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Abstract

This thesis reports a novel reagent-less dealkylation of benzylic amides with varying
steric effects and electronic properties of an attached group. Complex drug
structures are explored to probe the feasibility of the reaction. Electrosynthetic
experiments were performed at room temperature in an undivided cell using
tetrabutylammonium perchlorate (TBAP) as an electrolyte. Reticulated vitreous
carbon (RVC) was used as both the working and counter electrode. The constant
current method was employed for the reactions. An optimisation survey found that
changing the electrochemical process from controlled voltage to controlled current
conditions led to deethylation. Methanol was found to be essential for N-deethylation
to occur. Using the controlled current method N-deethylation of N,N-
Diethylbenzamide (106) was achieved with an isolated yield of 86%. The proposed
reaction mechanism indicates the reaction proceeds via one of the two pathways,

pathway A dominates and proceeds via the typical Shono a-methoxylation initiation.

Chapter 1 introduces and includes examples of general electrochemical concepts
that apply to organic electrosynthesis. The chapter consists of electrochemical
methods and techniques for the analysis of small molecules. The literature review
compares the emerging trends using electrochemistry coupled to LC-MS to detect
the presence of N-dealkylated drug metabolites and current trends for the N-
dealkylation of amides, including conventional methods.

Chapter 2 reports the optimisation survey of 106 for electrochemistry and
purification method, LSV of the compounds is discussed, and the reaction
mechanism is proposed.

Chapter 3 reports the electrosynthetic dealkylation survey of amides. LSV survey of
the selected compounds were analysed and indicated that stronger electron-
donating substituents did not give dealkylation. The use of electrochemistry to study
the N-dealkylation of drug and herbicides molecules are also described. The LSV of
molecules were examined, and HPLC was explored to purify the products. N-
dealkylation of complex compounds requires further probing using electrochemical
methods and optimisation to obtain the final product. Finally, the chapter summaries
key research findings for the work. The Chapter also explores future work and the



diverse approaches for further research, such as; use of flow cells for the oxidation

of the amides.

Chapter 4 presents the procedures for the synthesis of amides and electrochemical
methods used during the thesis. It contains compound characterisation using the
following methods: LC-MS, *H-NMR and C'3-NMR.



Academic Aims of the Investigation

Academic Aims:
The work aimed to investigate the viability of N-dealkylation of tertiary amides when

applied to various tertiary amide structures.

Objective:

1. Synthesis of benzylic amides with varying steric effects, electronic
properties and the electron-withdrawing ability of an attached group on the
amide-donating compound.

2. Optimisation of electrochemical parameters using N,N-Diethylbenzamide
(106).

3. Hypothesis and inference of reaction mechanism.

4. Application of the data collected from optimisation to the selected drugs and
herbicides.
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Chapter 1: Organic and Metabolites Synthesis
using Electrochemistry

1. Introduction

Volta Pile’st innovation of an electric battery observed the continuous movement of
electrons and is considered the first electrochemistry experiment that can be traced
back to the 1800s.?2 Terms such as electrolysis, anode, cathode were introduced in

the infancy of electrochemistry and have formed an essential part of the vocabulary.

Faraday’s endeavours in the 1830s generated curiosity in using the electric current
to initiate nonspontaneous organic reactions. Faraday’s application of potential led
to the observation of movements of ions through a solution, hence, leading to the
current application of ionic salts as electrolytes to increase the conductivity of an

organic system.3

The first organic electrochemical experiment was Faraday’s electrolysis of acetic
acid. This inspired the Kolbe electrolysis in 1847, where anodic oxidation of a
prevalent carboxylic acid gave a favourable way to access alkyl radicals.* The first
electrochemical cathodic reduction of an organic compound was Schoenbein’s

dehalogenation of trichloromethanesulfonic acid.®

The use of electrochemistry is being explored in several areas of chemistry; one
such area of interest is using electrochemistry to study metabolites of drugs.
Detection of possible toxic metabolites of drugs is a vital step in the development of
new drugs. It is imperative to comprehend how these drugs will behave in the body.
Current techniques for testing new drugs include the use of in vivo or in vitro
methods. The process of performing experiments with cells outside their standard
biological settings is known as in vitro, and these types of experiments are usually
conducted in petri dishes or test tubes. In vitro drug metabolism studies are used
for screening and characterising drug metabolites. They provide information

regarding drug pathways and make suggestions for further in vivo testing.®



The use of living organisms such as animals or human models for testing the drugs
is known as in vivo, which includes hepatic (metabolism of drugs in the liver using
numerous enzymes) and non-hepatic microsomes.’” The breakdown of Eukaryotic
cells in the laboratory to produce endoplasmic reticulum pieces and from this

vesicle-like artefacts are reformed to microsomes.8

Liver cells or subcellular segments from animals and humans are easily accessible
and therefore are generally utilised to investigate drugs in vivo at the initial stage of
drug discovery. ° The most widely used microsomes from an animal are the rat liver
microsomes (RLM) as they contain high concentrations of cytochrome P450
(CYP450) (Scheme 2)” The bulk of drug-metabolizing enzymes, predominantly
CYPs, are primarily found in liver cells but also originate in the intestines and lungs.

Liver microsomes containing vesicles are derived from the hepatocytes
endoplasmic and therefore include a complete set of drug metabolising enzymes
and are often employed to study enzyme induction processes. However, the
isolation of hepatocytes can be difficult as cell damage may occur, and the

procedure is more complex than using liver cell homogenate.°

However, these methods of testing drugs have several disadvantages, including the
development of reactive metabolites or intermediates, which have short half-lives.
These are difficult to detect, and the replication of reaction conditions in vitro
procedures is challenging. These short-lived species tend to covalently bond to

cellular macromolecules, such as proteins and DNA. 711

Scheme 1 is an example of oxidative metabolism of aminophenol or
phenylenediamines, where dehydrogenation by CYP produces quinones, quinone
imines, or quinone diimines and eventual binds to glutathione or cellular
macromolecules. Apart from the complicated testing methods, the cost and time

associated with testing drugs is extensive.'!
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Scheme 1: Oxidative metabolism of aminophenol or phenylenediamines.!

An alternative method for detecting metabolites is to use electrochemistry.
Electrochemistry consists of the addition or removal of electrons from the
electrostatic pull between electrons and nuclei when an electrical potential is
applied.'? It is the simplest way of interacting with molecules. Applications of
electrochemistry can be found in various fields of chemistry, including analytical'3-1%

and synthesis of organic compounds % 12 16-18

As an alternative to toxic and potentially dangerous oxidising and reducing
chemicals, electricity is used. Therefore, electrochemistry is considered an
environmentally favourable procedure for performing oxidations and reductions of
compounds. The electroactive substances can be examined by applying the
following methods: differential pulse, cyclic voltammetry, direct and indirect

electrolysis (Section 1.4).12

Electrochemistry methodology can imitate the major redox reactions that take place
in the human body.1% 20 There are several advantages to using electrochemistry
compared to the classical method for studying metabolism. Metabolites with short
half-lives and stable species can be detected quickly and cleanly (i.e. organ

extraction and animals).

Mechanistic insight into a drug’s metabolism pathway could be gained by using
cyclic voltammetry and spectroelectrochemistry methods to detect transient
metabolites. The drugs are analysed in a non-cellular environment, which makes

scalability, reproducibility and purification easier.” Drug metabolism data is



replicated faster and is more effective when compared to the widely used

techniques.

Although the literature is filled with various methods of testing and detecting drugs
using electrochemistry coupled with LC-MS?1-?4 there are scarce examples of

isolated drug metabolites.

A typical functional group found in drugs is the amide bond. In 2017 it was present
in 60% of newly approved drugs.?® It is nature’s most fundamental connecting group
(e.g., peptides and proteins) and is predominant in naturally occurring and synthetic
compounds. 26 2729 Amides are crucial in the development and composition of
biological and chemical systems.3® They play a vital role in the construction of
pharmaceuticals, agrochemicals, and polymers (Figure 1).2-3! Drugs containing

amide bonds can lead to the formation of N-dealkylated metabolites.3?-36
o)
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Figure 1. The amide bonds present in pharmaceuticals and agrochemicals compounds.

The sections below explore the essential concepts that are required in organic
electrosynthesis. The sections Include current trends in N-dealkylation of amides,
use of electrochemistry to study drug metabolism and the scope of using

electrochemistry as a method in a wider area of organic chemistry.

1.1. Introduction to drug metabolism

For a drug to metabolise, it needs to be converted into a more polar form during
metabolism before it is eliminated from the body.3” For drugs to be approved, a
balance is required within the absence of metabolism (drug build-up, preferred
metabolism, e.g. pro-drug release) and rapid metabolism (short half-life/duration of

action) dependent on the drug target.38



Drugs are metabolised in the body in two stages: Phase | and Phase Il metabolism.
Phase | metabolism involves oxidative, reductive, or hydrolytic reactions that either
expose a previously masked polar group in the drug or add a polar group. The
majority of phase | metabolisms proceed via the CYP-450 family of enzymes. CYPs
can stimulate other forms of oxidative transformations, for example, heteroatom-
dealkylation, dehalogenation, and dehydrogenation.®® The hydrolysis of an ester to
a carboxylic acid, the addition of a hydroxyl group to a C-H bond and reduction of a

nitro group to an amine is a typical example of phase | metabolism.*°

There are numerous CYP isoforms due to the variation found in the protein
sequence. The CYP450 class of enzymes are monooxygenases that utilise an
essential haem group to oxidise their substrate (Scheme 2). Scheme 2 shows the

catalytic cycle of CYP450 and the mechanism of action for the drug.
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Scheme 2: Catalytic cycle of cytochrome p450.4!



9 Ferric (Fe®'), a 6-coordinate low spin heme iron axially coordinated by cysteine
thiolate (S) and a feebly attached water molecule (H20), is the start of the reaction
order where p450 is in an inactive state. A 5-coordinate high spin heme iron (10) is
formed when restraining of a substrate (RH) eliminates the water ligand. Ferric-
superoxo (12) complex is produced when a redox partner reduces 10, and the
ferrous iron binds to dioxygen. The ferric-peroxo intermediate (13) was created via
a single electron reduction by the redox partner. 13 is then protonated to produce a
transient ferric-hydroperoxo species (14). 14 undergoes additional protonation and
dehydration to fabricate compound 15, the ferryl-oxo porphyrin radical cation
species. 15 is thought to be the key oxidant in CYP450 reactions and abstracts
hydrogen from RH to form 16 substrate radical before “recovering” the hydroxyl to

the substrate to form hydroxylated product and to restore the resting state 9.4% 43

Phase Il metabolism includes reactions on the exposed or added polar group via
conjugation to further increase the polarity of the drug metabolite, which enables
clearance from the body. Phase Il conjugates include reactions with carbohydrates
(glucuronidation) and peptides (in particular glutathione) and the addition of sulphate

groups.3’

An additional method of predicting a metabolite is to use in silico methods.** This is
a computer-based approach that is divided into various sub-sections. Based on the
data collected on the knowledge of CYP-active sites, calculations can be made
using in silico method to optimise studies using a lead structure towards its
metabolic stability.** This could result in a more efficient drug discovery and

development process.

1.2 Preparative Electrosynthesis of drug metabolites

The review “Metabolism Inspired Electrosynthesis” was published in
ChemElectroChem by the group in 2019.3” There are numerous advantages to
using mass spectrometry (MS) directed electrosynthesis. This enables the
avoidance of laborious synthetic development. The combination of MS and
electrochemistry has led to the prospect of isolating potential drug metabolites on a

preparative scale.



Paci and colleague®® (Scheme 3) reported a method to isolate the analogous a-
methoxy metabolites with equipotent activity to the natural a-hydroxy metabolites
using the controlled current method. The anodic oxidation was conducted in current-
controlled conditions in an undivided cell with graphite rod as electrodes.
Ifosfamide 17 gave two stereoisomers and is metabolised to 4-hydroxy-ifosamide
(19) at 48%, and Cyclophosphamide (21) at 36%. 18 is metabolised to 4-
hydroxycyclophosphamide. 17 and 18 are examples of alkylating agents used in
sarcoma and cerebral tumours. A single product for Cyclophosphamide was

observed and gave 22 at 40% isolated yield (20 was not detected).

Rig Re I=15mA1 Rig Re Rig Re
CIFII),N\/\Cl 2.2 F mol Meo"'Cl%‘\N\/\CI + MeO\Cg‘N\/\Cl
0 Et4NOTs, MeOH 0 o
Undivided cell

17 19 = 48% 21=36%
R1=(CH,),Cl, R, =H 20 =0% 22 = 40%
Ifosfamide

18
R1=H, Ry = (CH,),ClI
Cyclophosphamide

Scheme 3: Electrochemical oxidation of Ifosfamide (17) and Cyclophosphamide (18).4°

Nouri-Nigjeh and co-workers?*® synthesised an aromatic hydroxylation of Lidocaine
(23, a local anaesthetic) using electro-Fenton conditions (Scheme 4) and a square
wave pulse sequence (between 0.2 — 12.0 s). This improved the selectivity of
hydroxylation (24) and dealkylation (25) by 50-fold, and a yield of 10% for 24 and
25 were recorded. In comparison, a potential of +5000 mV resulted in low yields of
both aromatic hydroxylation (24) and dealkylated (25) products.

