR (126 MHz,
DMSO-d%): & 166.8, 136.0, 133.0, 130.0, 128.3; HRMS-ESI calcd for [C;HsCINONa]* and
[C;H,CINO]": 178.0030 [M+Na]" and 156.0211 [M+H]". Found: 178.0034 and 156.0215; FT-IR

(neat) vin cm™: 3364, 3171, 1651, 1618. In agreement with previous literature data.
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2-Chlorobenzamide® (3.19)

o)
NH,

cl
Following general procedure XL, 2-chlorobenzonitrile (138 mg, 1 mmol) was used as the
nitrile species. The title compound was recovered after purification by column
chromatography (Rf 0.21) as a white solid (111 mg, 71%).
mp 138-139 °C (lit.”* 139-140 °C); *H NMR (500 MHz, DMSO-d°): § 7.86 (br s, 1H, NH), 7.57 (br
s, 1H, NH), 7.50 — 7.34 (m, 4H, CH,,); *°C NMR (126 MHz, DMSO-d%): & 168.1, 137.1, 130.5,
129.6, 129.6, 128.6, 127.0; HRMS-ESI calcd for [C;HgCINONa]® and [C;H,CINO]": 178.0030
[M+Na]" and 156.0211 [M+H]". Found: 178.0034 and 156.0213; FT-IR (neat) v in cm™: 3355,

3156, 1649, 1625. In agreement with previous literature data.

4-Nitrobenzamide™ (3.20)

0}
NH,

O,N o
m

Following general procedure XL, 4-nitrobenzonitrile (148 mg, 1 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (163 mg, 98%) after being passed
through a silica plug and the solvent evaporated.

mp 196-198 °C (lit.**> 197-199 °C); *H NMR (500 MHz, DMSO-d®): & 8.32 — 8.23 (m, 3H, NH and
m-CH,,), 8.09 (d, J = 8.7 Hz, 2H, 0-CH,,), 7.72 (br s, 1H, NH); *C NMR (126 MHz, DMSO-d°): &
166.2, 149.0, 140.0, 128.9, 123.4; HRMS-ESI calcd for [C;H;N,05]": 167.0451 [M+H]". Found:
167.0453; FT-IR (neat) v in cm™: 3475, 3162, 1672, 1594. In agreement with previous

literature data.

197



2-Nitrobenzamide'* (3.21)

0
NH,

NO,
Following general procedure XL, 2-nitrobenzonitrile (148 mg, 1 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (163 mg, 98%) after being passed
through a silica plug and the solvent evaporated.
mp 174-175 °C (lit.'* 174-176 °C); *H NMR (500 MHz, DMSO-d®): § 8.13 (br s, 1H, NH), 7.99 (d,
J=8.1Hz, 1H, CHy,), 7.76 (t, J = 7.5 Hz, 1H, CHy,), 7.70 — 7.61 (m, 3H, NH and CH,,); °C NMR
(126 MHz, DMSO-d%): & 167.1, 147.2, 133.3, 132.6, 130.6, 128.8, 123.9; HRMS-ESI calcd for
[C;HeN,03Na]" and [C;H;N,0;]": 189.0271 [M+Na]® and 167.0451 [M+H]". Found: 189.0274
and 167.0452; FT-IR (neat) v in cm™: 3351, 3165, 1652, 1623. In agreement with previous

literature data.

3-Nitrobenzamide™ (3.22)

(0]

NH,

NO,

Following general procedure XL, 3-nitrobenzonitrile (148 mg, 1 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (163 mg, 98%) after being passed
through a silica plug and the solvent evaporated.

mp 141-142 °C (lit.>* 141 °C); "H NMR (500 MHz, DMSO-d°): & 8.75 — 8.64 (m, 1H, CH,,), 8.40 —
8.28 (m, 3H, NH and CH,,), 7.70 — 7.61 (m, 1H, CH,,), 7.71 (br s, 1H, NH); *C NMR (126 MHz,
DMSO-d®): & 165.7, 147.8, 135.8, 133.8, 130.0, 125.9, 122.2; HRMS-ESI calcd for
[C;HeN,03Na]” and [C;H;N,05]": 189.0271 [M+Na]* and 167.0451 [M+H]". Found: 189.0273
and 167.0451; FT-IR (neat) v in cm™: 3379, 3164, 1662, 1610. In agreement with previous

literature data.
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4-Acetylbenzamide™* (3.23)

NH,

o}

Following general procedure XXXIX, 4-acetylbenzonitrile (145 mg, 1 mmol) was used as the
nitrile species. The title compound was recovered as a white solid (159 mg, 98%) after being
passed through a silica plug and the solvent evaporated.

mp 191-193 °C (lit."*® 190 °C); *H NMR (500 MHz, DMSO-d°): 6 8.13 (br s, 1H, NH), 8.00 (g, J =
8.6 Hz, 4H, CH,,), 7.55 (br's, 1H, NH), 2.61 (s, 3H, CHs); *C NMR (126 MHz, DMSO-d®): § 197.7,
167.1, 138.6, 138.1, 128.1, 127.7, 26.9; HRMS-ESI calcd for [CoHsNO,Na]™ and [CoH1oNO,]™:
186.0525 [M+Na]"and 164.0706 [M+H]". Found: 186.0532 and 164.0712; FT-IR (neat) v in cm’
L 3399, 3177, 1678, 1652. In agreement with previous literature data.

Methyl 4-carbamoylbenzoate™* (3.24)

0]

NH,

0

Following general procedure XL, methyl 4-cyanobenzoate (161 mg, 1 mmol) was used as the
nitrile species. The title compound was recovered as a white solid (170 mg, 95%) after being
passed through a silica plug and the solvent evaporated.

mp 208-209 °C (lit.>> 206-209 °C); ‘*H NMR (500 MHz, DMSO-d°): & 8.14 (br s, 1H, NH), 8.00 (q,
J = 8.5 Hz, 4H, CH,,), 7.56 (br s, 1H, NH), 3.87 (s, 3H, CHs); >°C NMR (126 MHz, DMSO-d®): &
167.0, 165.7, 138.4, 131.8, 129.0, 127.8, 52.3; HRMS-ESI calcd for [CoHoNOsNa]® and
[CoH1oNO3]": 202.0475 [M+Na]” and 180.0655 [M+H]". Found: 202.0479 and 180.0659; FT-IR

(neat) vin cm™: 3359, 3158, 1655, 1625. In agreement with previous literature data.
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4-Methoxybenzamide'® (3.4)

NH,

m

Following general procedure XXXIX, anisonitrile (133 mg, 1 mmol) was used as the nitrile
species. The title compound was recovered after purification by column chromatography (R;
0.28) as a white solid (115 mg, 76%).

mp 167-168 °C (lit.*** 166-168 °C); "H NMR (500 MHz, DMSO-d®): 6 7.87 — 7.77 (m, 3H, NH and
0-CHy,), 7.16 (br s, 1H, NH), 6.97 (d, J = 8.8 Hz, 2H, m-CHy,), 3.80 (s, 3H, CHs); BC NMR (126
MHz, DMSO-dG): 6 167.4, 161.5, 129.3, 126.5, 113.4, 55.3; HRMS-ESI calcd for [CgHoNO,Na]”
and [CgH1oNO,]™: 174.0525 [M+Na]" and 152.0706 [M+H]". Found: 174.0528 and 152.0707; FT-

IR (neat) vin cm™: 3389, 3162, 1643, 1615. In agreement with previous literature data.

4-Hydroxybenzamide'® (3.25)

(o}
NH,

HO
m

Following general procedure XXXIX, 4-cyanophenol (119 mg, 1 mmol) was used as the nitrile
species. The title compound was recovered after purification by column chromatography
(90:10, DCM/MeOH, R; 0.14) as an off-white solid (116 mg, 85%).

mp 159-160 °C (Iit.256 161-162 °C); 'H NMR (500 MHz, DMSO-dG): 69.93 (br s, 1H, OH), 7.76 —
7.66 (m, 3H, NH and 0-CH,,), 7.05 (br's, 1H, NH), 6.77 (d, J = 8.7 Hz, 2H, m-CH,,); *C NMR (126
MHz, DMSO-dG): & 167.6, 160.1, 129.4, 125.0, 114.6; HRMS-ESI calcd for [C;H;NO,Na]* and
[C;HgNO,]": 160.0369 [M+Na]® and 138.0550 [M+H]". Found: 160.0375 and 138.0553; FT-IR

(neat) vin cm™: 3333, 3111, 1643, 1616. In agreement with previous literature data.
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3-Methylbenzamide92 (3.26)

0]

NH,

Following general procedure XXXIX, m-tolunitrile (120 pL, 1 mmol) was used as the nitrile
species. The title compound was recovered as an off-white solid (104 mg, 77%) after being
passed through a silica plug and the solvent evaporated.

mp 93-94 °C (Iit.** 92-93 °C); 'H NMR (500 MHz, CDCls): & 7.65 (s, 1H, CH,,), 7.60 — 7.56 (m,
1H, CHpa,), 7.36 — 7.30 (m, 2H, CHy,), 6.08 (br s, 1H, NH), 5.82 (br s, 1H, NH), 2.41 (s, 3H, CHs);
3C NMR (126 MHz, CDCl3): & 169.6, 138.7, 133.4, 132.9, 128.6, 128.3, 124.4, 21.5; HRMS-ESI
calcd for [CsHsNONa]*: 158.0576 [M+Na]*. Found: 158.0576; FT-IR (neat) v in cm™: 3372,

3190, 1647, 1614. In agreement with previous literature data.

4-Methylbenzamide™ (3.27)

)

NH,

Following general procedure XL, p-tolunitrile (117 mg, 1 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (128 mg, 95%) after being passed
through a silica plug and the solvent evaporated.

mp 160-162 °C (lit.>®> 161-162 °C); "H NMR (500 MHz, DMSO-d®): & 7.87 (br s, 1H, NH), 7.77 (d,
J=8.2 Hz, 2H, CHy,), 7.28 — 7.21 (m, 3H, NH and CH,,), 2.34 (s, 3H, CHs); *C NMR (126 MHz,
DMSO—d6): 8 167.7, 141.0, 131.5, 128.7, 127.5, 20.9; HRMS-ESI calcd for [CgHsNONa]" and
[CsH1oNO]": 158.0576 [M+Na]® and 136.0757 [M+H]". Found: 158.0583 and 136.0762; FT-IR

(neat) vin cm™: 3342, 3160, 1668, 1615. In agreement with previous literature data.