H H
N NN +5000 mV N NN + N NH
701/\ k TBAP o 70‘/\ K 701/\ k

ACN/H,0

23 24 25

Scheme 4: Lidocaine (23) electro-oxidation using a square wave pulse sequence.6



A modified method for the dealkylated metabolites for Fesoterodine (Scheme 5) was
reported by Torres and colleagues at Pfizer.#” 26 was used as a reference
compound for the chromatographic observation of the deterioration of the
antimuscarinic drug in biological systems. 89% conversion yields were reported for

the mono amine dealkylation (27) and deamination (28).

oj/\/o ‘ o:(o O oIo ‘
J\ 950 mV
N - NH + X0
)\ NH4OAc PR

OH OH OH

26 27 28

Scheme 5: Electrochemical oxidation Fesoterodine (26).47

Roth and colleagues employed a combination of preparative, potentiostatic or
galvanostatic electrosynthesis in flow. 8 Their work highlighted that it is possible to
accomplish a clean late-stage electrosynthesis of drug metabolites. The Peri-
oxidation of the methylene next to an amide or urea to the imide moeity and S-
oxidation from sulphide to sulfoxide (no over oxidation to sulfone). Scheme 6 shows
the corresponding products of the drugs were achieved using a mixture of these
methods. Tolbutamide 29 (a hypoglycaemic medication) using the potentiostatic
method led to 30 with an isolation yield of 19%. Primidone 31 (an anticonvulsant
medication) gave 32 at 24%. Albendazole 33 (anthelminthic drug) led to 34 at 38%,
and finally, chlorpromazine 35 (an antipsychotic drug) gave 36 at 51%. Prepared
oxidation products for 29 are recognised biological metabolites of the drug

molecule.
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Scheme 6: Oxidation of sulphides and methylene groups on drug molecules.*8

1.3 Brief review of the method for N-dealkylation

The N-acyliminium ion is mandatory in developing the carbon-carbon bond in an
amide-containing compound.#® %0 The formation of an intermediate N-acyliminium
ion can lead to N-dealkylation and other C-X bonds. This substantial characteristic
is seen in the formation of cyclic and heterocyclic ring systems, such as the Pictet-

Spengler and Diels—Alder reactions.>®: 52



Shono-oxidation is a reaction of electrochemical anodic oxidation of an
unfunctionalised amide. It contributes a complementary approach to the C-H
activation of a low reactivity intermediate. Yoshida®3, Jones and Banks®* have

extensively reviewed Shono oxidation.

Some examples precede Shono’s work in anodic oxidation/alkylation of amides.>>
5% However, Shono et al.5”: 58 demonstrated the synthetic value of linking an
electroorganic step with a vital carbon-carbon bond-forming reaction needed in
organic chemistry. Scheme 7 shows the first recorded direct electrochemical
anodic oxidation of an a-methylene group (38). 39 was isolated with a yield of 70-
80% using anodic oxidation, further treated with Lewis-acid, and subsequent

addition of a nucleophile to produce a novel carbon-carbon bond.

R R 4 R1 /OCH3
"NTOR, _CICOCHy  TONTTR, 3-3.5Fmol’ _ N-CHR,
_—
" CO,CHj4 MeOH H;CO,C
37 38 39
Lewis acid
R\lll E:R ~ Nuo ﬁHRZ
_ ) N
H3COZC/ R1 + COzCH3
41 40

Scheme 7: Chemical and electrochemical combined reaction for the Shono oxidation.>8

Hall et al.%® 1990 suggested that a substantial change in the rate of a chemical
reaction for N-dealkylation by CYP-450 led to hydrogen atom abstraction in amides
and electron abstraction in amines (Scheme 8). This is perhaps due to the significant

change in the kinetics and selectivity of N-dealkylation of amides vs amines.
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Scheme 8: Path A: electron abstraction mechanism for the amine during metabolism. Path B:
Hydrogen atom-abstraction mechanism for amide metabolism.5°

To understand the N-dealkylation of amides, Hall et al.%% in 1991 conducted
mechanistic studies and the impact of N-substituents on rates and selectivity.
Amides (Scheme 9) were incubated in vitro with liver microsomes from
phenobarbital-induced rats and went through mono-N-dealkylation. The amide
nitrogen of the substrate with two different alkyl substituents leads to the duo

producing mono-N-dealkylated products.

(0] 0O (0]
/H /R
/©)J\T/R . /©)J\T . /©)J\T
R R R
48-54 55 56-61

R = Me Et nPr nBu PhCH, isoPr cycloPr
48 49 50 51 52 53 54

Scheme 9: Amides selected for the mechanistic study.5°

Scheme 10 shows the possible reaction pathways when one-electron oxidation by
CYP-450 takes place. Rather than a-carbon deprotonation, the iminium cation
radical reacts through fragmentation of the cyclopropyl ring and covalent
modification of the enzyme (pathway d, R = alkyl, benzyl). N-dealkylation of amines
by p-450 has a low kinetic deuterium isotope effect and is more selective towards

removing a methyl group rather than a primary or secondary alkyl group.
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Compared to the amines, amides have higher oxidation and a substantial
intramolecular deuterium isotope effect. Hence, N-dealkylation of amides is
instigated by a-hydrogen atom abstraction instead of electron abstraction (pathway
a & f) and, therefore, the greater inclination for N-demethylation of 54 and the

apparent absence of general suicide substrate activity by 54.

H,

R\“/C\ \“/ ~ Pg ~ e
NCoy R.;-CHs R.-CHs R.-CHs
KH . A _b c .

- H
HO
54 62 63 55
f
ld H H>
R.:.C. o.Co R. _H
NH g BN Con h N
- AT K A"
R C. V
H 65 66 61
64 .
[
—+N\ i K R\N,CH3
_— |
67 N\ H
&' 55

enzyme inactivation

Scheme 10: Reaction mechanism pathway for microsomal and anodic oxidation.®°

Anodic oxidation of 54 (Scheme 10) ¢! was conducted using methods previously
reported by Hall et al.61 1989. The intermediates involved in the reactions were
observed, and the overall kinetic deuterium (reaction rate) was studied. Initial
experiments were conducted in the conditions reported by Shono et al.>” for anodic
oxidation. However, these conditions (+1.1-1.2 V, 4 Fmol-1, methanol as solvent) did
not affect the selected amide dealkylation. Controlled potential electrolysis (+2.0 V)
was conducted in a cell with two chambers, an anode and cathode separated with
a glass frit. 2 Fmol* was used as electron transfer wire mesh. A platinum electrode

was used as a working and sodium perchlorate as an electrolyte.
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A +2.0 V, 2 Fmol’?
N NH
| MeCN/H,0 95:5 |
Cl 54 cl
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Scheme 11: Anodic oxidation of 54 using electrochemistry.5?

The anodic oxidation reactions gave a clean product (55) via an electron abstraction
mechanism (isolated vyields are not reported). The ratios between
demethylation/dealkylation in microsomes (43:1) vs anodic oxidation (1:35) varied
significantly. 56 is the primary product of anodic oxidation as electron abstraction.
54 (pathway i) is preferred to the opening of the cyclopropyl ring with the
simultaneous release of strain energy instead of deprotonation of a methyl group
(pathway e).

lley et al.34 investigated regioselectivity and stereoselectivity of amide dealkylation
using chemical and microsomal methods. Chemical oxidation used 5, 10, 15, 20-
tetraphenylprophyrinatoiron  (lll)/  tert-butylhydroproxide  (TPPFe/ButOOH).
TPPFe/ButOOH was selected because they are involved in hydrogen atom
abstraction mechanisms involving the tert-butoxyl radicals. Phenobarbital-induced

rat liver microsomes were used for the microsomal method.

Microsomal dealkylation is regioselective for Z-alkyl groups, and the selectivity
comes from protein substrate interactions in the enzyme active site instead of any
fundamental chemistry of the haem unit. To gain insight into how regioselectivity of
the dealkylation proceeds, conformationally, rigid lactams 68-70 were chosen
(Scheme 12). Under chemical and microsomal conditions, ring oxidation 71, 74, 77
demethylation 72, 75, 78 and both ring oxidation and oxidative demethylation 73,
76, and 79 were produced. The noticeable difference between chemical and
microsomal is that during microsomal conditions, 68 reacts readily, and
demethylation is favoured to ring oxidation.
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Scheme 12: The products of microsomal oxidation of lactams biometric.34

o Me TPPFe/ButtOOH 0 O Me 0
M A > PN + L, + P

Me

Ph™ N° "Ph or Ph™ NH Ph” "N” "Ph Ph
Me microsomes Me H
80 81 82 83
Scheme 13: Products of oxidative dealkylation of 80.34
O @] O
t
N-Me TPPFe/But‘'OOH N-Me 4 NH NH
or OH OH
microsomes
Ph Ph Ph Ph
84 85 86 87
0] H ) H
N. N.
Ph)w Me Ph)w H
@] @]
88 89

Scheme 14: Dealkylation of 84.34

To examine the stereo-selectivity of the dealkylation, the following compounds were
selected 80 (acyclic amide), where the rotation (Scheme 13) about the C-N bond is
permitted, and 84 (cyclic amide) where amide conformation is static (Scheme 14)
were selected. For 80, loss of the secondary alkyl group is preferred, and in 84, ring-
oxidation is favoured over demethylation when using the chemical method. In

microsomal (R)-80, dealkylation is preferred over demethylation, whereas (S)-80
14



demethylation is preferred. Microsomal oxidation of (R)-84 and (S)-84 ring oxidation
at the 5- position of the pyrrolidone ring is favoured over demethylation. The (S)
enantiomer goes through ring oxidation 2-3 times more readily than the (R)-

enantiomer. 34

Lorenc et al.52 reported deprotection of tertiary amides containing the N-isopropyl
group (Scheme 15). The reactions were conducted using 90° C, methanesulfonic
acid (MsOH). When alkyl carboxamides with 0, 1, or 2 hydrogens to the carbonyl
group were present, the isopropyl group was removed selectively in the company of
alkyl and aryl groups. The study noted that the reaction time increased as the size
of groups attached to the nitrogen decreased. This could be due to electronic effects

or the liberation of steric strain for the substrates with larger groups.

Lorenc et al.%? proposed a mechanism of deprotection (Scheme 16). The amide
carbonyl group 90 undergoes protonation to give 91. This undergoes SN1-type
ionisation to give 92 and isopropyl cation 93. The secondary amide 95 is generated
from the tautomerism of 92. 93 undergoes elimination to give propene 94. 96 can

be formed directly when 93 undergoes fragmentation.

(0] J\ (0]
)LN MsOH . )LNH
90° C, 2h

R4 |
R, R,

90 95

R4: Adamantane, Cy, n-CgH»4, PhH, Anisole, NBZ
R, = iPr, methyl, ethyl, CH,PH, Ph,

Scheme 15: Reaction conditions for deprotection of 90.62
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Scheme 16: Proposed mechanism for deprotection by Lorenc et al.62

Using Shono’s approach, the C-H group adjacent to the amide can be transformed
into C-X bonds (e.g. C-C, C-O, C-N, C-S, C-P, etc.). Suarez et al.?3 demonstrated
C-C bond is generated via an anodic methoxylation step.

(@) 1.8V (@) j)\l\/le
4 F mol’!, TBAP
R1)J\N/\R3 mo R1)J\N Rs
|'? MecN:MeOH Il?
2 (10:1), 0°C 2
95%
97 100

Scheme 17: Overall reaction conditions for Shono oxidised tertiary amide.53

Shono oxidation and cyclic voltammetry behaviour of the selected amide and
numerous parameters such as optimisation of the applied voltage were investigated
by Suarez et al.83 using the potentiostatic method (Scheme 17). Optimisation studies
regarding the voltage parameter concluded that the potential between +1.8 V and
+2.0 V gave the optimum conversion. Tetrabutylammonium perchlorate (TBAP) was
used as a suitable electrolyte as it gave the highest conversion rate to the
electrosynthesised product compared to the other electrolytes such as
tetraethylammonium p-toulenesulfonate, sodium tetrafluoroborate, among others.
The amount of charge required was investigated, and 4 Fmol! was ideal and gave
the highest conversion.
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Scheme 18 shows that a radical cation intermediate 98 is formed at the working
electrode as the tertiary amide undergoes single electron oxidisation. The loss of a
proton at the a-position and electron forms an a- N-acyliminium ion 99, this N-
acyliminium ion undergoes a nucleophilic attack from the solvent (methanol), losing
a proton to form an a-methoxy amide. This is the Shono-oxidised product 100. 99%

conversion and 51% isolated yields were recorded.

o o 0 O OMe
e + -e”, -H* -H*
R1)J\l}l/\R3 R1)J\I}IAR3 — R)J\N4\R3 “imeon~ R ONTTURg
R2 R Ro Rz
97 98 99 100

Scheme 18: A possible mechanism for the Shono oxidation by Suéarez et al.®3

1.4. Electrochemical Techniques

The section below gives a brief overview of indirect, direct, flow electrolysis, cyclic

voltammetry, galvanostatic and potentiostatic methods used in electrochemistry.

1.4.1. Basic Principles

Electrodes are required to transfer charge and electrons for the compound to
change when using electrochemical methods. Electrodes are always submerged in
a solution and have an anode and a cathode. Electrolytes are salts that supply ions
and facilitate the current conduction from one electrode to the other. Depending on
the reaction method, two or three electrodes can be involved in the setup (Section
1.4.6).

Generation of a reactive intermediate for the downstream functionalisation takes
place at the working electrode (WE). Depending on the substrate’s reaction, the WE
can be either an anode or cathode, excluding paired electrolysis. An electrode with
a constant and established potential (i.e. Ag/Ag+ or saturated calomel electrode) is
exploited as a reference (RE). A counter electrode (CE) is utilised to complete the
electrical circuit; the current flows through the WE, which has a fixed, stable potential

to the CE where the opposite reaction occurs.
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Oxidation of a substrate occurs at the working electrode in anodic oxidation, while
the reduction occurs at the cathode. The electrons donated by the substrate at the
anode move around the circuit to decrease solvent molecules/protons or other
species cathodically. Hence, individual electrochemical reactions are a mixture of

two half-reactions.

Chemical reaction (C) takes place in a solution, and a heterogeneous electron
transfer (E) process with the molecule develops at the electrode surface and
cumulates to the creation of a radical-cation or radical-anion (reactive
intermediate).®* The combination of these two can be repeated to allow various
kinetic sequences in terms of electrochemical (E) and chemical (C) steps, e.g., EE,
EC, ECE.