201



2,4-Dichlorobenzamide® (3.28)

o}
NH,

cl cl
Following general procedure XL, 2,4-dichlorobenzonitrile (172 mg, 1 mmol) was used as the
nitrile species. The title compound was recovered after purification by column
chromatography (R 0.24) as a white solid (160 mg, 84%).
mp 192-194 °C (lit.”* 193-195 °C); ‘*H NMR (500 MHz, DMSO-d®): § 7.92 (br s, 1H, NH), 7.69 —
7.62 (m, 2H, NH and CHy,), 7.47 (d, J = 0.9 Hz, 2H, CHy,); >C NMR (126 MHz, DMSO-d°): &
167.2, 136.0, 134.2, 130.9, 130.0, 129.1, 127.2; HRMS-ESI calcd for [C;HsCI,NONa]® and
[C;HsCI,NO]": 211.9640 [M+Na]” and 189.9821 [M+H]". Found: 211.9648 and 189.9827; FT-IR

(neat) vin cm™: 3372, 3175, 1647, 1619. In agreement with previous literature data.

3,4,5-Trimethoxybenzamide257 (3.29)

NH,

|
o}
2 >,

Following general procedure XL, 3,4,5-trimethoxybenzonitrile (193 mg, 1 mmol) was used as
the nitrile species. The title compound was recovered as a white solid (202 mg, 96%) after
being passed through a silica plug and the solvent evaporated.

mp 175-176 °C (lit.”>” 174-176 °C); ‘*H NMR (500 MHz, DMSO-d°): & 7.94 (br s, 1H, NH), 7.32
(brs, 1H, NH), 7.21 (s, 2H, CHa,), 3.81 (s, 6H, 1), 3.69 (s, 3H, 2); *C NMR (126 MHz, DMSO-d°):
& 167.3, 152.5, 139.9, 129.4, 105.1, 60.0, 56.0; HRMS-ESI calcd for [CioH13NO4Na]™ and
[C10H1aNO4]": 234.0737 [M+Na]" and 212.0917 [M+H]". Found: 234.0745 and 212.0924; FT-IR

(neat) vin cm™: 3357, 3174, 1660, 1616. In agreement with previous literature data.
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Benzo[d][1,3]dioxole-5-carboxamide”® (3.30)

o}
<Oj©)J\NH2
o}

Following general procedure XXXIX, piperonylnitrile (147 mg, 1 mmol) was used as the nitrile
species. The title compound was recovered after purification by column chromatography (R¢
0.21) as a white solid (155 mg, 93%).

mp 165-167 °C (lit.*® 164-166 °C); 'H NMR (500 MHz, DMSO-d°): & 7.80 (br s, 1H, NH), 7.46
(dd, J = 8.1, 1.7 Hz, 1H, CH,,), 7.40 (d, J = 1.7 Hz, 1H, CH,,), 7.22 (br s, 1H, NH), 6.96 (d, J = 8.1
Hz, 1H, CH,,), 6.08 (br's, 2H, CH,); *C NMR (126 MHz, DMSO-d°): & 166.9, 149.6, 147.2, 128.3,
122.5, 107.7, 107.5, 101.6; HRMS-ESI calcd for [CoHoNO,Na]™: 186.0531 [M+Na]™. Found:
186.0533; FT-IR (neat) v in cm™: 3352, 3158, 1654, 1626. In agreement with previous

literature data.

6-Methylpicolinamide®’ (3.31)

N

N NH,
o}

Following general procedure XL, 2-cyano-6-methylpyridine (118 mg, 1 mmol) was used as the
nitrile species. The title compound was recovered after purification by column
chromatography (R 0.26) as a white solid (114 mg, 84%).

mp 113-115 °C (Iit.>>° 116 °C); "H NMR (300 MHz, DMSO-d®): & 8.00 (br s, 1H, NH), 7.89 — 7.80
(m, 2H, CH,,), 7.63 (br s, 1H, NH), 7.48 — 7.41 (m, 1H, CH,,), 2.54 (s, 3H, CHs); *C NMR (75
MHz, DMSO—ds): 6 166.1, 157.1, 149.7, 137.8, 126.0, 119.0, 23.9; HRMS-ESI calcd for
[C;HgN,ONa]" and [C;HgN,0]": 159.0529 [M+Na]* and 137.0709 [M+H]". Found: 159.0535 and
137.0711; FT-IR (neat) v in cm™: 3436, 3142, 1685, 1588. In agreement with previous

literature data.
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Furan-2-carboxamide” (3.32)

/NP
o
NH,
Following general procedure XXXIX, 2-furonitrile (88 pL, 1 mmol) was used as the nitrile
species. The title compound was recovered as a light brown solid (107 mg, 96%) after being
passed through a silica plug and the solvent evaporated.
mp 141-142 °C (lit.** 141-142 °C); "H NMR (500 MHz, CDCls): & 7.47 (dd, J = 1.7, 0.7 Hz, 1H,
CHga,), 7.17 (dd, J = 3.5, 0.7 Hz, 1H, CHy,), 6.52 (dd, J = 3.5, 1.7 Hz, 1H, CH,,), 6.25 (brs, 1H, NH),
5.61 (brs, 1H, NH); BC NMR (126 MHz, CDCl5): 6 160.2, 147.6, 144.5, 115.3, 112.5; HRMS-ESI
caled for [CsHsNO,Na]® and [CsHeNO,]™: 134.0212 [M+Na]® and 112.0393 [M+H]". Found:
134.0213 and 112.0395; FT-IR (neat) v in cm™: 3340, 3159, 1661, 1621. In agreement with

previous literature data.

Thiophene-2-carboxamide® (3.33)

/ \__9°
S
NH,
Following general procedure XXXIX, 2-thiophenecarbonitrile (93 pL, 1 mmol) was used as the
nitrile species. The title compound was recovered as a white solid (125 mg, 98%) after being
passed through a silica plug and the solvent evaporated.
mp 177-178 °C (Iit.**> 177-179 °C); "H NMR (300 MHz, DMSO-d®): 6 7.97 (br s, 1H, NH), 7.76 —
7.71 (m, 2H, CH,,), 7.40 (br's, 1H, NH), 7.15 — 7.09 (m, 1H, CHy,); *C NMR (126 MHz, DMSO-
d®): 6 162.8, 140.3, 130.9, 128.6, 127.8; HRMS-ESI calcd for [CsHsNOSNa]": 149.9984 [M+Nal]".
Found: 149.9993; FT-IR (neat) v in cm™: 3359, 3167, 1651, 1602. In agreement with previous

literature data.
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2-Ethoxybenzamide (3.47)

S0 o

NH,

Following general procedure XLII, 2-ethoxybenzonitrile (140 uL, 1 mmol) was used as the
nitrile species. The title compound was recovered as a white solid (162 mg, 98%) after being
passed through a silica plug and the solvent evaporated.

mp 129-131 °C (lit.”®> 131-132 °C); 'H NMR (300 MHz, DMSO-d°): & 7.85 — 7.77 (m, 1H, CH.,),
7.58 (br's, 2H, NH), 7.50 — 7.41 (m, 1H, CHy,,), 7.16 — 7.08 (m, 1H, CH,,), 7.05 — 6.97 (m, 1H,
CH,,), 4.16 (g, J = 7.0 Hz, 2H, CH,), 1.39 (t, J = 7.0 Hz, 3H, CHs); >C NMR (75 MHz, DMSO-d®): &
166.4, 156.5, 132.5, 130.8, 122.7, 120.4, 112.9, 64.2, 14.5; HRMS-ESI calcd for [CsH1,NO,Na]™:
188.0682 [M+Na]". Found: 188.0688; FT-IR (neat) v in cm™: 3368, 3170, 1640, 1626. In

agreement with previous literature data.

Benzonitrile®® (3.16)

0]

NH,

Following general procedure XLIII, benzonitrile (4.12 mL, 40 mmol) was used as the nitrile
species. The title compound was recovered as a white solid (4.56 g, 94%) after being passed
through a silica plug and the solvent evaporated.

mp 127-128 °C (Iit.**> 129-130 °C); "H NMR (500 MHz, DMSO-d®): & 8.01 (br s, 1H, NH), 7.90 (d,
J=7.7 Hz, 2H, Ph), 7.50 (t, J = 7.3 Hz, 1H, Ph), 7.47 — 7.36 (m, 3H, NH and Ph); *C NMR (126
MHz, DMSO—dG): 5 168.0, 134.3, 131.2, 128.2, 127.5; HRMS-ESI calcd for [C;H,NONa]* and
[C;HgNO]": 144.0420 [M+Na]* and 122.0600 [M+H]". Found: 144.0426 and 122.0606; FT-IR

(neat) vin cm™: 3360, 3166, 1652, 1623. In agreement with previous literature data.
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Secondary Amide Formation

General Procedure XLIV — Coupling of Nitriles with Benzylamine

(Table 3.18, Results and Discussion )

To an oven dried Schlenk carousel tube containing the appropriate nitrile (1 mmol) was added
palladium acetate (11 mg, 5 mol%), 2,2'-bipyridine, (7.8 mg, 5 mol%), and the appropriate
solvent system (A-C). The tube was then sealed and the reaction mixture heated at 70 °C for
24 hours. After being allowed to cool to room temperature, the crude reaction mixture was
diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary evaporator. 1,4-
Dimethoxybenzene (46 mg, 1/3 mmol) was used as an NMR standard and the crude reaction

mixture was analysed by 'H NMR spectroscopy in DMSO-d°.

Investigations into the Reaction Mechanism

General Procedure XLV - Hzlso-LabeIIing Study

(Scheme 3.11, Results and Discussion Il)

To an oven dried Schlenk carousel tube containing butyronitrile (22 uL, 0.25 mmol) was
added palladium acetate (225 mg, 1 mmol), 2,2’-bipyridine (156 mg, 1 mmol) and H,'®0 (0.5
mL, 0.5 M, 97% atom '20). The tube was then sealed and the reaction mixture heated at 70 °C
for 24 hours. After being allowed to cool to room temperature, the reaction mixture was
diluted with methanol (5 mL) and the solvent removed in vacuo on a rotary evaporator whilst
azeotroping with toluene. The crude reaction mixture was passed through a short plug of
silica to remove the catalyst (eluting with DCM/MeOH, 95:5), the solvent evaporated and the
resulting product analysed by mass spectrometry for incorporation of the 80 label. Full

incorporation (97%) was observed.

206



C,HsN*®0ONa

Observed spectrum

+M15, 0O.1-0Ubmin #5-17

11210854
C,HsN'®ONa
1100610 1130685
CyHa ™0, M+nMa, 1220619
Predicted spectrum for C,H,N'*0ONa 1120618
'.]J.-Il:ﬁiu
CaHaMO, M+nNa, 110057
1+ .
wemss  Predicted spectrum for C;HoN'°ONa
1+
111.0:6E
r 11 T . T T 5 ] T T T T r . r r r r r r
110 111 112 113 14 m'z

207



6.4. Chapter 4 Experimental Methods and Compound Characterisation

General Procedure XLVI — Bulk Synthesis of 4-Methylbenzaldehyde oxime Model Substrate
(Scheme 4.4, Results and Discussion Il1)

To a stirred solution of hydroxylamine hydrochloride (2.78 g, 40 mmol) in ethanol (50 mL) and
water (10 mL) was added p-tolualdehyde (2.36 mL, 20 mmol) at 0 °C. Sodium acetate (4.92 g,
60 mmol) was added slowly and the reaction mixture was allowed to warm to room
temperature and left stirring for 3 hours. Ethanol was removed from the solution, then water
(40 mL) was added and the product was extracted into DCM (2 x 60 mL). The combined
organic extracts were dried over MgS0O, and the solvent removed in vacuo. The resulting
aldoxime was analysed by its 'H and *C NMR spectra and mass spectrometry data and used

without further purification.

General Procedure XLVIlI - Comparison between Toluene and Ethanol as Solvents

(Table 4.1, Results and Discussion Ill)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), acetonitrile (2.6 pL, 5 mol%) if appropriate and
either ethanol or toluene (0.33 mL, 0.33 M, unless stated otherwise). The tube was then
sealed and the reaction mixture heated at the appropriate temperature for the appropriate
amount of time. After being allowed to cool, QuadraSil™ TA was added and the reaction left
to stir at room temperature for 5 minutes. The crude reaction mixture was diluted with DCM
(5 mL), filtered and the solvent removed in vacuo on a rotary evaporator. Percentage
conversion into 4-methylbenzamide and the by-products was calculated from the crude 'H
NMR spectra by comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime),
7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H,
4-methylbenzaldehyde).

General Procedure XLVIII — Copper(ll) Acetate and Acetonitrile Loading Screen at 40 °C
(Table 4.2, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added the appropriate amount of Cu(OAc), and acetonitrile, followed by toluene

(1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 40 °C for 24 hours.
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After being allowed to cool, QuadraSil™ TA was added and the reaction left to stir at room
temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL), filtered
and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into 4-
methylbenzamide and the by-products was calculated from the crude 'H NMR spectra by
comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).

General Procedure XLIX — Acetonitrile Loading Screen at 30 °C

(Table 4.3, Results and Discussion Ill)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), the appropriate amount of acetonitrile and
toluene (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30 °C for
24 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction left to stir
at room temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL),
filtered and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into
4-methylbenzamide and the by-products was calculated from the crude 'H NMR spectra by
comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).

General Procedure L — Concentration Screen at 30 °C

(Table 4.4, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), acetonitrile (2.6 pL, 5 mol%) and the
appropriate amount of toluene. The tube was then sealed and the reaction mixture heated at
30 °C for 24 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction
left to stir at room temperature for 5 minutes. The crude reaction mixture was diluted with
DCM (5 mL), filtered and the solvent removed in vacuo on a rotary evaporator. Percentage
conversion into 4-methylbenzamide and the by-products was calculated from the crude H
NMR spectra by comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime),
7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H,
4-methylbenzaldehyde).
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General Procedure LI - Solvent Screen

(Table 4.5, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), acetonitrile (2.6 pL, 5 mol%) and the
appropriate solvent (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at
30 °C for 24 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction
left to stir at room temperature for 5 minutes. The crude reaction mixture was diluted with
DCM (5 mL), filtered and the solvent removed in vacuo on a rotary evaporator. Percentage
conversion into 4-methylbenzamide and the by-products was calculated from the crude 'H
NMR spectra by comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime),
7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H,
4-methylbenzaldehyde).

General Procedure LIl — Copper Catalyst Screen

(Table 4.6, Results and Discussion 1l1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added the appropriate copper catalyst (5 mol%), acetonitrile (2.6 pL, 5 mol%) and
toluene (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30 °C for
24 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction left to stir
at room temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL),
filtered and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into
4-methylbenzamide and the by-products was calculated from the crude 'H NMR spectra by
comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).

General Procedure LIl - Ligand Screen

(Table 4.7, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), acetonitrile (2.6 uL, 5 mol%), the appropriate
ligand (5 or 10 mol%) and toluene (1 mL, 1 M). The tube was then sealed and the reaction
mixture heated at 30 °C for 24 hours, unless otherwise stated. After being allowed to cool,

QuadraSil™ TA was added and the reaction left to stir at room temperature for 5 minutes.

210



The crude reaction mixture was diluted with DCM (5 mL), filtered and the solvent removed in
vacuo on a rotary evaporator. Percentage conversion into 4-methylbenzamide and the by-
products was calculated from the crude 'H NMR spectra by comparison of the peaks at 7.47
ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H,
4-methylbenzamide) and 7.78 ppm (2H, 4-methylbenzaldehyde).

General Procedure LIV - Effect of Copper(ll) Acetate, Sodium Nitrite and Acetonitrile on the
Rearrangement Reaction

(Table 4.8, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc); (9.1 mg, 5 mol%), sodium nitrite (6.9 mg, 10 mol%), acetonitrile
(2.6 uL, 5 mol%) and toluene (1 mL, 1 M), unless stated otherwise. The tube was then sealed
and the reaction mixture heated at 30 °C unless stated otherwise for 24 hours. After being
allowed to cool, QuadraSil™ TA was added and the reaction left to stir at room temperature
for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL), filtered and the
solvent removed in vacuo on a rotary evaporator. Percentage conversion into 4-
methylbenzamide and the by-products was calculated from the crude '"H NMR spectra by
comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).

General Procedure LV — Nitrite/Nitrate Screen

(Table 4.9, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), the appropriate nitrite or nitrate (10 mol%) and
toluene (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30 °C for 8
hours. After being allowed to cool, QuadraSil™ TA was added and the reaction left to stir at
room temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL),
filtered and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into
4-methylbenzamide and the by-products was calculated from the crude 'H NMR spectra by
comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).
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General Procedure LVI - Silver Nitrite/Sodium Nitrite Loading Screen

(Table 4.10, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), the appropriate amount of NaNO, or AgNO,
and toluene (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30 °C
for 8 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction left to
stir at room temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5
mL), filtered and the solvent removed in vacuo on a rotary evaporator. Percentage conversion
into 4-methylbenzamide and the by-products was calculated from the crude 'H NMR spectra
by comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).

General Procedure LVII - Time Screen

(Table 4.11, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc);, (9.1 mg, 5 mol%), NaNO, (6.9 mg, 10 mol%) and toluene (1 mL, 1
M), unless stated otherwise. The tube was then sealed and the reaction mixture heated at 30
°C for the appropriate amount of time. After being allowed to cool, QuadraSil™ TA was added
and the reaction left to stir at room temperature for 5 minutes. The crude reaction mixture
was diluted with DCM (5 mL), filtered and the solvent removed in vacuo on a rotary
evaporator. Percentage conversion into 4-methylbenzamide and the by-products was
calculated from the crude *H NMR spectra by comparison of the peaks at 7.47 ppm (2H, 4-
methylbenzaldehyde oxime), 7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-
methylbenzamide) and 7.78 ppm (2H, 4-methylbenzaldehyde).

General Procedure LVIII - Preformation of the Catalyst

(Scheme 4.6, Results and Discussion Il1)

To an oven dried Radleys carousel tube was added Cu(OAc), (9.1 mg, 5 mol%), NaNO, (6.9
mg, 10 mol%) and toluene (0.5 mL). The tube was then sealed and the reaction mixture
heated at 30 °C for 10 minutes. 4-Methylbenzaldehyde oxime (135 mg, 1 mmol) and toluene
(0.5 mL) were then added and the reaction mixture heated at 30 °C for 8 hours. After being

allowed to cool, QuadraSil™ TA was added and the reaction left to stir at room temperature
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for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL), filtered and the
solvent removed in vacuo on a rotary evaporator. Percentage conversion into 4-
methylbenzamide and the by-products was calculated from the crude 'H NMR spectra by
comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).

General Procedure LIX — Addition of Diethylhydroxylamine at the Start of the Reaction
(Table 4.12, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), NaNO, (6.9 mg, 10 mol%), NEt,OH (21 uL, 20
mol%) and toluene (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at
30 °C for 24 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction
left to stir at room temperature for 5 minutes. The crude reaction mixture was diluted with
DCM (5 mL), filtered and the solvent removed in vacuo on a rotary evaporator. Percentage
conversion into 4-methylbenzamide and the by-products was calculated from the crude 'H
NMR spectra by comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime),
7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H,
4-methylbenzaldehyde).