A feature that makes electrochemistry innovative for synthesising a complex
molecule is the reversal of the reactivity of a functional group (umpolung), which is
not easily attainable by traditional chemistry.5> When an electron transfer occurs, an
umpolung is formed during an electrochemical process.®* Nucleophiles are
transformed to electrophiles when oxidised, and electron-rich compounds become
electron-poor. Electron-deficient centres are transformed to electron-rich centres

when reduction occurs, therefore, forming nucleophilic reactive sites.®

An organic compound can take many pathways during electrochemical reactions
depending on the experimental circumstances. Nonetheless, in all routes, the
preferred product (Scheme 19) is formed when electron transfer transforms the

initial molecule (RX) into a reactive intermediate .6 67

The reduction (RXe-) of a compound develops at the cathode when an electron is
removed from the electrode surface (Sox) and moves to the lowest unoccupied
orbital (LUMO) of the compound. Oxidation of a molecule arises when an electron
is removed from the highest occupied molecular orbital (HOMO) at the anode.
Depending on the electrolytic conditions, the intermediates at this stage can react
readily with other compounds, as they are highly volatile.®% 67 Leaving group (X) is

replaced by a nucleophile at the anode (nucleophilic substitution) or electrophile at
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the cathode via electro oxidation in the presence of superfluous radicals leading to

dimerization via radical addition taking place.

oxidation (- e-) RX reduction (+ e7)

[R—X] [R—Xx] [R—X]
+ Sred

reduction * Sox oxidation
/ -X* -X
RXorR+S R

‘ e ~ RXorR +S

R|"

Radical . [R| /
dimerization + [R ]
-H*
R-R +H*

Double )
bonds Radical Acid-Base
. di izati reactions
N“bc"f.‘tf’pth"'c N Imerzation g+ | Electrophilic
substitution substitution
R = Radical X = Leaving Group

Sox = Oxidised substrate Nu = Nucleophile

Sreq = Reduced substrate  E = Electrophile

Scheme 19: The electrochemical pathways for the interconversion of functional groups.6% 67
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Figure 2: Selective and non-selective transfer of the Substrate.53. 68

However, if the HOMO levels of the species are close in energy, it becomes
challenging to oxidise a substrate. The electroauxiliary (EA) functional group can be
utilised to attain a more selectivity and selective electron-transfer route for the
oxidation, thus overcoming this difficulty (Figure 2).°8 This boosts (increases

fundamental substrate HOMO level) a desired selective oxidation in a reaction.

1.4.2. Electrode Material

For this project, reticulated vitreous carbon (RVC) electrodes were used. RVC are
suitable electrodes for electrosynthesis due to the inertness and stability of the
electrodes. It can be used in an extensive range of acids and bases and has low

electrical resistance and high current densities.53

Vitreous carbon is a form of pure carbon created by the thermal decay of a three-
dimensionally cross-linked polymer (i.e. polyurethane and phenolic resins) and is
the primary component of RVC.% 70 RVC has a high surface area, rigid structure,
and low resistance to fluid flow. This is the result of the open-pore foam component
of its honeycomb structures which gives it empty space.’* However, this vacant

space makes it brittle, so the electrodes need to be handled carefully.
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There are several articles’> 74 regarding the properties of RVC; they include a review
by Friedrich et al.”t, which highlighted its current applications, where RVC is used
as an electrode material both in fundamental and applied electrochemistry. This
includes organic synthesis®® 73, sensors’4, hydrogen peroxide production’®, use in

batteries’® and fuel cells’” and metal ion removal.”®

1.4.3. Divided and Undivided

An undivided (Figure 3A) cell is the most straightforward set-up of electrochemistry.
There is no physical separation (low internal resistance) between the two electrodes
(counter and working). Therefore, both reduction and oxidation take place in the

same vessel.

=

- 1y
R AR
A: Undivided cell B: Divided cell

Figure 3: Diagram of typical undivided [A] and divided [B] electrochemical cells.

Occasionally it is necessary to conduct experiments in separate compartments. A
divided cell is required when high-energy intermediates spawned at the working
anode are reduced too early at the cathode and vice versa. Divided cells (Figure
3B) have a membrane or ion-permeable barrier between the analyte and catholyte
solutions (providing higher internal resistance of the configuration) that prevents
them from mixing.® 7° Although the membrane permits the current to pass through
both cathodic and anodic sections, to preserve a high conductivity and low working
voltage between the electrodes when applying high currents. The separator easily

transports ions and maintains an essential exchange of solvents and impartial
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molecules.®* The ion-permeable barrier should be stable under solvents and organic

molecules involved in the process.

Waldvogel et al.8% recently reported the anodic oxidation of oximes to Nitriles-N-
oxides using flow type reactors. They conducted the experiments in both divided
and undivided cells Scheme 20. In an undivided cell oxime, 101 was oxidised to
nitrile-N-oxide 102 at the anode. 102 diffuses at the cathode and undergoes another
transformation to give the nitrile 103. The desired nitrile 103 had an isolation yield
of 63% in flow-type reactions, compared to the batch method, where the yield was
41%. In the divided method of the flow cell, a similar reaction was studied. However,
102 from the analyte was not reduced. In its place, 101 reacted with methyl

acetoacetate 104 to perform a condensation and gave product 105.

Undivided cell N
Il
cl Cl
AN
— <
O Ny
(’\I?H +'ll MI o,
) A o
graphite, -2 e
Cl o] o o
2e ,-2H*
MeCN/H,0 (11:1) O 0104 Divided cell
101 102 4/<—/<
(o7; N/O
o o\ /
COOMe
Cl
60%
105

Scheme 20: Oxidation of 101 using flow-type reactors in divided and undivided cells.8°

1.4.4. Cyclic voltammetry

The redox characteristics of a substance and the behaviour of the product created
during the electrochemical reaction are studied by using cyclic voltammetry (CV).
Understanding a reaction’s heterogeneous rate kinetics, coupled chemical reactions
and other interesting chemical properties can be achieved quickly using CV. 8L 82
22



Voltammetric measurements are two dimensional, where the potential is linked to
the qualitative behaviour of the substance, and the current is linked to quantitative.8%
8 In CV, consecutive potential sweeps are conducted in both directions, i.e.,
oxidation and reduction, between two potential values.®3 Among other parameters,
the importance of this procedure largely relies on the number of electroactive
compounds in the potential range applied.®” The rate of experiments can be

controlled; it makes studying species with short-half lives easier.

Linear sweep voltammetry (LSV) is employed in this thesis. LSV uses the same
ramp process as a CV. However, the potential is not reversed and is used to observe
the one-half reaction of a cell.

1.4.5. Interpreting Voltammetric data

When CV is used to study the electroactive species, the majority of the solution
remains unchanged. Nevertheless, the compound of interest oxidises or reduces at
the electrode surface according to the potential applied.®? Figure 3 shows the
potential waveform. Fixed potential (onto the working electrode) is swept linearly
with time from the starting potential, E1, to the more negative potential, E2, at which
the electron transfer between the species and the electrode occurs and the species
being detected is formed.

A 4 Cyclic Voltammetry > A

Liniar Voltammeiry

E.

Potentiallv
Current/A

Scan Rate/Vs' |

—>
Time/s Potential/V (vs. Ag/AgCl)
Figure 4: The triangular potential waveform (A) used within cyclic voltammetry and linear sweep

voltammetry. The application of the potential waveform produces a typical cyclic voltammogram
(B)_83

23



Reversible

Quasi-reversible

Irreversible

Current/ pA

>

Potential/ Vs*

Figure 5: Cyclic voltammetry for the different types of electron transfer.83

A distinctive peaked cyclic voltammogram of macroelectrode Figure 5 is achieved
when the current and potential are plotted. The current, I, (proportional to the rate
of electron transfer), is documented.8% 8 The characteristics of the electrochemical
process and the chemical species themselves can be calculated by examining the
peaks' position and shape.?3 The scan rate, v, in Vs, is the constant rate at which
the voltage sweeps from the initial potential, E1, to the vertex potential, E>, and back
again. The scan rate is the rate of change of potential (the slope) and is defined as:

v (Z_f) (1.4.5.1)

Whenever t is on the forward sweep, the potential, E, is given by
E=E, —vt (1.4.5.2)

At time t = tswitch, the potential reaches E2, and the potential sweep reverses

direction. For t > tswitch,
E= EZ + (t - tswitch) (1453)

Or
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Since

Ei—-E;
v

tswitch -

(1.4.5.5)

The constants used in the equations below are described as such; peak separation
(AEp), n is the number of electrons within the half-reaction. E° is the standard
electrode potential measured at 1-atmosphere pressure, 1 molar solution at 25° C.
F is the Faraday constant, n is the number of electrons transferred in the redox
process, and A is the electrode area (cm?). KO (cm s?) is the standard
heterogeneous rate constant, and a is the transfer coefficient. D is the diffusion
coefficient of the electroactive species (cm? s?), C is their concentration (mmol cm3),

and v is the applied scan rate (Vs™).

The distance between the two peaks indicates if the redox process upon the
electrode of choice is reversible, irreversible, or quasi-reversible (Figure 5). For an
electrochemically reversible reaction, the peak separation (AEp) between the two

peak potentials at 298 K is indicated as:8

AEp = Ep, — Epc = 0.057/n (1.4.5.6)

Using equation (1.4.5.7), the ideal AEp for a reversible electrochemical system must
be 57 mV at 298 K and independent of the scan rate. The value of the scan rate
controls Quasi-reversible redox systems; hence, the AE, of larger than 57 mV is
recorded for these systems.®® The formal potential is connected to the peak position
and for a reversible system is located in the middle of Epa — Epc and is described as

the following:

AEO = “22pe (1.4.5.7)

When electron-transfer is much slower (irreversible) than that of the mass transfer

process, the peak potential is calculated by the following relationship:
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[0.78 — lnl;—i +1n (2E)? (1.4.5.8)
2

RT
an’F

Ep=E0

The Ep has a much higher potential than the E°, with the overpotential related to the
k® and the a value. The value of Ep becomes larger when the value of an is

decreased, causing the CV to become more irreversible.

The peak position is not the only source of quantitative data expressed within a
voltammogram. According to the Randles-Sevéik equation (1.4.5.9), the peak
current can be obtained and is proportional to the concentration within the bulk

solution. For a reversible system, the Randles-Sevéik equation is 82 83.85. 86

FDv

At standard conditions and 298 K leads to

ip = 2.99 x 105AD§[C]bulkv% (1.4.5.10)

For a quasi-reversible system, the constant is replaced with the value of 2.65 x 10°.
In the case of an irreversible system, the constant changes, however, the
introduction of the charge transfer coefficient occurs, which at standard conditions
and 298 K leads to:

ip = 2.99 x 10°VaAD  [C] (1.4.5.11)

1
bulkV2z

The shape and size of the CV graph can be affected by many factors, including the
conductivity, the type of electrode material and the solvent used. Though conduction
always occurs during the experiment. The oxidation and reduction peaks would not

be visible if higher conductance occurred.
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1.4.6. Potentiostatic and Galvanostatic setups

In 1942, Hickling’s creation of the potentiostat changed the way electrosynthesis
was conducted.®” This unlocked new possibilities in the area, as the reactions could
be realised under constant potential and the current decreases over time. When
using the potentiostatic method, the CV of the compound is necessary to determine
the oxidation potential. Potentiostatic setup is a three-electrode system containing
WE, CE and RE. The potentiostatic method is accomplished by controlling the
potential of the WE concerning that of a RE.

Potentiostatic electrolysis can produce a selective transformation by attacking a
functional group while leaving others with a different standard potential intact. By
controlling the potential at the working electrode, the preferred molecular alteration
can be achieved. This method is generally used on a small scale or in research
laboratories as it is inexpensive. However, it is impractical on a larger industrial scale

due to the cost associated with it.

The galvanostatic electrolysis is a current control method that is more suitable for
industrial scale-up as it only requires a two-electrode setup and is cost-effective than
potentiostatic oxidation. Since the 19™"-century, electrosynthesis has relied heavily
on galvanostatic conditions.*? The setup is a two-electrode system containing a WE
and CE. The reaction mixtures are exposed to a constant flow of current, and the
potential increases over time. The potentiostatic and galvanostatic processes
produce a similar transformation during the start of the reaction. However, as the
reaction proceeds, the selectivity of a galvanostatic process is often sub-par to the
potentiostatic method since the potential is not fixed. The galvanostatic method is
relatively straightforward, but it may lead to over-oxidation of the compound, as the

voltage will fluctuate during the reaction.
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1.6. Summary

This Chapter gave an overview of the basic concepts of electrochemistry. Such as
the methods (types of electrolysis) and techniques (CV, galvanostatic,
potentiostatic) need to be considered before performing electrosynthesis. Chemical
N-dealkylation of amides was reported by Lorenc et al.?, and a single example of
electrochemically N-dealkylation of amides has been reported by Hall et al.61 1989.

Analysis of the literature concluded that although this area of chemistry is expanding
in both organic and drug discovery, there remains a gap for isolating drug
metabolites at a preparative scale. Several unanswered questions still exist in the
overall synthetic application of these reactions. These include the effects of electron-
withdrawing substituents on the compounds. The conversion of an analyte to N-
dealkylated or N-demethylation, alongside the effects of electrolytes, needs to be
investigated. Electrochemistry methods lack a universal application element for
easier replication of a reaction method. A thorough understanding of this method is
needed for its application to drug discovery and organic synthesis. When compared
to the traditional methods, replication of drug metabolites is easily achieved. This
method is time-saving and cost-effective, two factors that are imperative in drug

discovery.

The work reported in this thesis takes a step towards understanding reactions
conducted using electrochemistry when applied to the amide functional group.
Results reported in Chapters 2 and 3 have been published.® The aim of the project
was N-dealkylation of an amide compound using a constant current and applying

the method to study drug metabolites.

Phase | (Chapter 2) investigates the scope of a method using N,N-
Diethylbenzamide (106) as a model compound. The compound is subjected to
several electrochemical optimisation studies, including the effect of current and
electrolyte concentration, the inclusion of additives, and changes in the atmosphere.
Purification methods were optimised for both removing the electrolytes and
improving the isolated vyield of the product. Flash column chromatography

optimisation regarding the flow rate, solvent rate and recrystallisation method was
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examined. The reaction mechanism for the method is hypothesised after observing

the data collected.

Chapter 3 includes amides that were purchased and synthesised in-house to probe
the reaction scope. LSV of selected amides was conducted to probe electroactivity.
The behaviour of amides containing ethyl vs methyl group adjacent to the nitrogen
bond was investigated. The steric hindrance, EWG, EDG and rigidity of compounds
are explored. The chapter also reports the results collected when the
electrochemical methods are applied to drugs and herbicides. Propanidid (169), a
general anaesthetic, was synthesised, while the rest were purchased. The LSV of
the compounds is reported. Additionally, high-performance liquid chromatography

(HPLC), divided and undivided cells are explored.

29



Chapter 2: Optimisation and reaction

mechanism

2.1. Introduction

The data reported in this Chapter was published in ChemElectroChem 2019
(Metabolism Mimicry: An electrosynthetic method for the selective deethylation of
tertiary benzamide).?® N,N-Diethylbenzamide (106) has been previously
investigated by the group where Suarez et al.53 produced Shono-oxidised product

(Scheme 18) ¢ when constant potential and TBAP was used as an electrolyte.