General Procedure LX — Addition of Diethylhydroxylamine at the End of the Reaction

(Table 4.12, Results and Discussion lll)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), NaNO, (6.9 mg, 10 mol%) and toluene (1 M).
The tube was then sealed and the reaction mixture heated at 30 °C for 24 hours. NEt,OH (21
uL, 20 mol%) was added to the reaction and the reaction mixture heated at 30 °C for a further
2 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction left to stir at
room temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL),
filtered and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into
4-methylbenzamide and the by-products was calculated from the crude 'H NMR spectra by
comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).
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General Procedure LXI — Synthesis of Aldoximes

To a stirred solution of hydroxylamine hydrochloride (1.38 g, 20 mmol) in ethanol/water (5:1,
30 mL) was added the appropriate aldehyde (10 mmol) at 0 °C. Sodium acetate (2.46 g, 30
mmol) was added slowly and the reaction mixture was allowed to warm to room temperature
and left stirring for 3 hours. Ethanol was removed in vacuo, water (20 mL) added to the
residue and the product extracted into dichloromethane (2 x 30 mL). The combined organic
extracts were then dried over magnesium sulphate and the solvent removed in vacuo. The
resulting aldoximes were analysed by their 'H and >C NMR spectra and mass spectrometry

data and used without further purification.

General Procedure LXII — Synthesis of Primary Amides

(Table 4.13, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing the appropriate aldoxime (2 mmol) was
added Cu(OAc), (18 mg, 5 mol%), NaNO, (14 mg, 10 mol%) and toluene (2 mL, 1 M). The tube
was then sealed and the reaction mixture heated at 30 °C, unless otherwise stated, for 24
hours. After being allowed to cool, QuadraSil™ TA was added and the reaction left to stir at
room temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL),
filtered, washed and the solvent removed in vacuo on a rotary evaporator. Percentage
conversion was calculated from the crude ‘H NMR spectra and the crude amide products
were purified by silica column chromatography (eluting with a 100% DCM to 95:5
DCM/MeOH gradient).

General Procedure LXIIl — Unsuccessful Substrates

(Table 4.14, Results and Discussion Il1)

To an oven dried Radleys carousel tube containing the appropriate aldoxime (2 mmol) was
added Cu(OAc), (18 mg, 5 mol%), NaNO, (14 mg, 10 mol%) and toluene (2 mL, 1 M). The tube
was then sealed and the reaction mixture heated at 30 °C for 24 hours. After being allowed to
cool, QuadraSil™ TA was added and the reaction left to stir at room temperature for 5
minutes. The crude reaction mixture was diluted with DCM (5 mL), filtered, washed and the
solvent removed in vacuo on a rotary evaporator. Percentage conversion was calculated from
the crude 'H NMR spectra by comparison of the peaks of the starting aldoxime, amide

product and by-products.
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4-Methylbenzaldehyde oxime”®

Following general procedure LXI, 4-methylbenzaldehyde (1.18 mL, 10 mmol) was used as the
aldehyde species. The title compound was recovered after aqueous work-up as a white solid
(1.27 g, 94%).

mp 72-74 °C (lit.”** 76-78 °C); "H NMR (300 MHz, CDCl5): & 8.12 (s, 1H, C(=NOH)H), 7.47 (d, J =
8.2 Hz, 2H, CH,,), 7.20 (d, J = 8.2 Hz, 2H, CH,,), 2.37 (s, 3H, CHs); *C NMR (126 MHz, CDCl3): &
150.2, 140.4, 129.5, 129.1, 127.0, 21.5; HRMS-ESI calcd for [CsH1oNO]": 136.0757 [M+H]".

Found: 136.0793. In agreement with previous literature data.

4-Nitrobenzaldehyde oxime*®

O,N °

Following general procedure LXI, 4-nitrobenzaldehyde (1.51 g, 10 mmol) was used as the
aldehyde species. The title compound was recovered after aqueous work-up as an off-white
solid (1.10 g, 66%).

mp 135-136 °C (lit.*** 132-133 °C); 'H NMR (500 MHz, CDCls): & 8.25 (d, J = 8.8 Hz, 2H, m-
CH,,), 8.20 (s, 1H, C(=NOH)H), 7.75 (d, J = 8.8 Hz, 2H, 0-CH,,), 7.66 (br s, 1H, OH); *C NMR
(126 MHz, DI\/ISO-dG): 5 147.9, 147.2, 139.9, 127.7, 124.3; HRMS-ESI calcd for [C;HgN,0sNa]":
189.0271 [M+Na]’. Found: 189.0279. In agreement with previous literature data.

4-Chlorobenzaldehyde oxime”®

cl
Following general procedure LXI, 4-chlorobenzaldehyde (1.41 g, 10 mmol) was used as the
aldehyde species. The title compound was recovered after aqueous work-up as a white solid

(1.37 g, 89%).
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mp 111-112 °C (Iit.*®> 110 °C); 'H NMR (500 MHz, CDCl5): & 8.10 (s, 1H, C(=NOH)H), 7.58 (br s,
1H, OH), 7.51 (d, J = 8.5 Hz, 2H, CHy,), 7.36 (d, J = 8.5 Hz, 2H, CH,,); *C NMR (126 MHz, DMSO-
d%): & 147.5, 134.2, 132.4, 129.1, 128.4; HRMS-ESI calcd for [C,H¢CINONa]": 178.0030

[M+Na]". Found: 178.0049. In agreement with previous literature data.

4-Methoxybenzaldehyde oxime”*

MeO o

Following general procedure LXI, 4-methoxybenzaldehyde (1.22 mL, 10 mmol) was used as
the aldehyde species. The title compound was recovered after aqueous work-up as a white
solid (1.49 g, 99%).

mp 72-75 °C (lit.** 73-74 °C); *H NMR (500 MHz, CDCl5): & 8.10 (s, 1H, C(=NOH)H), 7.90 (br s,
1H, OH), 7.52 (d, J = 8.7 Hz, 2H, 0-CH,,), 6.92 (d, J = 8.7 Hz, 2H, m-CH,,), 3.84 (s, 3H, OCH); *C
NMR (126 MHz, DMSO-d°): 6 160.6, 148.1, 128.3, 126.1, 114.5, 55.5; HRMS-ESI calcd for
[CgH1oNO,]": 152.0706 [M+H]". Found: 152.0722. In agreement with previous literature data.

Methyl 4-((hydroxyimino)methyl)benzoate®

Following general procedure LXI, methyl 4-formylbenzoate (1.64 g, 10 mmol) was used as the
aldehyde species. The title compound was recovered after agueous work-up as a white solid
(1.46 g, 82%).

mp 122-125 °C (Iit.*®> 119-122 °C); 'H NMR (500 MHz, CDCl,): & 8.18 (s, 1H, C(=NOH)H), 8.06
(d, J=8.4Hz, 2H, m-CH,,), 7.79 (br s, 1H, OH), 7.65 (d, J = 8.4 Hz, 2H, 0-CH,,), 3.94 (s, 3H, CHs);
BC NMR (126 MHz, DMSO-dG): 6 166.3, 147.9, 138.0, 130.3, 130.0, 127.0, 52.6; HRMS-ESI
calcd for [CoHioNOs]™: 180.0655 [M+H]". Found: 180.0661. In agreement with previous

literature data.
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3-Methylbenzaldehyde oxime*®®

y~OH
I
H

Following general procedure LXI, 3-methylbenzaldehyde (1.18 mL, 10 mmol) was used as the
aldehyde species. The title compound was recovered after aqueous work-up as a yellow oil
(1.32 g, 98%).

'H NMR (500 MHz, CDCl3): & 8.13 (s, 1H, C(=NOH)H), 7.40 (s, 1H, CH,,), 7.37 (d, J = 7.6 Hz, 1H,
CHa,), 7.28 (t,J = 7.6 Hz, 1H, CHy,), 7.21 (t, J = 7.6 Hz, 1H, CH,,), 2.38 (s, 3H, CHs); >C NMR (126
MHz, CDCl5): & 150.8, 138.5, 132.0, 131.1, 128.8, 127.8, 124.5, 21.3; HRMS-ESI calcd for
[CsH1oNO]": 136.0757 [M+H]". Found: 136.0772. In agreement with previous literature data.

Furan-2-carbaldehyde oxime”®’

Following general procedure LXI, furfural (0.83 mL, 10 mmol) was used as the aldehyde
species. The title compound was recovered after aqueous work-up as a white solid (1.10 g,
99%).

mp 91-93 °C (lit.*” 90 °C); 'H NMR (300 MHz, CDCl5): & 8.39 (br s, 1H, OH), 7.51 (s, 1H,
C(=NOH)H), 7.51 — 7.44 (m, 1H, CHy,), 7.35 — 7.27 (m, 1H, CH,,), 6.59 — 6.51 (m, 1H, CH,,); 2°C
NMR (126 MHz, CDCl5): § 145.1, 143.4, 137.2, 118.2, 112.3; HRMS-ESI calcd for [CsHsNO,Na]™:
134.0212 [M+Na]’. Found: 134.0215. In agreement with previous literature data.

4-Fluorobenzaldehyde oxime™

~OH
N
|
H

F
Following general procedure LXI, 4-fluorobenzaldehyde (1.07 mL, 10 mmol) was used as the
aldehyde species. The title compound was recovered after aqueous work-up as a white solid
(1.35 g, 97%).
mp 86-87 °C (lit.>* 84 °C); "H NMR (500 MHz, CDCl5): & 8.12 (s, 1H, C(=NOH)H), 7.71 (br s, 1H,

OH), 7.61 — 7.53 (m, 2H, CH,,), 7.13 — 7.04 (m, 2H, CH,,); °C NMR (126 MHz, DMSO-d®): &
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163.0, 147.5 (d, J = 248.3 Hz), 130.0 (d, J = 2.9 Hz), 128.8 (d, J = 8.2 Hz), 116.0 (d, J = 21.9 Hz);
F NMR (470 MHz, CDCl,): & -110.27 (referenced against 4-fluorotoluene); HRMS-ESI calcd for
[C;H,FNO]": 140.0506 [M+H]". Found: 140.0513. In agreement with previous literature data.

5-Bromothiophene-2-carbaldehyde oxime”®

N“NOH

Br

Following general procedure LXI, 5-bromothiophene-2-carboxaldehyde (1.19 mL, 10 mmol)
was used as the aldehyde species. The title compound was recovered after aqueous work-up
as a brown solid (1.92 g, 93%).

mp 149-151 °C (Iit.®> 149 °C); 'H NMR (300 MHz, CDCls): & 8.92 (br s, 1H, OH), 7.63 (s, 1H,
C(=NOH)H), 7.12 (d, J = 4.2 Hz, 1H, CH,,), 7.08 (d, J = 4.2 Hz, 1H, CHy,,); *C NMR (126 MHz,
DMSO-dG): §140.1, 132.9, 131.6, 129.8, 117.9; HRMS-ESI calcd for [CsH,BrNOSNa]*: 227.9089

[M+Na]". Found: 227.9094. In agreement with previous literature data.