Amides were selected because of their stability compared to other functional groups.
The stability of the amide bond is explained by looking at the resonance structure of
the group. In resonant structure A, the amide nitrogen is sp® hybridised with
pyramidal configuration. However, it is sp? because of the conjugation. In B, a partial
double bond character (rotation about the C-N bond is no longer free) for the C-N
bond is due to the sp? hybridisation. This explains the characteristic planarity of
amides and their inherent stability. 8% °° The lone pair on nitrogen is shared between
nitrogen and oxygen. The electrons are unevenly distributed over the three atoms
in the 11 system with a greater electron density on the oxygen (Scheme 21). Oxygen
is more electronegative than nitrogen and hence has a greater share of the electrons

in this 1T system.
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Scheme 21: Resonance structure of the amide bond.8°

This chapter reports the electrosynthesis of 106 using a constant current. The amide
structure meets the criteria for Shono-oxidation type reactions, where the C-H group
adjacent to the amide could potentially be transformed into an N-acyl iminium ion.
106 was synthesised from acyl chloride and a secondary amine using the method

described in Chapter 4 (section 4.2.1).%*
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Figure 6: N,N-Diethylbenzamide (106) as a model compound to optimised
electrosynthectic and purification methods.

2.2. Linear sweep voltammetry

LSV was used for the characterisation of 106, and the voltammetric response was
explored over the scan rate range 5 to 250 mVs. Glassy carbon electrode (GCE)
was used as WE, the platinum wire used as CE and Ag/Ag* was used as RE for
LSV studies. LSV was selected as only oxidation of the compound was of interest
for this project. Increasing scan rates can provide information regarding chemical
changes with time, and it can determine the diffusion coefficient and the
presence/absence of adsorptive behaviour of a species and the electroactive area

of an electrode.

To determine the electrode process, analysis of logio peak current (ip, JA) versus
log1o scan rate v (mVs™?) is performed to ensure the semi-infinite diffusion model is
governed by the Randles—Sevé&ik equation (Equation 1.4.5.9). The ip value is
selected from the highest point of the LSV (i.e. where the maximum oxidation current
is recorded). The slope of the graph can determine the type of process. If the slope
value is closer to 0, the process is considered diffusional, while a value of 1 is
surface adsorption.®® A value in-between states that the reaction is governed by
adsorption and diffusion, where a value of around 0.5 is considered normal for

diffusional processes.

To determine if a reaction has a fast electron transfer rate (reversibility) or a slow
electron transfer rate (irreversibility), a graph of peak potential Ep (V) vs log ip (Vs™)
is plotted. The slope value indicates if the process is reversible or irreversible, a
value nearing O (i.e. 0.005) is considered reversible, whereas a value nearing 0.5 is
irreversible. However, a value between (0 - 0.5) is considered a quasi-reversible

reaction (in-between fast and slow electron transfer rate).
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A qualitative approach can be applied where the AEp values can be compared over
a range of scan rates. The reversible reaction will have the same AEp value at an
increasing scan rate, for irreversible AE, will drift to more extreme positive potentials
with increased scan rate and are generally accompanied by wider, more broad peak

shapes and lower comparable current values.

8 » 8 1
71 A 7{ B
6 - 6 -
< 51 — 54
g S
E’ 4 4 E 4]
—
c
£ 3 S 3
= _ Smivis
= lEmV.:Is
O 24 o 24 oy
100m\/s
1 o 1 J 250m\is
0 . . T J 0 : : : T T ,
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Potential (V) Potential (V)

Figure 7: A: Background profile for the solvents, TBAP (0.5 M), MeCN: MeOH (10:1), B: scan rate
survey for 106 (22.0 mmol). The electrode system consisted of GCE as WE, platinum as CE, and
silver wire as RE.
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Figure 8: A: Background profile for the solvents, TBAP (0.5 M), MeCN: H20 (10:1), B: scan rate
survey for 106 (22.0 mmol). The electrode system consisted of GCE as WE, platinum as CE, and
silver wire as RE.
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Figure 9: A: Plot of log of peak current (ip) vs log of scan rate (mVs-1). B: Plot of peak potential (Ep)
vs log of scan rate (mVs™1) for 106 using scan rates 5 mVs to 250 mVs-( MeCN/MeOH).

A blank voltammetric profile of the solvents was performed to elucidate possible
oxidation peaks arising from the solvents or deduce contamination. The organic

solvents used were anhydrous to minimise interference from H20.

The reference electrode potential drift when Ag*/Ag was used was regulated by
contrasting to Fc*/Fc. Figure 7A is a solvent profile of MeCN/MeOH (10:1) whilst
Figure 7B is the profile of 106 that shows two ill-defined oxidation waves occurring
at Ep®*+2.20 V and + 2.67 V. When the solvent system is switched to MeCN/H20
(10:1), Figure 8B shows a single oxidation peak at +2.25 V. Methanol constricts the
viable voltammetric window. However, it entails a mild -50 mV reduction at the start

of the initial oxidation response.

Figure 9A was plotted when MeCN/MeOH were used as solvents; it shows a non-
linear plot, the value determined was closer to 0.5; therefore, a diffusional process
is taking place. The non-linear graph is due to the constant change in ip from 10 mVs-
L onwards. Figure 9B slope indicates that the process is quasi-reversible. This is
also confirmed by the qualitative approach as the AEp values is increasing with each

scan rate.

At faster scan rates, there are more chances that vital oxidation peaks may not be
detected due to higher background current/broadening of the peaks due to the less
interaction time between the electrode and the analyte; hence, 250 mVsis used

an upper limit for the scan rate. Similarly, a lower limit is also needed for the scan
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rate, as a slower scan rate will allow the product to build upon the electrode and

block the electrode.

2.3. Calculating the Charge

Bulk electrolysis is the set charge required for a reaction to proceed; this is carried
out by holding the reaction at the chosen current; a chronocoulometry method is
generally used.®® The equation below is used to calculate the amount of charge

required for a reaction to reach completion:

Q = (my/RMM)nF (2.3.1)

Integrating the current during the applied potential step is required to calculate Q
(total charge), Q drives the reaction to completion, ma is the mass (g) of the
electroactive analyte, RMM is the relative molecular mass (gmol?), F is the
Faraday’s constant and n is the total number of electrons passed in the
electrochemical reaction. The total time required to reach completion can be
calculated by monitoring the charge. To decrease the time taken to complete a
reaction, a large surface area electrode and the mechanical stirring of the solution

are usually used.

2.4. Optimising electrochemical and purification methods

Optimisation of electrochemical methods such as the concentration, current,
electrolyte and purification methods to maximise product yield is reported in the

sections below.

2.4.1. Electrolyte

Starez et al.83 also investigated other electrolytes and concluded that
tetrabutylammonium perchlorate (TBAP) is suitable. Building on Starez et al.’s 63
electrolyte work, TBAP and lithium perchlorate (LiCIO4) were further examined in

the current. Except for the electrolyte, the electrosynthesis of 106 was performed in
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an undivided cell, solvents Acetonitrile: Methanol (10:1) and electron input was

changed from controlled voltage to a control current 20 mAs™.

Lithium perchlorate was examined first (Scheme 22); after the electrosynthesis, H-
NMR characterisation indicated the product had degraded. None of the proposed
products (Shono oxidation, N-dealkylation and the starting material) was observed
after the electrosynthesis. To improve the selectivity of one of the proposed
outcomes, parameters such as electrosynthesis in a divided cell, subjecting the
reaction to over and under oxidation, were explored. Starting material was
recovered in a divided cell using under oxidation (-50 C). Other parameters did not

yield any relevant results

O (0]
-1
N/\ 4 Fmol', 20 mA NH
K MeCN: MeOH (10:1)
0.5 M, LiCIO4
106 107

Scheme 22: Electrosynthesis of 106 using lithium perchlorate.

When TBAP is used as an electrolyte N-dealkylation of 106 is observed, 107 was
isolated at 25% (Scheme 23). Over-reaction to primary amide and by-products (99%

b.r.s.m) were not detected.

O O

NER 4 F mol", 20 mA NH
L MeCN: MeOH (10:1)
0.5 M, TBAP 059,
106 107

Scheme 23: N-dealkylation of 106 is observed when TBAP is used as an electrolyte.

Becker and co-workers. % reported different products when using electrochemical
oxidation and applying controlled potential vs controlled current. Becker et al.®?
synthesised various mono- and disubstituted 1,4-dimethoxybenzene derivatives
using both constant current and constant potential methods. An example using one

of the compounds reported by Becker et al.?2 is shown in Scheme 24. 108 was
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synthesised in LiClO4 and was less selective when compared to electrosynthesis

performed using basic conditions and generated complex mixtures.

o)
OAc 13%
HO 109
o)
+
0
HsCO oCH,
OCH, OAc
HO + AcO
o) o)
6% 39%
AcO 110 11
OCH,
108
o)
OCH,
13% + HsCO
109
o)
14%
13
+
0
CHO
OHC
o)

22%
114

Scheme 24: Products isolated when Becker et al.®2 subjected 108 to constant current and
constant potential method.

Further optimisation is required to isolate 107 to improve the yields. Therefore a

second optimisation with the purification method was performed.
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2.4.2. Optimisation purification using column chromatography on
silica

Flash column chromatography (FCC) on silica was optimised to improve the isolated
yield of 107. 2D TLC of the product was conducted to observe if the product was

stable on silica. In an unoptimised column, 107 was isolated at 24% reported in
section 2.4.1.

Several specimens of 106 were subjected to electrochemical conditions (Scheme
23) to be tested for purification. Petroleum ether and ethyl acetate were selected as
the solvents because they gave a good separation between 106 and 107. The ratios
of the solvent, Petroleum ether: EtOAc (70:30, 75:25, 80:20, 90:10, 95:5) and the
flow rate ranging from 0.5 mL/min to 3 mL/min were examined to obtain the optimal

conditions.

The concentration of the electrolyte is x 22, more significant than the analyte.
Therefore, column diameters varying from 3.5 to 4.5 cm onwards were tested to
observe if a larger surface area and faster flow would aid in isolating a higher yield.
However, these were unsuccessful as most gave an isolated yield of < 25%, and
the 'H-NMR of 107 indicated the presence of the electrolyte.

A slow flow rate of 0.5 mL/min and increasing the solvent polarity incrementally (95:5
to 75:25, Petroleum ether: EtOAc) whilst using a column with a diameter of 3.5 cm
resulted in a yield of 78% for 107. A slow flow rate is more favourable as the
electrolyte takes longer to elute when compared to faster flow rates.

When a faster flow rate of 3 mL/min (95:5 to 75:25, Petroleum ether: EtOAC) is used,
the isolated yield for 107 decreased by 63%. This is because increased flow rate
increased the sample dispersion (larger load) and band broadening, leading to the
electrolyte eluting simultaneously as the product, leading to a less purified product.
Although the isolated yields were low, no starting material was observed, with 106
converting > 99% to 107.
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As TBAP forms crystals, recrystallisation was tested for purification. Several non-
polar solvents (xylene, toluene, diethyl ether, cyclohexane and hexane) were used
to wash the crystals to obtain the products. Once TBAP crystals were formed, the
product was isolated and characterised using *H-NMR. The spectrum indicated a
considerable amount of TBAP present. Therefore, further purification of the product

was required, which lead to yields between 10- 15 %.

2.4.3. Potential reaction mechanism and optimising

electrochemistry method.

The last step to improve the yield was optimising the electrochemical methods by
changing the factors listed in Table 1. These factors also helped to comprehend the
mechanism for the reaction. The Experiments were performed at O °C temperature,
and a ratio of 10:1 (MeCN: Additive) was used.

Table 1: Parameters and conditions for the synthesis of 107 from 106 using electrochemistry.

. i . Isolated

Entry :ilgﬁttrlcal (mA/cm 8: mol-) é(;ldltlve Atmos TBAP [M] yield of
2) 107 (%)
1 5.0 mA 0.71 4.0 MeOH air 0.10 0
2 5.0 mA 0.71 4.0 MeOH air 0.20 22
3 5.0 mA 0.71 4.0 MeOH air 0.30 31
4 5.0 mA 0.71 4.0 MeOH air 0.40 85
5 5.0 mA 0.71 4.0 MeOH air 0.50 86
6 1.0 mA 0.14 4.0 MeOH air 0.50 11
7 3.0 mA 0.43 4.0 MeOH air 0.50 32
8 10 mA 1.42 4.0 MeOH air 0.50 15
9 20 mA 2.84 4.0 MeOH air 0.50 24
10 30 mA 4.26 4.0 MeOH air 0.50 22
11 40 mA 5.68 4.0 MeOH air 0.50 20
12 50 mA 7.10 4.0 MeOH air 0.50 16
13 - - - MeOH air 0.50 0
14 +1800 mV 0.0073 4.0 MeOH air 0.47 02
15 ;1\/500 +2200 2040 MeOH  air 0.47 o
16 5.0 mA 0.71 4.0 H20 air 0.50 0
17 5.0 mA 0.71 4.0 M:SE air 0.50 9
18 5.0 mA 0.71 4.0 MeOH N2 0.50 <5¢
MeOH
19 5.0 mA 0.71 4.0 N2 0.50 42
H-O

[a] 95% conversion to 117. [b] n.r to 99% conversion to 117. [c] Absence of moisture.
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The concentration (Table 1, entries 1-5) of TBAP was investigated first. An excess
amount of TBAP (0.5 M) is needed to decrease cell resistance in the solvent medium
and achieve an effective conversion of 107. Similar results regarding electrolyte
loading were observed by Suarez et al.®3 Entries 5-12 show the results obtained
when diverse current (I) and current density (j) were investigated. An upper limit for
the generation of 107 was observed in Entry 5 (j = 0.71 mA/cm?), where | = 5.0 mA
when correlated to lower and higher currents (and current densities) Scheme 25.
Nematollahi et al.®3 observed a similar trend where the product yields increased as
the current density decreased.

0 o)
NE 0.5 M TBAP - NE
L MeCN:MeOH (10:1), 0° C H
| =5mA,j=0.71 mA/cm?
106 Q =4 Fmol™ 107

86%

Scheme 25: Formation of 107 using conditions listed in entry 5.

For the reaction to occur selectively, a lower j is favoured (entries 6-7). This is due
to the longer charge period/time as the compounds are spending a long time
interacting with the surface of the electrode. Selectivity increases with a greater
mass of the substrate. Therefore, running the cell with lopt > Icen (optimal current (lopt)
from Faraday’s laws) will not negatively influence the selectivity; instead will

decrease in conversion.