2-Methylbenzaldehyde oxime’®®

Following general procedure LXI, 2-methylbenzaldehyde (1.16 mL, 10 mmol) was used as the
aldehyde species. The title compound was recovered after aqueous work-up as a yellow oil
(1.34 g, 99%).

'H NMR (500 MHz, CDCl5): & 8.45 (s, 1H, C(=NOH)H), 7.70 — 7.63 (m, 1H, CH,,), 7.34 — 7.26 (m,
1H, CH,,), 7.26 — 7.18 (m, 2H, CH,,), 2.44 (s, 3H, CHs); *C NMR (126 MHz, CDCl): & 147.7,
136.4, 131.5, 131.0, 129.3, 126.6, 126.2, 19.7; HRMS-ESI calcd for [CsH1oNO]*: 136.0757

[M+H]". Found: 136.0771. In agreement with previous literature data.
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2-Fluorobenzaldehyde oxime*®

F NJ”OH

I
H

Following general procedure LXI, 2-fluorobenzaldehyde (1.05 mL, 10 mmol) was used as the
aldehyde species. The title compound was recovered after aqueous work-up as a clear oil
(1.38 g, 99%).

'H NMR (500 MHz, CDCl,): & 8.38 (s, 1H, C(=NOH)H), 7.76 — 7.68 (m, 1H, CHy,), 7.41 —7.32 (m,
1H, CHa,), 7.19 = 7.12 (m, 1H, CH,,), 7.12 — 7.05 (m, 1H, CH,,); >C NMR (126 MHz, DMSO-d°): &
160.3 (d, J = 250.1 Hz), 142.1 (d, /= 3.7 Hz), 131.0 (d, / = 8.2 Hz), 126.8 (d, / = 3.1 Hz), 124.6 (d,
J=3.3 Hz), 120.9 (d, J = 10.8 Hz), 115.9 (d, J = 21.0 Hz); "°F NMR (470 MHz, CDCl;): & -121.40
(referenced against 4-fluorotoluene); HRMS-ESI calcd for [C;H,FNO]™: 140.0506 [M+H]".

Found: 140.0522. In agreement with previous literature data.

4-Methy|benzamide53 (4.2)

)

NH,

Following general procedure LXIl, 4-methylbenzaldehyde oxime (270 mg, 2 mmol) was used
as the aldoxime species. The title compound was recovered after purification by silica column
chromatography as a white solid (229 mg, 85%).

mp 161-163 °C (lit.>®> 161-162 °C); "H NMR (500 MHz, DMSO-d®): & 7.90 (br s, 1H, NH), 7.79 (d,
J=8.2 Hz, 2H, CHy,), 7.31 — 7.21 (m, 3H, NH and CH,,), 2.33 (s, 3H, CHs); *C NMR (126 MHz,
DMSO—de): 6 167.8,141.0, 131.5, 128.7, 127.5, 20.9; HRMS-ESI calcd for [CsH1oNO]": 136.0757
[M+H]". Found: 136.0775; FT-IR (neat) v in cm™: 3340, 3163, 1672, 1620. In agreement with

previous literature data.
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Benzamide®” (4.5)

0]

NH,

Following general procedure LXIl, benzaldehyde oxime (242 mg, 2 mmol) was used as the
aldoxime species. The title compound was recovered after purification by silica column
chromatography as a white solid (208 mg, 86%).

mp 128-129 °C (Iit.**> 129-130 °C); "H NMR (500 MHz, DMSO-d®): 6 8.02 (br s, 1H, NH), 7.93 —
7.88 (m, 2H, Ph), 7.53 — 7.48 (m, 1H, Ph), 7.47 — 7.41 (m, 2H, Ph), 7.40 (br s, 1H, NH); *C NMR
(126 MHz, DI\/ISO-dG): & 168.0, 134.3, 131.2, 128.2, 127.5; HRMS-ESI calcd for [C;HgNO]':
122.0600 [M+H]". Found: 122.0626; FT-IR (neat) v in cm™: 3365, 3167, 1655, 1621. In

agreement with previous literature data.

4-Chlorobenzamide® (4.6)

o)
NH,

cl

Following general procedure LXII, 4-chlorobenzaldehyde oxime (311 mg, 2 mmol) was used as
the aldoxime species. The title compound was recovered after purification by silica column
chromatography as a white solid (248 mg, 80%).

mp 178-180 °C (lit.”* 178-181 °C); '*H NMR (500 MHz, DMSO-d®): & 8.06 (br s, 1H, NH), 7.90 (d,
J = 8.7 Hz, 2H, CHy,), 7.50 (d, J = 8.7 Hz, 2H, CH,,), 7.47 (br s, 1H, NH); *C NMR (126 MHz,
DMSO-dG): 5 166.9, 136.1, 133.0, 129.4, 128.3; HRMS-ESI calcd for [C;H¢CINONa]": 178.0030
[M+Na]". Found: 178.0039; FT-IR (neat) v in cm: 3367, 3172, 1653, 1619. In agreement with

previous literature data.

4-Fluorobenzamide™ (4.7)

0
NH,
F
Following general procedure LXII, 4-fluorobenzaldehyde oxime (278 mg, 2 mmol) was used as
the aldoxime species. The title compound was recovered after purification by silica column

chromatography as a white solid (247 mg, 89%).
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mp 153-155 °C (lit.”* 153-155 °C); *H NMR (500 MHz, CDCl,): 6 7.83 (dd, J = 8.9, 5.3 Hz, 2H,
CH,,), 7.13 (t, J = 8.9 Hz, 2H, CHy,), 5.83 (br s, 2H, NH,); °C NMR (126 MHz, DMSO-d®): § 166.8,
163.9 (d, J = 248.3 Hz), 130.7 (d, J = 2.9 Hz), 130.1 (d, J = 9.0 Hz), 115.1 (d, J = 21.6 Hz); “°F
NMR (470 MHz, CDCls): 6 -109.39 (referenced against 4-fluorotoluene); HRMS-ESI calcd for
[C;HeFNONa]*: 162.0326 [M+Na]". Found: 162.0348; FT-IR (neat) v in cm™: 3329, 3150, 1671,

1624. In agreement with previous literature data.

4-Methoxybenzamide'* (4.8)
0
NH,

\O o)

m

Following general procedure LXIl, 4-methoxybenzaldehyde oxime (302 mg, 2 mmol) was used
as the aldoxime species. The title compound was recovered after purification by silica column
chromatography as a white solid (217 mg, 72%).

mp 167-169 °C (lit."* 166-168 °C); *H NMR (500 MHz, CDCl5): § 7.78 (d, J = 8.9 Hz, 2H, 0-CH,,),
6.94 (d, J = 8.9 Hz, 2H, m-CH,,), 5.72 (br s, 2H, NH.), 3.86 (s, 3H, CHs); >C NMR (126 MHz,
CDCl3): 6 169.0, 162.7, 129.4, 125.7, 114.0, 55.6; HRMS-ESI calcd for [CsH1oNO,]": 152.0706
[M+H]". Found: 152.0718; FT-IR (neat) v in cm™: 3390, 3166, 1646, 1616. In agreement with

previous literature data.

4-(Diethylamino)benzamide'” (4.9)

o)
NH,
N o
) m

Following general procedure LXII, 4-diethylaminobenzaldehyde oxime (384 mg, 2 mmol) was
used as the aldoxime species. The title compound was recovered after purification by silica
column chromatography as a white solid (230 mg, 60%).

mp 147-149 °C (lit.'” 144-147 °C); 'H NMR (500 MHz, CDCl,): & 7.68 (d, J = 9.1 Hz, 2H, 0-CH.,),
6.63 (d, J = 9.1 Hz, 2H, m-CHy,), 5.59 (br's, 2H, NH,), 3.41 (q, J = 7.1 Hz, 2H, CH,), 1.19 (t,J = 7.1
Hz, 3H, CHs); Bc NMR (126 MHz, CDCl3): 6 169.4, 150.5, 129.5, 119.1, 110.5, 44.6, 12.6;
HRMS-ESI caled for [C1;H16N,ONa]™: 215.1155 [M+Na]*. Found: 215.1192; FT-IR (neat) v in cm

L 3382, 3197, 1652, 1620. In agreement with previous literature data.
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Methyl 4-carbamoylbenzoate®* (4.10)

0]

NH,

o

Following general procedure LXIl, methyl 4-((hydroxyimino)methyl)benzoate (358 mg, 2
mmol) was used as the aldoxime species. The title compound was recovered after purification
by silica column chromatography as a white solid (286 mg, 80%).

mp 209-210 °C (lit.”>> 206-209 °C); *H NMR (500 MHz, DMSO-d°): & 8.14 (br s, 1H, NH), 8.00 (g,
J = 8.6 Hz, 4H, CH,,), 7.55 (br s, 1H, NH), 3.88 (s, 3H, CHs); *C NMR (126 MHz, DMSO-d®): &
167.0, 165.7, 138.4, 131.8, 129.0, 127.8, 52.3; HRMS-ESI calcd for [CsHoNOsNa]™: 202.0475
[M+Na]". Found: 202.0492; FT-IR (neat) v in em™: 3360, 3160, 1661, 1624. In agreement with

previous literature data.