Current efficiency is reduced with higher current density; when equilibrium forms
during the reaction, it does so with higher potential, which leads to electromotive
forces driving the equilibrium and breaking down products. These cause
oxidation/reduction of the solvent/electrolyte, leading to possible side reactions and,

at high currents, inefficient Joule heating.

The cell potential changes throughout the transfer time when the constant current
method is used (as the resistance of the cell changes, V=I * R). The perceived
average cell potential is typically lower, with lower applied currents opposite to

higher currents. This correlates with higher conversion (and isolated yield of 107
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detected, in entry 5 vs entries 6-12). This can be demonstrated by the cell potential
being closer to the oxidation of 106 compared to that detected at higher applied
currents. Other systems using controlled current experiments reported the
fluctuations of cell potential.®*

Electricity is necessary to convert 106 to 107, as demonstrated by entry 13, as no
accompanying background reaction occurs with the perchlorate electrolyte. Long
reaction times were observed when minimal current densities (entry 14) were

selected for the experiment.

Entry 15 uses the controlled voltage method, which requires a three-electrode set-
up and the potential of the compound undergoing the electrosynthesis is milder and
more selective than the controlled current method. Various charges were explored.

Conversion to Shono-oxidised compound (117) was observed in entries 14 and 15.

Dehydrogenative steps (DHS)

AN
4 A

(0] (0] (0] (0]
. - +
Ph)J\N/Et O] e, Ph)J\F\rEt _lole, Ph)J\N/Et ~ Ph
-H* I,\1 2MeOH 28> 2MeC'+ H,
Me Me Me i MeO
+ *2e +Med
106 115 -2H Ho 416 hee 117
Reaction at the
counter electrode
E.G A +H*

electrogenerated acid

118

Scheme 26: Reaction of 106 at the counter electrode and the conversion to 117 observed when
controlled voltage is used.
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Scheme 26 shows the reaction that occurs at the counter electrode. Radical cation
(115) is formed via a single electron transfer when 106 undergoes a Shono-type
dehydrogenative step (DHS). A combination of a single electron transfer (SET) and
hydrogen atom transfer (HAT) leads 115 to the formation of N-acyliminium (116).
The reaction of 116 with methoxide generates 117. The formation of gas bubbles
(H2) at the cathode was observed. This is in accordance with the initial steps for the
Shono mechanism. Intermediate 116 is known to equilibrate under the

electrogenerated acidic (EGA) conditions of enamide 119.

Methanol, NaOH, and water were analysed as additives to observe if they would
affect the conversion of 106 to 107 (Table 1, entries 16-19). In entry 16, H20
replaced MeOH as an additive. This did not lead to the expected N-dealkylation,
indicating that methanol is crucial for reactivity. An introduction of an external base

(entry 17) gave a decreased conversion to 107.

In entry 18, MeOH was used as an additive under stringent inert conditions; 106
was observed in trace amounts, demonstrating that MeOH alone is not responsible
for the N-dealkylation. In similar inert conditions but with H20 (1.0 mL), Entry 19,
107 was isolated with a yield of 42%. This entry indicates that H20 and MeOH are
imperative to the reaction, as observed in other entries where the addition or
removal of H20/MeOH (Entry 16) significantly affects the reaction. The results in

Table 1 indicate that MeOH and H20 are imperative for N-dealkylation to occur.

)o\Me o I~
107 + —H " Me
MeO~ “Me H20
107
MeOH
tH+ E. G. A.
0 0
117 % Ph)J\N/Et H20 107 + MeOH + MeO” “Me
+
MeO MeO/N\Me
OMe
119

addition of water in an inert
Pathway A atmos increased conversion

Scheme 27: Pathway A reaction mechanism when MeOH is used as an additive.

41



Both water and methanol are appropriate nucleophilic traps for 116. MeOH can be
reduced to methoxide and H20 to hydroxide respectively at the counter electrode.
Pathway A starts when a Shono-oxidised product (117) is formed. Here onwards,
there are three possible sub-pathways. i) Decomposition of electrogenerated acid-
meditated hemiaminal to 107 ii) direct attack of 117 where methanol or methoxide
would supply 107 and an aldehyde oxidation state-level by-product. The final
pathway iii) consequently DHS step for the preparation of acetal, 119 in an identical
route to pathway A (ii) collapse or water-mediated cleavage would give 107.
Pathway A (route ii and iii) is supported by Mitzlaff and co-workers®, where they
detected a trace amount of dealkylation in cyclic tertiary amides via a-methoxy or a

a-dimethoxy intermediates involving methanol-mediated ring-opening and water

hydrolysis.
© O
*OH +
116 S F>h)J\N’Et _tH L 107 + 07 Me
2
o e EGA
addition of water in an inert trace aldehyde peak observed
atmos increased conversion 120 in a cyclic example only
Pathway B

Scheme 28: Mechanistic pathways taken by 116 when water is used as an additive.

Pathway B generates 120 directly when 116 is intercepted by water. The studies of
Mori et al.?¢ are among the few that reported the direct a-hydroxylation of (cyclic)
tertiary amides using a MeCN/H20 (20:1) system. However, the product was not
characterised, as only a minimal amount of it was recovered but presented evidence

for dehydrogenative coupling without methanol.

Direct replicate of a-hydroxylation of 106 using the parameters listed in Table 1,
entry 16 were not accomplished. If 117 were to be formed, hemiaminal collapse

would supply 107 and an aldehyde oxidation state by-product.

Pathway A dominates via the typical Shono a-methoxylation initiation. The key
observations included: methanol is needed for the reaction with trace quantity of
water to assist the reaction, through electro-generation of acid and react with the

acetal by-products via hydrolysis.
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Additional experiment to probe the feasibility of double dealkylation was conducted.
An authentic sample of 107 was separately synthesised using the existing method.
This was then subjected to the reaction conditions reported in (Table 1, entry 5).
The reaction indicated that a primary amide was not formed, and 107 was recovered

unreacted.

So why does the reaction stop at mono dealkylation and is preferred over double
dealkylation? This can be explained by analysing the LSV (Figure 10) of the
compounds. Low potential for 106 is observed due to less electron density on the
nitrogen in 107 than in 106. Hence higher applied voltage is needed to adjust the
Fermi level of the electrode to match the energy level of 107. Until higher
overpotentials are applied, (e.g. after consumption of the lower Ep°®* substrate, 106),
the reaction of 107 becomes unfavourable. Inefficient routes may be in process
when the cell adjusts to the potential of 107 as it is in competition with methanol for
redox processes on the electrode surfaces because of the higher Ep®* for 107 than
106. A similar observation has been reported previously, where secondary amides

had higher potential compared to tertiary amides.®’
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Figure 10: LSV oxidative potential from the scan rate of 106 and 107. Conditions: MeCN/MeOH or
MeCN: H20 (10:1), 5.0 M TBAP, 22.0 mmol of analyte, W.E. = GC, C.E. = Pt wire, R.E. = Ag+/Ag
(0.057 V versus Fct+/Fc), v= 5-250 mVs1. Data for v = 25 mVs* shown for clarity. T Solvent system:
Red=MeCN/MeOH, Blue=MeCN/H:0.
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Changing the solvent system to MeCN/H20 led to a single broad oxidation wave for
106 (Ep®™* = +2.25 V) and 107 (Ep®™ = +2.37 V), respectively. Figure 10 shows two ill-
defined oxidation waves for 106 occur at Epox +2.20 V and 2.67 V versus Epox
+2.32 and 2.61 V for 107 in MeCN/MeOH. The Ep® +2.67 V observed in
MeCN/MeOH is dependent on MeOH, as this disappears when H20 is used. This
second oxidation is needed for N-dealkylated. Entry 5, entry 16 and entry 19 prove
that H2O and MeCN are both necessary for the reaction, although the presence of

H20 needs to be minimum.

2.6 Summary

LSV for 106 indicated that when MeCN/MeOH were used as solvents, a non-linear
plot forms; therefore, a diffusional process occurs. The non-linear graph was due to
the constant change in ipfrom 10 mVs-t onwards. A single oxidation peak is observed
when the solvent system is switched to MeCN/H20 (10:1). Methanol constricts the
viable voltammetric window. However, it entails a mild -50 mV reduction at the start

of the initial oxidation response.

When TBAP is used as an electrolyte N-dealkylation of 106 is observed, 107 was
isolated at 24%. Over-reaction to primary amide and by-products (99% b.r.s.m) were
not detected. None of the proposed products (Shono oxidation, N-dealkylation and

the starting material) were observed LiClO4was used as an electrolyte.

Flash column chromatography (FCC) on silica was optimised to improve the isolated
yield of 107. A slow flow rate of 0.5 mL/min and increasing the solvent polarity
incrementally (95:5 to 75:25, Petroleum ether: EtOAc) whilst using a column with a
diameter of 3.5 cm resulted in a yield of 78% for 107. A slow flow rate is more
favourable as the electrolyte takes longer to elute when compared to faster flow

rates. Other methods did not give adequate results.

Optimisation of the electrochemical methods by changing the factors listed in Table
1 resulted in an upper limit for the generation of 107 (86%) observed in Entry 5 (j =
0.71 mA/cm?), where | = 5.0 mA when correlated to lower and higher currents (and

current densities). The product yields increased as the current density decreased
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due to fewer back reactions and side reactions. Current efficiency is reduced when

a higher current density is used.

Both water and methanol are appropriate nucleophilic traps for 116. MeOH can be
reduced to methoxide and H20 to hydroxide respectively at the counter electrode.
Pathway A dominates via the typical Shono a-methoxylation initiation. The key
observations included: methanol is needed for the reaction with trace quantity of
water to assist the hydrolysis, through electro-generation of acid and react with the

acetal by-products via hydrolysis.

Additional experiments to probe the feasibility of double dealkylation were
conducted. Low potential for 106 is observed due to less electron density on the
nitrogen in 107 than in 106. Hence higher applied voltage is needed to adjust the
Fermi level of the electrode to match the energy level of 107. Until higher
overpotentials are applied, (e.g. after consumption of the lower Ep®* substrate, 106),

the reaction of 107 becomes unfavourable.
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Chapter 3: Reaction Scope

3.1. Introduction

The results reported in this chapter were published in ChemElectroChem 2019
(Metabolism Mimicry: An electrosynthetic method for the selective deethylation of
tertiary benzamides)®. To examine the scope of novel dealkylation of tertiary
amides, an array of benzamide and alkyl amide analogues were selected to
investigate the scope of this novel dealkylation of tertiary amides. Investigation of
electron-donating, withdrawing groups and steric effects near the reacting centre
and changes to the R-group next to the carbonyl on the reaction outcome were
examined. To isolate the dealkylated product, a slow flow rate of 0.5 mL/min and
increasing the solvent polarity incrementally (95:5 to 75:25, Petroleum ether: EtOAC)
whilst using a column with a diameter of 3.5 were implemented. Except small
modifications to increase the polarity of the solvent ratios were changed depending
on the compound. The optimised electrochemistry conditions reported in Table 1,

entry 5 were applied.

The data reported in the previous chapter indicated that a Shono-type reaction
occurs during the N-dealkylation reaction, concluding that an N-acyliminium ion is
formed. Amides can be oxidised to N-acyliminium ion, which makes them easier to
be captured by various nucleophiles and formation of new C-X bonds (C-O, C-C, C-
N etc.).5% 9100 A known amide oxidation is the Shono-oxidation (Scheme 7),
reported by Prof. Tatsuya Shono (University of Kyoto) who combined organic and

electroorganic steps for a C-C bond formation.58

3.2. Synthesised and purchased amides

A library of compounds structurally similar to 106 were synthesised. The benzene
ring of some compounds were substituted at the ortho, para or meta position.
Benzylic amides varying in electronic properties and were selected on their

tendency to donate or withdraw electron density to and from the amide bond.

Methyl (121-123), chlorine (124-126) and methoxy (127-129) were selected to

observe the effects of the substituents regioisomers at the ortho, meta and para
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positions and will facilitate the analysis of how such properties affect the N-
dealkylation. The methyl and methoxy groups fall into a strict category of EDGs.
Methyl activates the ring due to hyperconjugation, positive inductive effect and is
considered a weaker EDG group. The methoxy is stronger EDG; due to a stronger
mesomeric effect because of the lone pair of electrons on the oxygen; although due
to the electronegativity of oxygen itself, it also exerts a negative inductive effect.
Both these contribute towards the electron-donating ability of the group because of
electron delocalisation. The chlorine group is unique in that the electronegativity of
chlorine allows it to serve as an electron-withdrawing (inductive properties) and

donating (by conjugation) substituent.

The methyl-substituted group has an inductively electron-rich aryl system. The
methyl group at ortho and meta position might be difficult to electrosynthesised due
to the steric hindrance, which can create constraints and cause conformation that

may be energetically unfavourable.

Methoxy is a larger group than methyl and chlorine and would cause more steric
hindrance for the reaction at ortho and meta position because of the large electron

density.

130 was previously reported by Lorenc et al.?? to undergo N-dealkylation using acid.
Hence it remains to be observed if N-dealkylation using electrosynthesis is possible
for this compound. 131 an aromatic and a 5-membered ring with two possible a-
carbon sites that can be electrosynthesised. The selectivity regarding this could be
used in future work to study and possibly synthesise drugs and small molecules
from a parent 5 membered ring system. 132 is selected due to the steric hindrance
caused by the two aromatics. The a-carbon sites available would be difficult to

access due to the electron density of the aromatic.
The amides were synthesised using acyl chloride and a secondary amine method

described in Chapter 4 (section 4.2.1).5* The yields recorded for the compounds are

shown in the Figure below.
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Figure 11: Tertiary amides synthesised and the yields isolated.
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The methyl-substituted benzene (121-123) rings are ortho/para directors because
they are inductive activators due to resonance, and although this trend is not
observed in the isolated yields, the conversion of ortho/para to the final product was
observed in the crude 'H-NMR of the product.

Similar to methyl, the methoxy group (127-129) is another ortho/para director. As
with the methyl substitution, the methoxy groups isolated yields do not reflect what
has been observed. This is because the compounds (121-132) were isolated using
the extraction method. Hence the solubility of the compound affected the outcome

of the isolated yield.

Aromatics with chlorine substituted are resonance deactivators and meta director.
The isolated and conversion yields for these compounds align with what has been
reported previously in the literature. The higher yields for the meta product are
because it does not produce a destabilising arenium cation resonance structure

during the reaction compared to the ortho, para positions.