2-Fluorobenzamide®”° (4.11)

F o}

NH,

Following general procedure LXIl, 2-fluorobenzaldehyde oxime (278 mg, 2 mmol) was used as
the aldoxime species. The title compound was recovered after purification by silica column
chromatography as an off-white solid (189 mg, 68%).

mp 117-119 °C (lit.”° 118 °C); 'H NMR (500 MHz, CDCl3): & 8.07 (td, J = 7.9, 1.9 Hz, 1H, CH,,),
7.49—-7.43 (m, 1H, CHy,), 7.23 (td, J = 7.6, 1.1 Hz, 1H, CH,,), 7.10 (ddd, J = 12.0, 8.3, 1.1 Hz, 1H,
CHy,), 6.91 (br's, 1H, NH), 6.73 (br s, 1H, NH); B¢ NMR (126 MHz, CDCl3): 6 165.4 (d, J = 2.6
Hz), 161.0 (d, J = 248.5 Hz), 133.9 (d, J = 9.4 Hz), 132.2 (d, J = 2.0 Hz), 124.8 (d, J = 3.4 Hz),
120.4 (d, J = 11.5 Hz), 116.1 (d, J = 24.8 Hz); *°F NMR (470 MHz, CDCl,): & -114.91 (referenced
against 4-fluorotoluene); HRMS-ESI calcd for [C;HsFNONal™: 162.0326 [M+Na]®. Found:
162.0337; FT-IR (neat) v in cm™: 3384, 3180, 1652, 1624. In agreement with previous

literature data.
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3-Methylbenzamide™ (4.12)

0]

NH,

Following general procedure LXII, 3-methylbenzaldehyde oxime (270 mg, 2 mmol) was used
as the aldoxime species. The title compound was recovered after purification by silica column
chromatography as a white solid (216 mg, 80%).

mp 93-94 °C (lit.**> 92-93 °C); 'H NMR (500 MHz, CDCls): & 7.66 — 7.64 (m, 1H, CH,,), 7.60 —
7.57 (m, 1H, CH,,), 7.36 — 7.31 (m, 2H, CH,,), 6.09 (br s, 1H, NH), 5.87 (br s, 1H, NH), 2.40 (s,
3H, CHs); °C NMR (126 MHz, CDCl3): § 169.7, 138.7, 133.4, 132.9, 128.6, 128.3, 124.4, 21.5;
HRMS-ESI calcd for [CgH1oNO]™: 136.0757 [M+H]". Found: 136.0790; FT-IR (neat) v in cm™:
3370, 3191, 1650, 1610. In agreement with previous literature data.

Thiophene-Z-carboxamide92 (4.13)

/ \__9°
S
NH,
Following general procedure LXII, thiophene-2-carboxaldehyde oxime (254 mg, 2 mmol) was
used as the aldoxime species. The title compound was recovered after purification by silica
column chromatography as a white solid (246 mg, 97%).
mp 178-179 °C (lit.”* 177-179 °C); 'H NMR (500 MHz, DMSO-d®): & 7.95 (br s, 1H, NH), 7.75 —
7.71 (m, 2H, CH,,), 7.36 (br's, 1H, NH), 7.14 — 7.11 (m, 1H, CH,,); *C NMR (126 MHz, DMSO-
d°): 6 162.8, 140.3, 130.9, 128.6, 127.9; HRMS-ESI calcd for [CsHsNOSNa]*: 149.9984 [M+Na]*.
Found: 149.9999; FT-IR (neat) v in cm™: 3367, 3171, 1653, 1612. In agreement with previous

literature data.

5-Bromothiophene-2-carboxamide271 (4.14)
/ \ 0
Br S
NH,
Following general procedure LXIl, 5-bromothiophene-2-carbaldehyde oxime (412 mg, 2
mmol) was used as the aldoxime species. The title compound was recovered after purification

by silica column chromatography as a white solid (399 mg, 97%).
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mp 166-167 °C (lit.>’”* 164-166 °C); "H NMR (500 MHz, DMSO-d®): & 8.03 (br s, 1H, NH), 7.57 (d,
J = 4.0 Hz, 1H, CHy,), 7.51 (br s, 1H, NH), 7.27 (d, J = 4.0 Hz, 1H, CH,,); C NMR (126 MHz,
DMSO-d%): & 161.8, 142.2, 131.5, 129.3, 116.8; HRMS-ESI calcd for [CsHsBrNOS]*: 205.9270
[M+H]". Found: 205.9280; FT-IR (neat) v in cm™: 3370, 3173, 1660, 1619. In agreement with

previous literature data.

Furan-2-carboxamide®” (4.15)

/NP
o
NH,
Following general procedure LXII, furan-2-carbaldehyde oxime (222 mg, 2 mmol) was used as
the aldoxime species. The title compound was recovered after purification by silica column
chromatography as a white solid (217 mg, 98%).
mp 143-144 °C (Iit.** 141-142 °C); 'H NMR (500 MHz, CDCls): & 7.47 (dd, J = 1.7, 0.7 Hz, 1H,
CH,,), 7.17 (dd, J = 3.5, 0.7 Hz, 1H, CH,,), 6.52 (dd, J = 3.5, 1.7 Hz, 1H, CH,,), 6.25 (brs, 1H, NH),
5.61 (brs, 1H, NH); BCc NMR (126 MHz, CDCl5): 6 160.2, 147.6, 144.5, 115.3, 112.5; HRMS-ESI
calcd for [CsHgNO,]": 112.0393 [M+H]". Found: 112.0409; FT-IR (neat) v in cm™: 3343, 3156,

1660, 1618. In agreement with previous literature data.

Cinnamamide” (4.16)

= NH,
o}
Following general procedure LXII, cinnamaldehyde oxime (294 mg, 2 mmol) was used as the
aldoxime species. The title compound was recovered after purification by silica column
chromatography as an off-white solid (209 mg, 71%).
mp 150-152 °C (lit.**> 149-151 °C); *H NMR (500 MHz, CDCl5): § 7.65 (d, J = 15.7 Hz, 1H, PhCH),
7.54 —7.50 (m, 2H, Ph), 7.41 — 7.35 (m, 3H, Ph), 6.46 (d, J = 15.7 Hz, 1H, PhCHCH), 5.57 (br s,
2H, NH,); *C NMR (126 MHz, CDCl5): 6 167.8, 142.8, 134.7, 130.2, 129.0, 128.1, 119.5; HRMS-
ESI calcd for [CoHioNO]™: 148.0757 [M+H]". Found: 148.0781; FT-IR (neat) v in cm™: 3380,

3165, 1656, 1609. In agreement with previous literature data.
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Benzo[d][1,3]dioxole-5-carboxamide”® (4.17)

0
<j©)L
0

Following general procedure LXIl, piperonaldoxime (330 mg, 2 mmol) was used as the
aldoxime species. The title compound was recovered after purification by silica column
chromatography as an off-white solid (244 mg, 74%).

mp 166-167 °C (lit.”>® 164-166 °C); ‘H NMR (500 MHz, DMSO-d°): & 7.80 (br s, 1H, NH), 7.46
(dd, J = 8.2, 1.8 Hz, 1H, CH,,), 7.40 (d, J = 1.8 Hz, 1H, CH,,), 7.22 (br s, 1H, NH), 6.96 (d, J = 8.2
Hz, 1H, CH,,), 6.08 (br s, 2H, CH,); BCNMR (126 MHz, DMSO-d6): 6 166.9, 149.6, 147.2, 128.3,
122.5, 107.7, 107.5, 101.6; HRMS-ESI calcd for [CgH,NOsNa]™: 188.0318 [M+Na]*. Found:
188.0326; FT-IR (neat) v in cm™: 3350, 3162, 1653, 1627. In agreement with previous

literature data.
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6.5. Chapter 5 Experimental Methods and Compound Characterisation

General Procedure LXIV — Conversion of Aldehydes into Aldoximes in Toluene

(Scheme 5.2, Results and Discussion V)

To a stirred solution of hydroxylamine hydrochloride (69 mg, 1 mmol) in toluene (1 mL, 1 M)
was added 4-methylbenzaldehyde (118 pL, 1 mmol) at 0 °C. Sodium acetate (123 mg, 1.5
mmol) was added slowly and the reaction mixture was allowed to warm to room temperature
and left stirring for 24 hours. The crude reaction mixture was diluted with DCM (5 mL) and
the solvent removed in vacuo on a rotary evaporator. Percentage conversion into 4-
methylbenzaldehyde oxime was calculated from the crude 'H NMR spectra by comparison of
the peaks at 7.78 ppm (2H, 4-methylbenzaldehyde) and 7.47 ppm (2H, 4-methylbenzaldehyde

oxime).

General Procedure LXV — Conversion of Aldoximes into Amides in EtOH/H,0

(Scheme 5.2, Results and Discussion V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc); (9.1 mg, 5 mol%), NaNO, (6.9 mg, 10 mol%) and EtOH/H,0 (5:1, 1
M). The tube was then sealed and the reaction mixture heated at 30 °C for 24 hours. After
being allowed to cool, QuadraSil™ TA was added and the reaction left to stir at room
temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL), filtered,
washed and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into
4-methylbenzamide was calculated from the crude 'H NMR spectra by comparison of the
peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-methylbenzonitrile),
7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-methylbenzaldehyde).

General Procedure LXVI — Conversion of Aldehydes into Aldoximes in DCM/DCE

(Table 5.1, Results and Discussion 1V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 pL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), sodium acetate (123 mg, 1.5
mmol) and the appropriate solvent (1 mL, 1 M). The tube was then sealed and the reaction
mixture heated at the appropriate temperature for 24 hours. The crude reaction mixture was
diluted with DCM (5 mlL) and the solvent removed in vacuo on a rotary evaporator.

Percentage conversion into 4-methylbenzaldehyde oxime was calculated from the crude 'H
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NMR spectra by comparison of the peaks at 7.78 ppm (2H, 4-methylbenzaldehyde) and 7.47
ppm (2H, 4-methylbenzaldehyde oxime).

General Procedure LXVII - Temperature Screen for the Rearrangement of 4-
methylbenzaldehyde oxime in DCE

(Table 5.2, Results and Discussion 1V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), NaNO, (6.9 mg, 10 mol%) and DCE (1 mL, 1 M).
The tube was then sealed and the reaction mixture heated at the appropriate temperature
for 24 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction left to
stir at room temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5
mL), filtered, washed and the solvent removed in vacuo on a rotary evaporator. Percentage
conversion into 4-methylbenzamide was calculated from the crude 'H NMR spectra by
comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-
methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-
methylbenzaldehyde).