From the library of compounds, the lowest yield was recorded for 132 at 59%. The
synthesis of amides is conducted using acyl chloride and secondary amine, an
addition-elimination reaction. Hence, when the amine attacks the acyl chloride, it is
a slow reaction as the proton can only access one position that would produce the

least sterically hinder compound.

N,N-Diethyl-meta-toluamide (DEET, 122) is an active ingredient in most insect
repellents and is metabolised by CYP-450 to two major metabolites 133 and 134
(Scheme 29).1°1 To the best of our knowledge, electrochemical replication for the
metabolite of 122 has not been reported. Currently, DEET’s metabolites are studied

using traditional biological methods.0%: 102
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Scheme 29: Metabolites of N,N-Diethyl-meta-toluamide.

Furthermore, three more amides were purchased for probing the electrosynthesis
method. N-Methyl-2-pyrrolidone (NMP) 135 (Scheme 30) is a simple form of y-
lactam, selected as a model for expanding the research into investigating complex
derivatives of y-lactam. Dimethylacetamide 136 (DMA) is a rudimentary form of a
tertiary amide and does not have steric hindrance or strong EDG/EWG.
Theoretically, it should easily be able to transform to either Shono oxidation or the

proposed N-dealkylated amide.

(0]
/ (@]
(0]
N
| |
135 136 137

Scheme 30: N-Methyl-2-pyrrolidone (NMP) 135, Dimethylacetamide 136 (DMA) and N,N-
Dimethylbenzamide (137) purchased amides for the experiment.

106, 136, and 137 are a framework for building a more complex amide structure,
including multiple functional groups, substituting the benzene ring, and expanding
the carbon chains attached to the nitrogen atom. If successful, electrosynthesis of
these will further aid understanding the reaction mechanism and application of the

method to more substantial and intricate structures.
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3.3. LSV

LSV of compounds (106-107, 121-132) using RVC as electrodes was attempted,

however, no useable data was produced due to the large non-uniform surface area

of the electrode. RVC has variable surface area hence, different diffusional rates

inside and on the surface. The electrochemical method used in this project does not

require the potential of the compounds. However, LSV of the selected compounds

(106-107, 121, 124, 127) was conducted using a glassy carbon electrode to observe

how the oxidation potential differs when various groups are attached to the aromatic

group.

Tertiary amides (121, 124, and 127) were selected for LSV to observe whether the

difference in applied potential will significantly impact the compound when the

substituted group is changed, yet the substitution position is kept the same.
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Figure 12: LSV scan rate survey of 122, 124 and 127 (22.0 mmol), using GCE as WE, platinum as
CE and silver as RE. TBAP (0.5 M), MeCN: MeOH (10:1).
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Figure 13: A: Plot of log of peak current (ip) vs log of scan rate (mVs-1). B: Plot of peak potential vs
(Ep) vs log of scan rate (mVs?) for 122, 124 and 127.

Table 2: Slope and correlation coefficient for a log of peak current
vs log of scan for Figure 18A.

Compound Slope value R?

122 Ip (MA) = -0.010 log v(mVs-1) + 2.936 0.009
124 Ip (MA) = 0.393 log v(mVs-1) + 2.079 0.973
127 Ip (MA) =0.099 log v(mVs-1) + 2.568 0.094

Table 3: Slope and correlation coefficient for peak potential vs log
of scan for Figure 18B.

Compound Slope value R?

122 Ep (V) = 0.156 log v(mVs-1) + 2.396 0.901
124 Ep (V) = 0.180 log v(mVs-1) + 2.310 0.907
127 Ep (V) =-0.14 log v(mVs-1) +2.431 0.408

The LSV for 122 and 124 indicate that an ECE reaction is taking place. The two
oxidation peaks for 122 are +2.87, respectively. For 124, the oxidation peaks are
+2.22 V + 2.54 V. These values were taken from 25 mVs. The LSV of compound
127 also indicates that a two-electron process is taking place. However, peaks
above 50 mVs? are not well defined and are broad due to the oxidation of the
compounds occurring consecutively and a slow electron transfer. The second
electron transfer step depends on how much the first intermediate is chemically
converted during this ECE reaction. This could lead to no product as the second

electron transfer step can efficiently convert back to the starting material.
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Table 2 shows the gradient and correlation coefficient found for logioip Vs logiov for
all the compounds. The slope values calculated indicate that it is a diffusional
process. Table 3 shows the gradient and correlation coefficient found for the logioip
peak potential vs logiov graph, as the slope value is not near 0, and thus these

reactions are quasi-reversible.

3.4. Dealkylation of amides and the reaction mechanism

The LSVs indicated that the compounds selected were electroactive and therefore
could be oxidised. Electrochemical oxidations of the amides using the optimised
conditions reported in Chapter 2 were applied. Table 4 reports the results obtained
and the isolated yields of the N-dealkylated products.

Table 4: The scope of electrochemical dealkylation of amides.

o)
N 0.5 M TBAP R
|
Ri R, MeCN:MeOH (10:1), 0°C 1 H

I=5mA,j=0.71 mA/cm?

Q =4 Fmol™
Isolated
yield
Entry Substrate Product (%)
o) o)
C L OO
K H
1 121 138 54
o) 0
N7 N7
K H
2 122 134 52
o} o}
N/\ Q}kHA
3 k 123 139 0@
@) O
ey
H
4 C|k 124 Cl 140 15
O 0
N/\ N/\
K H
5 Cl 125 Cl 141  60°
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Table 4 entries 1-2 were easily controlled and gave an isolated yield with the
methodology — as initially thought they would hinder the electrosynthesis due to the
inductively electron-rich aryl system in the ortho and meta positions. A complex
mixture is given when the para-ethyl system in entry 3 undergoes electrosynthesis.
When entry 3 is compared to a similar electronic structure in entry 1, the ortho-ethyl
group gives the highest yield observed in the ethyl-substituted benzamide. It is
possible that the planar form of the aryl ring significantly hinders the effect of the
ethyl group upon the N-centred radical, leading to the formation of a complex

mixture.103

The ethyl group was replaced by chlorine in entries 4-6 to examine a modest
electron-withdrawing functionality on the adjacent tertiary amide. Apart from ortho-
chloro (entry 4), the isolated yields of entries 5 and 6 are comparable to the ethyl
substituted amides. This low yield could be attributed to the superior rotation applied
to the adjacent amide carbonyl system.1%4 An improvement to the isolated yield for

entries 4 and 5 was observed when the current (and density) was slightly increased.

The N-deethylation of entries 7-9 in an undivided cell was not observed when the
chloride group was replaced with a strong electron-donating methoxy group in the
ortho, meta or para position. Starting material was recovered in all cases. This was
possibly caused by the production of a methoxy radical (favouring tertiary amide
oxidation) which might help redox travel inefficiently at the working and counter
electrodes.1%>19%8 To determine whether methoxy radical was hampering the
formation of N-dealkylation product of entries 7-9. Entry 8 was subjected to
electrosynthesis using the same method. However, the reaction vessel was
changed to a divided H-cell with a sintered glass frit. Surprisingly, the substrate
reacted efficiently, producing a mixture of product and 106, demethoxylation of 128.

A conversion yield of 10% for 106 was determined by *H NMR spectroscopy.

A complex mixture of products for entry 11 of the cyclic tertiary amide was produced.
The crude *H NMR spectrum of entry 11 indicated an aldehyde peak. This entry
gave another mechanistic insight into the reaction. No reaction was observed with

the nitrogen radical stabilising phenyl group on the amide entry 12.
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Interestingly, only deethylation is observed; however, N-demethylation is not
observed once this group is changed to methyl, as per entries 13 -15. Once these
compounds undergo N-demethylation, they become unstable and similarly to
entries 7-9, the species shuffles between the two electrodes. This was further
investigated in the H-cell. The crude 'H NMR spectrum indicated the presence of
starting material, electrolyte, and several other peaks compared to the possible
formation of N-dealkylation, 106, and Shono-oxidised compound, but the

determination of the product was not possible.

Compound 152 contains two electronegative groups on the aromatic and hence was
selected to investigate and observe how disubstituted benzene would affect the

outcome of N-dealkylation.

(0] Cl
N
) g
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Figure 14: 2-Chloro-N,N-diethyl-4-fluorobenzamide for investigating disubstituted affect.
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Figure 15: A: LSV of 152 using GCE as WE, platinum as CE and silver as RE. TBAP (0.5 M):
MeOH (10:1). B: Plot of log of peak current (ip) vs log of scan rate (mVs1). C: Plot of peak potential
(Ep) vs log of scan rate (mVs-1) for the compound using scan rate 5 mVs to 250 mVs-1.

LSV determined how the oxidation potential is affected when two electronegative
groups are attached to the aromatic. The LSV helped to determine if the process is

diffusional or adsorbed the values. Multiple oxidation peaks are observed at the LSV

The peaks above 10mV are weak and broad due to slow electron transfer. The slope
value calculated for the compound is closer to an ideal diffusional controlled
process.®! Hence, the compound is diffusional in process and not precipitating onto
the electrode surface. The diffusional behaviour is caused by the poor adherence of

products on the electrode surface.1%

152 was electrosynthesised using TBAP as an electrolyte; it did not lead to the
formation of an electrolyte. Hence, LiClO4 was visited in a last attempt to observe if
it would be successful. Surprisingly when LiCIO4 electrolyte was used, it produced
a Shono-oxidised product (Scheme 31). 10% product was recovered, the remaining

was starting material.

The effects of electrolytes were studied in CO2 and oxygen reduction. However,
enough data was not collected to conclusively state why the electrolyte change
would lead to a dramatic result. However, previous data published suggests that
electrolyte ions can impact the reaction environment of electrochemical systems and
be a key driver in determining the reaction rate and selectivity. 11° Blanco and co-

worker!!! also reported these effects when adiponitrile was synthesised.
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Scheme 31: Shono-oxidation of 152 using lithium perchlorate under galvanostatic conditions in the

undivided cell.

3.5. Modification of drug-like compounds

Finally, various compounds, including herbicides and existing drugs (Figure 16),

were inspected. These compounds were purchased except for 154 and 161. To

observe if the bulk electrochemical method can be applied to more complex

systems, the selected compounds contain more than one substitution on the

benzene ring.
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Figure 16: Compounds selected for the electrosynthesis.
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3.5.1 Synthesis of propanidid

Propanidid (155) was synthesised using a method reported in the literature in two
stages.'? The first stage was Fisher’s esterification of a carboxylic acid with 1-
propanol. At the second step, the chloroacetamide reacted with the OH group to

give the final product.
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HO " j\/(joH
162
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161

154

86%
Scheme 32: Reaction mechanism of propyl 4-hydroxy-3-methoxyphenylacetate (154).112
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Scheme 33: Reaction mechanism for propanidid 155.112
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3.5.1 Linear sweep voltammetry of drugs
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Figure 17: LSV of the compounds using GCE as WE, platinum as CE and silver as RE. TBAP (0.5
M), MeCN: MeOH (10:1).
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Figure 18: A: Plot of log of peak current (ip) vs log of scan rate (mVs™). B: Plot of peak potential vs
(Ep) vs log of scan rate (mVs™) for the compounds using scan rates 5 mVs-! to 250 mVs™.

Table 5: Slope and correlation coefficient for Figure 22A.

Compound Slope value R?

154 Ip (uA) = 0.547 log v(mVs™) + 1.723  0.993
155 Ip (uA) = 0.469 log v(mVs™) + 1.613  0.989
156 Ip (uA) = 0.561 log v(mVs?) +1.277  0.969
157 Ip (uA) = 0.529 log v(mVs?) + 1.343  0.982
158 Ip (uA) = 0.255 log v(mVs™) +2.225  0.169
159 Ip (UA) = 0.524 log v(mVs?) + 1.745 0.943
160 Ip (MA) = 0.418 log v(mVs1) + 1.053 0.899
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Table 6: Slope correlation coefficient values for Figure 22B

Compound Slope value R?

154 Ep (V) = 0.131 log v(mVs?) +0.932 0.596
155 Ep (V) = 0.037 log v(mVs1) + 1.337 0.998
156 Ep (V) = 0.070 log v(mVs™?) + 0.996 0.603
157 Ep(V) =0.022 log v(mVs?) +1.100 0.175
158 Ep (V) =-0.173 log v(mVs™1) + 2.37 0.453
159 Ep (V) = 0.043 log v(mVs?) +1.219 0.948
160 Ep (V) = 0.034 log v(mVs-1) + 1.227 0.823

The oxidation of these drugs occurs through at least two consecutive electron-
transfer processes separated by chemical deprotonation, where first oxidation and
deprotonation of the selected radical occur and further oxidation to the equivalent
cation occurs, leading to the formation of the product. The peaks around 1.0 V
indicate that products with low oxidation energy, most likely an electron-rich aryl
system, are oxidised as amide would be oxidised at a higher potential. However,
apart from the visible first Ep®, the other oxidation peaks occurring after 2.0 V are
broad and undefined. These wide peaks could be caused by slow electron transfer
would need to be investigated further to determine the number of electron transfer
taking place and what intermediates are being formed to understand the reaction

mechanism.

The Ep® values were determined from 25 mVs™. The analysis of 154 and 157
indicates two clear Ep®, +1.08 V and + 2.04 V for 154 +1.15 V and + 1.97 V for
157, indicating that ECE reaction is taking place. The LSV of 157 indicates that
oxidation occurs through two consecutive electron-transfer processes separated by
chemical deprotonation, first oxidation and deprotonation to the amidyl radical and then
further oxidation to the corresponding cation. Gieshoff et al.113 observed a similar

oxidation mechanism when they investigated the oxidation of anilides.

A clear single Ep® for 160 is observed at +1.04 V when scan rate 25 mVs is used.
However, there are at least three Ep® recorded after +1.04 V that are wide and ill-
defined. This could be because the same redox-active species undergo sequential
electron transfer events, possibly associated with NH2. Although, a single oxidation peak
of oxidation is also observed around +2.20 V, which could be associated with the
removal of the second H in the same group and would require considerably larger

potential to remove.
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Table 5 shows the slope values calculated from Figure 18 to observe if the process
was diffusional or adsorbed, the values used for these graphs came from the first
oxidation peak of the compounds. The theoretical value of 0.5 is an ideal diffusional
controlled process.®! The slope value calculated for these compounds are closer to
this. Hence these compounds are diffusional in process and are not precipitating
onto the electrode surface. The diffusional behaviour is caused by the poor

adherence of products on the electrode surface.®

Table 6 shows the slope value obtained from Figure 18B; peak potential increases
with the scan rate except for 158, where the peak potential fluctuates. 156, 157,
159, and 169 are likely irreversible to some extent as the peak potential shifts to
more positive potentials. The remaining compounds 154, 155 and 158 are likely
quasi-reversible as the peak potential difference observed by the slope is not

enormous.