General Procedure LXVIII — Time Screen for the Conversion of Aldehydes into Amides

(Table 5.3, Results and Discussion 1V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 uL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), sodium acetate (123 mg, 1.5
mmol) and DCE (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30
°C for the appropriate amount of time. The crude reaction mixture was diluted with DCM (5
mL) and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into 4-
methylbenzaldehyde oxime was calculated from the crude 'H NMR spectra by comparison of
the peaks at 7.78 ppm (2H, 4-methylbenzaldehyde) and 7.47 ppm (2H, 4-methylbenzaldehyde

oxime).

General Procedure LXIX - Initial One-Pot Protocol for the Conversion of Aldehydes into
Amides

(Table 5.4, Results and Discussion V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 pL, 1 mmol)

was added hydroxylamine hydrochloride (69 mg, 1 mmol), sodium acetate (123 mg, 1.5
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mmol) and DCE (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30
°C. After 24 hours Cu(OAc), (9.1 mg, 5 mol%) and NaNO, (6.9 mg, 10 mol%) were added and
the reaction was left for a further 24 hours at the appropriate temperature. After being
allowed to cool, QuadraSil™ TA was added and the reaction left to stir at room temperature
for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL), filtered, washed and
the solvent removed in vacuo on a rotary evaporator. Percentage conversion into 4-
methylbenzamide was calculated from the crude 'H NMR spectra by comparison of the peaks
at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-methylbenzonitrile), 7.71
ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-methylbenzaldehyde).

General Procedure LXX — Addition of First Step By-Products to the Reaction

(Table 5.5, Results and Discussion 1V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde oxime (135 mg, 1
mmol) was added Cu(OAc), (9.1 mg, 5 mol%), NaNO, (6.9 mg, 10 mol%), the appropriate
additive(s) and DCE (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at
30 °C for 24 hours. After being allowed to cool, QuadraSil™ TA was added and the reaction
left to stir at room temperature for 5 minutes. The crude reaction mixture was diluted with
DCM (5 mL), filtered, washed and the solvent removed in vacuo on a rotary evaporator.
Percentage conversion into 4-methylbenzamide was calculated from the crude 'H NMR
spectra by comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55
ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide), 7.78 ppm (2H, 4-
methylbenzaldehyde), 8.03 ppm (2H, 4-methylbenzoic acid) and any peaks corresponding to

unidentified by-products.

General Procedure LXXI — Use of Sodium Bicarbonate as the Base

(Scheme 5.4, Results and Discussion V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 pL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), sodium acetate (123 mg, 1.5
mmol) and DCE (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30
°C for 24 hours. The crude reaction mixture was diluted with DCM (5 mL) and the solvent
removed in vacuo on a rotary evaporator. Percentage conversion into 4-methylbenzaldehyde
oxime was calculated from the crude 'H NMR spectra by comparison of the peaks at 7.78

ppm (2H, 4-methylbenzaldehyde) and 7.47 ppm (2H, 4-methylbenzaldehyde oxime).
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General Procedure LXXIl - Comparison Between Sodium Acetate and Sodium Bicarbonate in
the One-Pot Protocol

(Table 5.6, Results and Discussion 1V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 uL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), the appropriate base (1.5 mmol)
and DCE (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30 °C.
After 24 hours Cu(OAc), (9.1 mg, 5 mol%) and NaNO, (6.9 mg, 10 mol%) were added and the
reaction was left for a further 24 hours at 80 °C. After being allowed to cool, QuadraSil™ TA
was added and the reaction left to stir at room temperature for 5 minutes. The crude reaction
mixture was diluted with DCM (5 mL), filtered, washed and the solvent removed in vacuo on a
rotary evaporator. Percentage conversion into 4-methylbenzamide was calculated from the
crude "H NMR spectra by comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde
oxime), 7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78
ppm (2H, 4-methylbenzaldehyde).

General Procedure LXXIII — Sodium Bicarbonate Equivalents Screen

(Table 5.7, Results and Discussion 1V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 uL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), the appropriate amount of sodium
bicarbonate and DCE (1 mL, 1 M). The tube was then sealed and the reaction mixture heated
at 30 °C for 24 hours. The crude reaction mixture was diluted with DCM (5 mL) and the
solvent removed in vacuo on a rotary evaporator. Percentage conversion into 4-
methylbenzaldehyde oxime was calculated from the crude 'H NMR spectra by comparison of
the peaks at 7.78 ppm (2H, 4-methylbenzaldehyde) and 7.47 ppm (2H, 4-methylbenzaldehyde

oxime).

General Procedure LXXIV — One-Pot Protocol using 1.1 Equivalents of Sodium Bicarbonate
(Scheme 5.5, Results and Discussion V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 uL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), sodium bicarbonate (92 mg, 1.1
mmol) and DCE (1 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30
°C. After 24 hours Cu(OAc), (9.1 mg, 5 mol%) and NaNO, (6.9 mg, 10 mol%) were added and

the reaction was left for a further 24 hours at 30 °C. After being allowed to cool, QuadraSil™
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TA was added and the reaction left to stir at room temperature for 5 minutes. The crude
reaction mixture was diluted with DCM (5 mL), filtered, washed and the solvent removed in
vacuo on a rotary evaporator. Percentage conversion into 4-methylbenzamide was calculated
from the crude 'H NMR spectra by comparison of the peaks at 7.47 ppm (2H, 4-
methylbenzaldehyde oxime), 7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-
methylbenzamide) and 7.78 ppm (2H, 4-methylbenzaldehyde).

General Procedure LXXV — Time Screen for the Conversion of Aldehydes into Amides With
and Without Water

(Table 5.8, Results and Discussion V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 pL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), sodium bicarbonate (92 mg, 1.1
mmol), water (1-3 mmol) if appropriate and DCE (1 mL, 1 M). The tube was then sealed and
the reaction mixture heated at 30 °C for the appropriate amount of time. The crude reaction
mixture was diluted with DCM (5 mL) and the solvent removed in vacuo on a rotary
evaporator. Percentage conversion into 4-methylbenzaldehyde oxime was calculated from
the crude 'H NMR spectra by comparison of the peaks at 7.78 ppm (2H, 4-
methylbenzaldehyde) and 7.47 ppm (2H, 4-methylbenzaldehyde oxime).

General Procedure LXXVI —Conversion of Aldehydes into Amides Using Aqueous
Hydroxylamine

(Scheme 5.6, Results and Discussion 1V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 pL, 1 mmol)
was added hydroxylamine in H,0 (61 uL, 1 mmol, 50% wt in H,0), sodium bicarbonate (92
mg, 1.1 mmol) if appropriate, and DCE (1 mL, 1 M). The tube was then sealed and the
reaction mixture heated at 30 °C for 1 hour. The crude reaction mixture was diluted with DCM
(5 mL) and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into
4-methylbenzaldehyde oxime was calculated from the crude '"H NMR spectra by comparison
of the peaks at 7.78 ppm (2H, 4-methylbenzaldehyde) and 7.47 ppm (2H, 4-

methylbenzaldehyde oxime).
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General Procedure LXXVII — One-Pot Protocol With and Without Water in the First Step
(Table 5.9, Results and Discussion 1V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 puL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), sodium bicarbonate (92 mg, 1.1
mmol), water if appropriate and DCE (1 mL, 1 M). The tube was then sealed and the reaction
mixture heated at 30 °C. After the appropriate amount of time Cu(OAc), (9.1 mg, 5 mol%) and
NaNO, (6.9 mg, 10 mol%) were added and the reaction was left for a further 24 hours at 30
°C. After being allowed to cool, QuadraSil™ TA was added and the reaction left to stir at room
temperature for 5 minutes. The crude reaction mixture was diluted with DCM (5 mL), filtered,
washed and the solvent removed in vacuo on a rotary evaporator. Percentage conversion into
4-methylbenzamide was calculated from the crude '"H NMR spectra by comparison of the
peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime), 7.55 ppm (2H, 4-methylbenzonitrile),
7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H, 4-methylbenzaldehyde).

General Procedure LXXVIII - Final Optimisation of One-Pot Protocol

(Table 5.10, Results and Discussion V)

To an oven dried Radleys carousel tube containing 4-methylbenzaldehyde (118 uL, 1 mmol)
was added hydroxylamine hydrochloride (69 mg, 1 mmol), sodium bicarbonate (92 mg, 1.1
mmol) and DCE (1 mL, 1 M), unless otherwise stated. The tube was then sealed and the
reaction mixture heated at 30 °C. After 4 hours Cu(OAc), (14 mg, 7.5 mol%) and NaNO, (10
mg, 15 mol%) were added and the reaction was left for the appropriate amount of time at 30
°C, unless otherwise stated. After being allowed to cool, QuadraSil™ TA was added and the
reaction left to stir at room temperature for 5 minutes. The crude reaction mixture was
diluted with DCM (5 mL), filtered, washed and the solvent removed in vacuo on a rotary
evaporator. Percentage conversion into 4-methylbenzamide was calculated from the crude 'H
NMR spectra by comparison of the peaks at 7.47 ppm (2H, 4-methylbenzaldehyde oxime),
7.55 ppm (2H, 4-methylbenzonitrile), 7.71 ppm (2H, 4-methylbenzamide) and 7.78 ppm (2H,

4-methylbenzaldehyde).

General Procedure LXXIX — Substrate Scope for the One-Pot Protocol
(Table 5.11, Results and Discussion V)
To an oven dried Radleys carousel tube containing the appropriate aldehyde (2 mmol) was

added hydroxylamine hydrochloride (139 mg, 1 mmol), sodium bicarbonate (184 mg, 1.1
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mmol) and DCE (2 mL, 1 M). The tube was then sealed and the reaction mixture heated at 30
°C. After 4 hours Cu(OAc), (27 mg, 7.5 mol%) and NaNO; (21 mg, 15 mol%) were added and
the reaction was left for 20 hours at 30 °C, unless otherwise stated. After being allowed to
cool, QuadraSil™ TA was added and the reaction left to stir at room temperature for 5
minutes. The crude reaction mixture was diluted with DCM (5 mL), filtered, washed and the
solvent removed in vacuo on a rotary evaporator. Percentage conversion was calculated from
the crude 'H NMR spectra and the crude amide products were purified by silica column

chromatography (eluting with a 100% DCM to 95:5 DCM/MeOH gradient).