3.5.2 Electrochemical reactions of the substrates

The compounds were subjected to the electrochemical methods reported in Table
1 in a divided cell using TBAP as an electrolyte. The crude 'H-NMR spectra of
compounds indicated that they had undergone an electrochemical process.
However, assigning peaks and working out conversion yield was impossible
because the 'H-NMR spectrum showed multiple products and starting material
peaks. This is consistent with the LSV results, which indicated that more than one
electro-active group was present in many compounds. The Isolation of the primary

product proved challenging.

To improve isolating the product, electrosynthesis of the compound was conducted
using a divided cell, but the results were comparable to an undivided cells usage.

Isolating the products was not possible when FCC was used.

To demonstrate the difficulty in the purification of the electrosynthesised compound,
an example of what a typical crude *H-NMR looks like after removal of the electrolyte
is shown in Figure 19. The spectra for 159 is in red; the black spectra is for the

electrosynthesis product. The peaks in the spectra include solvent peaks, minor
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peaks assigned to the electrolyte, starting material and several other unknown

peaks.
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Figure 19: Crude 'H-NMR for 159 after electrosynthesis and removal of electrolyte.

Reverse-phase HPLC (uses a hydrophobic stationary phase) was examined to
isolate the product. The HPLC spectrum showed poor peak to peak separation and
hence, was challenging to separate, despite changing the flow rate and solvent
ratios. Furthermore, each compound required further optimisation for both the

starting material and the electrosynthesised product.
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3.6 Conclusion and Future Work

LSV for 106 indicated that when MeCN/MeOH were used as solvents, a non-linear
plot forms. The non-linear graph was due to the constant change in ip from 10 mVs-
1 onwards. A single oxidation peak is observed when the solvent system is switched
to MeCN/H20 (10:1). Methanol constricts the viable voltammetric window.
Therefore, a diffusional process is taking place. However, it entails a mild -50 mV

reduction at the start of the initial oxidation response.

When TBAP is used as an electrolyte N-dealkylation of 106 is observed, 107 was
isolated at 24%. Over-reaction to primary amide and by-products (99% b.r.s.m) were
not detected. None of the proposed products (Shono oxidation, N-dealkylation and

the starting material) was observed LiClO4was used as an electrolyte.

Flash column chromatography (FCC) on silica was optimised to improve the isolated
yield of 107. A slow flow rate of 0.5 mL/min and increasing the solvent polarity
incrementally (95:5 to 75:25, Petroleum ether: EtOAc) whilst using a column with a
diameter of 3.5 cm resulted in a yield of 78% for 107. A slow flow rate is more
favourable as the electrolyte takes longer to elute when compared to faster flow

rates. Other methods did not give adequate results.

Optimisation of the electrochemical methods by changing the factors listed in Table
4 resulted in an upper limit for the generation of 107 (86%) observed in Entry 5 (j =
0.71 mA/cm?), where | = 5.0 mA when correlated to lower and higher currents (and
current densities). The product yields increased as the current density decreased
due to fewer back reactions and side reactions. Current efficiency is reduced when
a higher current density is used.

Both water and methanol are appropriate nucleophilic traps for 116. MeOH can be
reduced to methoxide and H20 to hydroxide respectively at the counter electrode.
Pathway A dominates via the typical Shono a-methoxylation initiation. The key
observations included: methanol is needed for the reaction with trace quantity of
water to assist the reaction, through electro-generation of acid and react with the

acetal by-products via hydrolysis.
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Additional experiment to probe the feasibility of double dealkylation was conducted.
Low potential for 106 is observed due to less electron density on the nitrogen in 107
than in 106. Hence higher applied voltage is needed to adjust the Fermi level of the
electrode to match the energy level of 107. Until higher overpotentials are used,
(e.g. after consumption of the lower Ep® substrate, 106), the reaction of 107

becomes unfavourable.

The second part of the project was to investigate the scope of the method. Varieties
of benzamide and alkylamide analogues were explored to examine the effects of
electron-donating/withdrawing groups, steric effects, and changes to the alkyl group
on the reaction. A multi milligram sample of the major human metabolite of the
(DEET) 106 was produced. Interestingly, dealkylation is only observed in
compounds that contain an ethyl group. Therefore, N-demethylation is not observed.
However, for 127, an aldehyde by-product was detected in crude 'H-NMR.
Interestingly 152 gave a Shono-oxidised product when an alternative electrolyte

LiClO4 was used as an electrolyte.

The project's final phase was the application of the method to complex drug-like
structures and herbicides compounds. Crude 'H-NMR spectrum indicated that
compounds had changed, although no major products or N-dealkylation were
detected. Flash column chromatography and Reverse-phase HPLC failed to assist

in isolating the product.

Several parameters can be explored to make this method more viable for studying
the metabolite of drugs. One of the main challenges for this method was the inability
to produce N-deethylation of complex compounds. Hence, other types of electrolysis
need to be explored. One possible pathway could be to use a flow cell. Flow cell
electrochemical reactions have been reported to be successful in the
electrosynthesis of various functional groups.19s: 114 115 potentiostatic methods
effectively produce electrochemical compounds and, as reported by literature, gives

more control over the selectivity.63 116
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One of the significant downsides to using TBAP as an electrolyte is that removing it
is difficult and time-consuming. Hence, other electrolytes need to be investigated,
which are less hazardous and simpler to separate. A mechanistic study will need to
be conducted into why simply switching the electrolyte from TBAP to LiClO4lead to

the production of Shono-oxidised compound instead of the expected N-dealkylation.

LC-MS, in combination with electrochemistry, is successful in detecting N-
deethylation of drugs. Another method applied within electrochemistry is a
computational (computer stimulation) for studying compounds likely to undergo
electrosynthesis. The method is already used for drug discovery and could be
modified for electrosynthesis. With electrochemistry and electrosynthesis, a
combination of LC-MS could lead to more efficient drug discovery and development

processes.

The group recently published a paper in Scientia Pharmaceutica 2020
(Voltammetric Behaviour of Drug Molecules as a Predictor of Metabolic Liabilities).
The LSV for Compounds 155, 156 and 157, respectively, were analysed against the
half-life of the drugs. The research concluded that the oxidation potential has an
inverse relationship with the drug’s stability in the body (half-life), with 1450 mV,
1250 mV and 1150 mV correlating to 5.9 min, 24 min and 87-108 min, for 171, 173
and 175, respectively. This is another exciting area that the research conducted in

the thesis can be explored in the future.
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Chapter 4: Experimental

4.1. General information

All commercial reagents and solvents were used as received without further
purification. All electrosynthesis and cyclic voltammetry experiments were
performed using an Autolab (PGSTAT 100N, The Netherlands) potentiostat.
Reactions were monitored by TLC and purified using silica flash column
chromatography (ethyl acetate: petroleum ether) using high-purity grade, pore size
60 A, 200- 400 mesh particle size silica gel (Sigma-Aldrich)

'H and '3C-NMR spectra were recorded on a JEOL (ECS 400 MHz NMR
spectrometer). 'H and 13C-NMR chemical shifts (5) are reported in parts per million
relative to tetramethylsilane (TMS), with the solvent resonance employed as the
internal standard (CDClsz at 7.26 ppm, CDCls at 77.20 ppm). Data is reported as
follows: chemical shift, multiplicity (s = singlet, br s = broad singlet, d = doublet, t =
triplet, g = quartet, m = multiplet and combinations thereof), coupling constants (Hz)
and integration. Low and high-resolution mass spectrometry analysis was obtained
using an Agilent 6450 LC-MS/MS system.

4.2. Experimental Procedure

4.2.1. Synthesis of benzamide

All reactions were conducted under a nitrogen atmosphere. The appropriate acyl
chloride (10.0 mmol), potassium carbonate (2.07 g, 15.0 mmol) and anhydrous
tetrahydrofuran (35.0 mL) were cooled to 0 °C (using an ice-bath). Under stirring,
the appropriate amine (10.0 mmol) was added portion-wise at 0 °C. The reaction
mixture was allowed to stir at room temperature (25 °C) for an additional 24 h. The
reaction was quenched with hydrochloric acid (1.0 M, 4.0 mL) portion-wise and
extracted with ethyl acetate (3 x 30 mL), washed with saturated NaHCOs (30 mL)
and brine (30 mL). The combined organic layer was dried (using MgSOQa.), filtered

and concentrated in vacuo to afford the title compound.
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4.2.2 Synthesis of Propanidid

Step 1

The procedure was adapted from Hiltman et al. 11" A 30 mL glass pressure tube was
equipped with a magnetic stirrer; 4-hydroxy-3-methoxyphenethyl alcohol (12.0
mmol) was added and dissolved with anhydrous 1-propanol (0.27 M, 21.0 mL). To
this solution (1.0 ml) of concentrated sulphuric acid was added, and the solution was
heated at 100 °C for 5 hours. The solvent was removed under reduced pressure.
The resulting oil was diluted with ethyl acetate (40.0 mL), washed with saturated
sodium bicarbonate (20.0 mL), distilled water (20.0 mL) and brine (20.0 mL). The
organic layer was dried (MgS0O4), filtered and concentrated in vacuo to afford 3-

methoxy-4-hydroxyphenylacetic acid propyl ester (86%).

Step 2

In a 50mL round bottom flask equipped with a magnetic stir bar, 3-methoxy-4-
hydroxyphenylacetic acid propyl ester (3.4 mmol, 0.8 g) was dissolved in dry
acetone (0.27 M, 20 ml). Potassium carbonate (5.1 mmol, 705 mg) was added to
the solution, followed by 2-chloro-N,N-diethylacetamide (4.0 mmol, 0.55 ml). Under
vigorous stirring, the suspension was warmed to reflux (60 °C) for 16 hours. After
cooling to room temperature, the reaction mixture was filtered, and the remaining
solvent was removed under reduced pressure. The product was purified using silica
column chromatography (SiO2, EtOAc/Hexane (1:1))) to produce the title

compound.

4.2.3. Dealkylation of compounds

The appropriate amide (0.22 mM/mL) and the electrolyte (tetrabutylammonium
perchlorate (TBAP), 0.5 mol/L are added to an undivided glass cell (28 mL). The
cell was equipped with a magnetic stirrer and solvents acetonitrile (9.0 mL) and
methanol (0.9 mL). Rectangular reticulated vitreous carbon anode (4.7 cm?) and
cathode (4.7 cm?) are arranged opposite each other at a distance of 9.8 mm.

Chronocoulometry (bulk electrolysis) was employed to conduct electrosynthetic
reactions. The equation, Q = (mA /RMM) nF was used to calculate the charge

required for each electrosynthetic reaction (Section 2.3).
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The electrochemical reaction is monitored by TLC and by total charge (Q)
transferred. The RVCs are washed with a minimum amount of MeOH upon reaction
completion into the reaction vessel to dislodge the reaction mixture. The solution
was concentrated in vacuo to afford a solid white coloured powder. The powder was
dissolved in a minimum amount of EtOAc for flash column chromatography. The
FCC ((SiO2) was conducted using a flow rate of 0.5 mL/min. The solvents EtOAc:

petroleum ether (5:95 to 35:65) were used to isolate the dealkylated product.

4.2.4 Recrystallisation for dealkylated N,N-Diethylbenzamide

Upon the completion of electrosynthesis, the solution was concentrated in vacuo to
afford a solid white powder. Hot MeOH was added to the beaker containing the
compound and left overnight for TBAP crystals. Crystals were collected using a
gravity filter and washed with a non-polar solvent. The solution was concentrated in
vacuo and prepared for FCC to isolate the product.

4.2.5. Linear sweep voltammetry

LSV experiments were performed using a glassy carbon electrode (GCE, area =
0.071 cm?) as a working electrode, a platinum wire was used as a counter, and
Ag/AgCl wire (standardised to Fc*/Fc by comparison) was used as a reference
electrode, respectively. Prior to each experiment and in-between scan rate studies,
the GCE was polished manually. First, with 1um diamond spray (Kemet) on a
smooth polishing pad (BAS velvet polishing pad). Then rinsed with distilled water,
and second polishing was done using 0.25 microns diamond spray (Kemet) on a
smooth polishing pad (BAS velvet polishing pad). The GCE was finally rinsed with
distilled water thoroughly and then dried with medical tissue before the experiment.
The linear regression equations were calculated by the least-squares method using

Microsoft Excel® software.
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4.3. Compound Characterisation

106 N,N-Diethylbenzamide®3

o)
7

The title compound afforded as a pale yellow oil (1.61 g, 91%) using the general

procedure outlined in section 4.2.1.

1H-NMR (400 MHz, CDCls) &: 7.33 - 7.25 (m, 5H), 3.48 (s, 2H), 3.17 (s, 2H), 1.18
(br s, 3H), 1.03 (br s, 3H).

13C-NMR (101 MHz, CDCls) &: 171.3, 137.3, 129.1, 128.5, 126.3, 43.4, 39.3, 14.3,
13.0.

LC-MS (ESI) m/z 178 [M+H]*.

Hi-Res LC-MS (ESI) m/z calcd for C11H1sNO [M+H] * 178.1226, found 178.1229.

121 N,N-diethyl-2-methylbenzamide!*®

The title compound afforded as a pale yellow oil (1.31 g, 68%) using the general
procedure outlined in section 4.2.1.

1H NMR (400 MHz, CDCls) &: 7.26 - 7.13 (m, 4H), 3.75 (br s, 1H), 3.40 (br s, 1H),
3.11 (g, J = 7.0 Hz, 2H), 2.27 (s, 3H), 1.24 (t, J = 7.0 Hz, 3H), 1.01 (t, J = 7.0 Hz,
3H).

13C-NMR (101 MHz, CDClz) 6: 170.9, 137.2, 133.9, 130.3, 128.6, 125.8, 125.5, 42.6,
38.7,18.9, 14.1, 13.0.

LC-MS (ESI) m/z 192 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for Ci2H17NO [M+H] * 192.1383, found 192.1387
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122 N,N-diethyl-3-methylbenzamide!®

N7

~

The title compound afforded as a pale yellow oil (1.46 g, 76%) using the general

procedure outlined in section 4.2.1.