4-Methylbenzamide™ (5.3)

)

NH,

Following general procedure LXXIX, 4-methylbenzaldehyde (236 pL, 2 mmol) was used as the
aldehyde species. The title compound was recovered after purification by silica column
chromatography as a white solid (216 mg, 80%).

mp 161-163 °C (lit.>> 161-162 °C); 'H NMR (500 MHz, CDCl5): & 7.71 (d, J = 8.2 Hz, 2H, CH.,),
7.24 (d, J = 8.2 Hz, 2H, CHy,), 5.99 (br s, 2H, NH,), 2.40 (s, 3H, CHs); BC NMR (126 MHz, CDCls):
& 169.5, 142.7, 130.6, 129.4, 127.5, 21.6; HRMS-ESI calcd for [CsH1oNO]": 136.0757 [M+H]".
Found: 136.0759; FT-IR (neat) v in em™: 3343, 3158, 1667, 1613. In agreement with previous

literature data.

4-Chlorobenzamide®” (5.5)

o)
NH,
cl
Following general procedure LXXIX, 4-chlorobenzaldehyde (281 mg, 2 mmol) was used as the
aldehyde species. The title compound was recovered after purification by silica column

chromatography as a white solid (246 mg, 79%).
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mp 179-181 °C (lit.”* 178-181 °C); *H NMR (500 MHz, DMSO-d®): & 8.12 (br s, 1H, NH), 7.93 (d,
J = 8.6 Hz, 2H, CHy,), 7.55 (br s, 1H, NH), 7.45 (d, J = 8.6 Hz, 2H, CH,,); °C NMR (126 MHz,
DMSO-d%): 6 167.3, 136.4, 133.1, 129.4, 128.4; HRMS-ESI calcd for [C;H¢CINONa]*: 178.0030
[M+Na]". Found: 178.0031; FT-IR (neat) v in cm™: 3369, 3173, 1653, 1618. In agreement with

previous literature data.

Thiophene-2-carboxamide®” (5.6)

/ \__9°
S
NH,
Following general procedure LXXIX, 2-thiophenecarboxaldehyde (187 pL, 2 mmol) was used
as the aldehyde species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was
then left for a further 24 hours. The title compound was recovered after purification by silica
column chromatography as a white solid (183 mg, 72%).
mp 177-179 °C (lit.”> 177-179 °C); "H NMR (500 MHz, CDCls): & 7.55 — 7.51 (m, 2H, CHy,), 7.10
(dd, J = 5.0, 3.7 Hz, 1H, CH,,), 5.75 (br s, 2H, NH,); >C NMR (126 MHz, CDCl,): § 163.6, 137.9,
131.1, 129.4, 127.9; HRMS-ESI calcd for [CsHsNOSNa]'™: 149.9984 [M+Na]". Found: 149.9986;

FT-IR (neat) vin cm™: 3367, 3169, 1649, 1610. In agreement with previous literature data.

Furan-2-carboxamide® (5.7)

/ N\ 0°
© NH,
Following general procedure LXXIX, 2-furaldehyde (166 pL, 2 mmol) was used as the aldehyde
species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was then left for a
further 24 hours. The title compound was recovered after purification by silica column
chromatography as a light brown solid (138 mg, 62%).
mp 141-142 °C (lit.”* 141-142 °C); *H NMR (500 MHz, CDCl,): 6 7.47 (dd, J = 1.7, 0.7 Hz, 1H,
CH,,), 7.17 (dd, J = 3.5, 0.7 Hz, 1H, CH,,), 6.52 (dd, J = 3.5, 1.7 Hz, 1H, CH,,), 6.25 (brs, 1H, NH),
5.61 (brs, 1H, NH); C NMR (126 MHz, CDCl5): 6 160.3, 147.7, 144.6, 115.4, 112.6; HRMS-ESI
calcd for [CsHsNO,Na]™: 134.0212 [M+Na]*. Found: 134.0214; FT-IR (neat) v in cm™: 3345,

3158, 1666, 1623. In agreement with previous literature data.
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Benzamide®” (5.8)

(0]

NH,

Following general procedure LXXIX, benzaldehyde (203 pL, 2 mmol) was used as the aldehyde
species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was then left for a
further 24 hours. The title compound was recovered after purification by silica column
chromatography as a white solid (201 mg, 83%).

mp 127-19 °C (Iit.** 129-130 °C); 'H NMR (500 MHz, DMSO-d°): & 8.00 (br s, 1H, NH), 7.91 —
7.87 (m, 2H, Ph), 7.53 — 7.48 (m, 1H, Ph), 7.47 — 7.41 (m, 2H, Ph), 7.38 (br s, 1H, NH); *C NMR
(126 MHz, DMSO-d°): 6 168.0, 134.3, 131.2, 128.2, 127.5; HRMS-ESI calcd for [C;HsNO]':
122.0600 [M+H]". Found: 122.0605; FT-IR (neat) v in cm™: 3366, 3163, 1658, 1620. In

agreement with previous literature data.

4-Fluorobenzamide® (5.9)

0
NH,

F

Following general procedure LXXIX, 4-fluorobenzaldehyde (215 pL, 2 mmol) was used as the
aldehyde species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was then
left for a further 24 hours. The title compound was recovered after purification by silica
column chromatography as a white solid (234 mg, 84%).

mp 152-154 °C (lit.** 153-155 °C); *H NMR (500 MHz, CDCl3): & 7.83 (dd, J = 8.9, 5.3 Hz, 2H,
CH,,), 7.13 (t, J = 8.9 Hz, 2H, CHy,), 5.83 (br s, 2H, NH,); °C NMR (126 MHz, DMSO-d®): § 166.8,
163.8 (d, J = 248.3 Hz), 130.7 (d, J = 2.9 Hz), 130.1 (d, J = 9.0 Hz), 115.1 (d, J = 21.6 Hz); *°F
NMR (470 MHz, CDCl5): 6 -109.49 (referenced against 4-fluorotoluene): HRMS-ESI calcd for
[C;HsFNONa]': 162.0326 [M+Na]". Found: 162.0325; FT-IR (neat) v in cm™: 3328, 3150, 1672,

1624. In agreement with previous literature data.
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4-Methoxybenzamide'* (5.10)

NH,

m
Following general procedure LXXIX, p-anisaldehyde (243 plL, 2 mmol) was used as the
aldehyde species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was then
left for a further 24 hours. The title compound was recovered after purification by silica
column chromatography as a white solid (124 mg, 41%).

mp 166-168 °C (lit."** 166-168 °C); 'H NMR (500 MHz, CDCl;): § 7.79 (d, J = 8.9 Hz, 2H, 0-CH,,),
6.95 (d, J = 8.9 Hz, 2H, m-CHp,), 5.73 (br s, 2H, NH,), 3.87 (s, 3H, CHs); >C NMR (126 MHz,
DMSO—dG): & 169.0, 162.8, 129.4, 125.7, 114.0, 55.6; HRMS-ESI calcd for [CgH:oNO,]":
152.0706 [M+H]". Found: 152.0709; FT-IR (neat) v in cm™: 3391, 3166, 1644, 1612. In

agreement with previous literature data.

4-(Diethylamino)benzamide (5.11)

0
NH,
N 0
) m
Following general procedure LXXIX, 4-diethylaminobenzaldehyde (354 mg, 2 mmol) was used
as the aldehyde species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was
then left for a further 24 hours. Percentage conversion into 5.11 was calculated from the
crude 'H NMR spectra by comparison of the peaks corresponding to the starting aldehyde,

aldoxime, nitrile and 5.11.
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Methyl 4-carbamoylbenzoate (5.12)

0]

NH,

o]
Following general procedure LXXIX, methyl 4-formylbenzoate (328 mg, 2 mmol) was used as
the aldehyde species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was
then left for a further 24 hours. Percentage conversion into 5.12 was calculated from the
crude 'H NMR spectra by comparison of the peaks corresponding to the starting aldehyde,

aldoxime, nitrile and 5.12.

3-Methylbenzamide®” (5.13)

(0]

NH,

Following general procedure LXXIX, 3-methylbenzaldehyde (236 pL, 2 mmol) was used as the
aldehyde species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was then
left for a further 24 hours. The title compound was recovered after purification by silica
column chromatography as a white solid (216 mg, 80%).

mp 92-94 °C (lit.**> 92-93 °C); 'H NMR (500 MHz, CDCls): & 7.67 — 7.65 (m, 1H, CH,,), 7.61 —
7.57 (m, 1H, CH,,), 7.37 — 7.33 (m, 2H, CHa,), 6.10 (br s, 1H, NH), 5.88 (br s, 1H, NH), 2.41 (s,
3H, CH5s); 3C NMR (126 MHz, CDCl3): 6 169.8, 138.8, 133.5, 133.0, 128.7, 128.4, 124.5, 21.6;
HRMS-ESI calcd for [CsHoNONa]': 158.0576 [M+Na]". Found: 158.0579; FT-IR (neat) v in em™:

3375, 3197, 1650, 1615. In agreement with previous literature data.

Cinnamamide” (5.14)

— NH,
o]
Following general procedure LXXIX, trans-cinnamaldehyde (252 pL, 2 mmol) was used as the

aldehyde species. Cu(OAc), and NaNO, were added after 16 hours and the reaction was then
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left for a further 24 hours. The title compound was recovered after purification by silica
column chromatography as an off-white solid (223 mg, 76%).

mp 150-151 °C (lit.”* 149-151 °C); *H NMR (500 MHz, DMSO-d°): § 7.62 (br s, 1H, NH), 7.58 —
7.53 (m, 2H, Ph), 7.47 (d, J = 15.9 Hz, 1H, PhCH), 7.42 — 7.32 (m, 3H, Ph), 7.20 (br s, 1H, NH),
6.66 (d, /= 15.9 Hz, 1H, PhCHCH); BCNMR (126 MHz, DMSO-dG): 6 166.9, 139.3,134.9, 129.5,
128.9, 127.6, 122.3; HRMS-ESI calcd for [CsHsNONa]': 148.0757 [M+H]". Found: 148.0761; FT-

IR (neat) vin cm™: 3389, 3167, 1656, 1611. In agreement with previous literature data.
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