'H NMR (400 MHz, CDClz) &: 7.27 - 7.12 (m, 4 H), 3.53 (s, 2H), 3.23 (s, 2H), 2.35
(s, 3H), 1.23 (br s, 3H), 1.08 (br s, 3H).

13C-NMR (101 MHz, CDClz) 6: 170.9, 137.2, 133.9, 130.3, 128.6, 125.8, 125.5, 42.6,
38.7,18.9, 14.1, 13.0.

LC-MS (ESI) m/z 192 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C12H17NO [M+H] * 192.1383, found 192.1385.

123 N,N-diethyl-4-methylbenzamide!*®

L

The title compound afforded as a pale yellow oil (1.70 g, 89%) using the general
procedure outlined in section 4.2.1.

'H NMR (400 MHz, CDCls) &: 7.26 - 7.24 (m, 2H), 7.18 - 7.16 (m, 2H), 3.52 (br s,
2H), 3.25 (br s, 2H), 2.35 (s, 3H), 1.23 (s, 3H), 1.10 (s, 3H).

13C-NMR (101 MHz, CDClz) &: 171.6, 139.1, 134.4, 129.1, 126.4, 43.4, 39.3, 21.4,
14.3, 13.0.

LC-MS (ESI) m/z 192 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C12H17NO [M+H] * 192.1383, found 192.1387.
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124 N,N-diethyl-2-chlorobenzamide!*®

0]
N/\
o

The title compound afforded as a pale yellow oil (1.86 g, 87%) using the general
procedure outlined in section 4.2.1.

IH NMR (400 MHz, CDCl3) &: ppm 7.38 - 7.34 (m, 1H), 7.31 - 7.23 (m, 3H), 3.80 -
3.75 (m, 1H), 3.38 - 3.33 (m, 1H), 3.13 (quint, J = 7.1 Hz, 2H), 1.25 (t, J = 7.0 Hz,
3H), 1.04 (t, J = 7.0 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 167.8, 136.8, 130.4, 129.9, 129.7, 127.5, 127.1, 42.7,
39.0, 14.0, 12.7.

LC-MS (ESI) m/z 212 [M+H]*.

Hi-Res LC-MS (ESI) m/z calcd for C11H1aCINO [M+H] * 212.0837, found 212.0833.

125 N,N-diethyl-3-chlorobenzamide?®

Cl

The title compound afforded as a pale yellow oil (1.31 g, 68%) using the general
procedure outlined in section 4.2.1.

IH NMR (400 MHz, CDCl3) &: 7.37 - 7.28 (m, 3H), 7.25 - 7.20 (m, 1H), 3.52 (m, 2
H), 3.22 (m, 2H), 1.22 (br s, 3H), 1.09 (br s, 3H).

13C-NMR (101 MHz, CDCla): 169.7, 138.9, 134.5, 129.9, 129.3, 126.6, 124.4, 43.4,
39.4, 14.3, 12.9.

LC-MS (ESI) m/z 212 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C11H1aCINO [M+H] * 212.0837, found 212.0836.
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126 N,N-diethyl-4-chlorobenzamide!'®

0]
NI
s \

The title compound afforded as a pale yellow oil (1.48 g, 70%) using the general

procedure outlined in section 4.2.1.

IH NMR (400 MHz, CDCls) &: 7.36 - 7.28 (m, 4H), 3.51 (br s, 2H), 3.22 (br s, 2H),
1.22 (br s, 3H), 1.09 (br s, 3H).

13C-NMR (101 MHz, CDCl3) &: 170.3, 135.7, 135.2, 128.8, 127.9, 43.4, 39.5, 14.3,
12.9.

LC-MS (ESI) m/iz 212 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C11H1aCINO [M+H]* 212.0837, found 212.0836.

127 N,N-diethyl-2-methoxybenzamide'??

0]
NN
one

The title compound afforded as a pale yellow oil (1.88 g, 91%) using the general
procedure outlined in section 4.2.1.

1H NMR (400 MHz, CDCls) &: 7.34 - 7.30 (m, 1H), 7.17 (dd, J = 7.0, 1.0 Hz, 1H),
6.98 - 6.95 (m, 1H), 6.91 — 6.89 (d, J = 7.0 Hz, 1H), 3.82 (s, 3H), 3.60 - 3.55 (m, ,
2H), 3.17 - 3.12 (q, J = 7.0 Hz, 2H), 1.24 (t, J = 7.0 Hz, 3H), 1.03 (t, J = 7.0 Hz, 3H).
3C-NMR (101 MHz, CDClz) &: 168.9, 155.2, 129.9, 127.5, 127.0, 120.8, 111.0, 55.6,
42.8, 38.9, 14.0, 13.0.

LC-MS (ESI) m/z 208 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C12H17NO2 [M+H] * 208.1332, found 208.1339.
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128 N,N-diethyl-3-methoxybenzamide!??

OMe

The title compound afforded as a pale yellow oil (1.31 g, 68%) using the general

procedure outlined in section 4.2.1.

1H NMR (400 MHz, CDCls) &: 7.30 - 7.25 (m, 1H), 6.92 - 6.87 (m, 3H), 3.80 (s, 3H),
3.52 (d, J = 6.4 Hz, 2H), 3.24 (d, J = 5.5 Hz, 2H), 1.23 (br s, 3H), 1.09 (br s, 3H).
13C-NMR (101 MHz, CDCls) &: 171.1, 159.6, 138.6, 129.6, 118.5, 115.1, 111.7, 55.4,
43.3, 39.3, 14.4, 13.0.

LC-MS (ESI) m/z 208 [M+H]*.

Hi-Res LC-MS (ESI) m/z calcd for C12H17NO2 [M+H] * 208.1332, found 208.1331.

129 N,N-diethyl-4-methoxybenzamide 18

0]
N/\
MeO K

The title compound afforded as a pale yellow oil (1.78 g, 86%) using the general

procedure outlined in section 4.2.1.

1H NMR (400 MHz, CDCls) &: 7.37 - 7.33 (m, 2H), 6.92 - 6.89 (m, 2H), 3.83 (s, 3H),
3.48 - 3.35 (m, 4H), 1.18 (br s, 6H).

13C-NMR (101 MHz, CDCl3) &: 171.3, 160.3, 129.6, 128.3, 113.7, 55.4, 42.9, 39.8,
14.3, 12.9.

LC-MS (ESI) m/z 208 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C12H17NO2 [M+H] * 208.1332, found 208.1337.
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130 N-Isopropyl-N-methylbenzamide!??

©*OT*

The title compound afforded as a pale yellow oil (1.80 g, 85%) using the general

procedure outlined in section 4.2.1.

'H NMR (400 MHz, CDCl3) & ppm 7.39 - 7.32(m, 5 H), 3.94 (br. s., 1 H), 3.40 (br. s.,
2H)3.20 (br.s.,1H)1.2-1.4(m,3H) 1.1 (br.s.,,3H)

13C NMR (101 MHz, CDCI3) & ppm 171.2, 137.8, 129.0, 128.5, 126.1, 50.3, 35.4,
21.2,14.9.

Hi-Res LC-MS (ESI) m/z calcd for C12H17NO2 [M+H] * 178.1226, found 178.1222

131 N-Benzoylpyrrolidinet!8

SRS

The title compound afforded as a pale yellow oil (1.80 g, 85%) using the general

procedure outlined in section 4.2.1.

1H NMR (400 MHz, CDClz) &: 7.42 - 7.37 (m, 2H), 7.30 - 7.24 (m, 3H), 3.52 (t, J =
6.8 Hz, 2H), 3.30 (t, J = 6.6 Hz, 2H), 1.83 (quin, J = 7.0 Hz, 2H), 1.73 (quin, J = 6
Hz, 2H).

13C NMR (101 MHz, CDCIs) d: 169.8, 137.3, 129.5, 128.6, 127.9, 49.4, 46.2, 26.8,
24.3.

LC-MS (ESI) m/z 176 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C11H13NO [M+H] * 176.1070, found 176.1069.
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132 N-Benzyl-N-methylbenzamide?*

The title compound afforded as a brown-yellow oil (1.34 g, 59 %) using the general

procedure outlined in section 4.2.1.

1H NMR (400 MHz, CDCl3) &: 7.46 - 7.25 (m, 9H), 7.15 (d, J=6.2 Hz, 1H), 4.75 (br.s,
1H), 4.50 (br.s, 1H), 3.02 - 2.84 (m, 3H),

13C-NMR (101 MHz, CDCI3) &: 172.4, 137.1, 136.7, 129.7, 128.9, 128.5, 128.3,
127.7,127.6,127.1, 126.9, 55.3, 50.9, 37.1, 33.3.

LC-MS (ESI) m/z 226 [M+H]*.
Hi-Res LC-MS (ESI) m/z calcd for CisH1sNO [M+H] * 226.1226, found 226.1221.

154 3-methoxy-4-hydroxyphenylacetic acid propyl ester

The title compound afforded as a red oil (2.45 g, 86 %) using procedure 4.2.2, step
1.

1H-NMR (400 MHz, CDCls) d: ppm 6.85 - 6.89 (m, 1H), 6.82 (d, J=1.4 Hz, 1H), 6.75
- 6.80 (m, 1H), 5.63 (s, 1H), 4.06 (t, J=6.6 Hz, 2H), 3.89 (s, 3H), 3.55 (s, 2H), 1.65
(sxt, J=7.1 Hz, 2H), 0.92 (t, J=7.3 Hz, 3H).

13C-NMR (101 MHz, CDCls) &: ppm 172.5, 146.9, 145.0, 125.8, 122.0, 114.8, 112.2,
66.5, 55.6, 40.9, 21.9, 10.3.

LC-MS (ESI) m/z 225 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for Ci2H1604 [M+H] * 225.1121, found 225.1120.
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155 [4-[(diethylcarbamoyl) methoxy]-3-methoxyphenyl] acetic acid propyl ester

(@)
LR
) \O O/\/

The title compound afforded as a pale yellow oil (0.64 g, 56 %) using the procedure
in 4.2.2 step 2.

1H-NMR (400 MHz, CDCls) &: ppm 6.88 (d, J=8.2 Hz, 1H), 6.82 (d, J=1.4 Hz 1H),
6.77 (d, J=8.2 Hz, 1H), 4.7 (s, 2H), 4.0 - 4.04 (m, 2H), 3.84 (s, 3H), 3.52 (s, 2H),
3.32 - 3.42 (m, 4H), 1.57 - 1.64 (m, 2H), 1.18 - 1.14 (m, 3H), 1.12 - 1.08 (m, 3H),
0.89 (t, J=7.3 Hz, 3H)

13C-NMR (101 MHz, CDCls) &: ppm 170.7, 166.0, 148.4, 145.7, 127.0, 120.4, 113.2,
112.1, 67.4, 65.3, 54.7, 40.5, 39.8, 39.2, 21.0, 13.2, 11.8, 9.4.

LC-MS (ESI) m/z 338 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C1sH27NOs [M+H] * 338.1962, found 338.1967.

107 N-Ethylbenzamide!?®

The title compound afforded as a pale yellow oil (1.07 mg, 72%) using the general

procedure outlined in section 4.2.3.

'H NMR (400 MHz, CDCl3) &: 7.77 - 7.71 (m, 2H), 7.49 - 7.37 (m, 3H), 6.22 (br. s,
1H), 3.51 - 3.44 (m, 2H), 1.23 (t, J = 7.3 Hz, 3H).

13C-NMR (101 MHz, CDClz) d: 167.6, 134.9, 131.4, 128.6, 126.9, 35.0, 15.0.
LC-MS (ESI) m/z 150 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for CoH11NO [M+H] * 150.0913, found 150.0909.
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138 N-Ethyl-2-methylbenzamide!?®

The title compound afforded as a pale yellow oil (20 mg, 54%) using the general

procedure outlined in section 4.2.3.

1H NMR (400 MHz, CDCls) &: 7.33 - 7.08 (m, 4H), 5.87 (br. s, 1H), 3.52 - 3.28 (m,
2H), 2.40 (s, 3H), 1.20 (t, J = 7.3 Hz, 3H).
LCMS m/z calcd for C10H13NO [M+H] * 164.1070, found 164.1057

134 N-Ethyl-3-methylbenzamide!?’

The title compound afforded as a pale yellow oil (19 mg, 52%) using the general
procedure outlined in section 4.2.3.

1H NMR (400 MHz, CDCls) &: 7.60 - 7.21 (m, 4H), 6.21 (br s, 1H), 3.37 - 3.52 (m,
2H), 2.36 (s, 3H), 1.22 (t, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 167.8, 138.4, 134.8, 132.1, 128.5, 127.7, 123.9, 35.0,
21.4, 15.0.

LC-MS (ESI) m/z 164[M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for C10H1sNO [M+H] * 164.1070, found 164.1067.
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140 N-Ethyl-2-chlorobenzamide!?®

o)
Cron
H
Cl

The title compound afforded as a pale yellow oil (6.2 mg, 15%) using the general

procedure outlined in section 4.2.3.

H NMR (400 MHz, CDCls) &: 7.65 - 7.59 (m, 1H), 7.40 - 7.23 (m, 3H), 6.17 (br.s,
1H), 3.56 - 3.30 (m, 2H), 1.24 (t, J = 7.5 Hz, 3H).

13C-NMR (101 MHz, CDClz) 6: 166.5, 135.4, 131.3, 130.6, 130.3, 130.2, 127.2, 35.1,
14.8.

LC-MS (ESI) m/z 184 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for CoH10CINO [M+H] * 184.0524, found 184.0521.

141 N-ethyl-3-chlorobenzamide!?®

Cl

The title compound afforded as a pale yellow oil (24 mg, 60%) using the general
procedure outlined in section 4.2.3.

IH NMR (400 MHz, CDCls) &: 7.76 - 7.27 (m, 4 H), 6.36 (br s, 1H), 3.50 - 3.41 (m,
2H), 1.34 - 1.13 (m, 3H).

13C-NMR (101 MHz, CDCls) &: 166.3, 136.6, 134.7, 131.4, 129.9, 127.3, 125.1, 35.2,
14.9.

LC-MS (ESI) m/z 184 [M+H] *

Hi-Res LC-MS (ESI) m/z calcd for CoH1oCINO [M+H]* 184.0524, found 184.0546.
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142 N-ethyl-4-chlorobenzamide!?®

0]
o
H
Cl

The title compound afforded as a pale yellow oil (28 mg, 70%) using the general

procedure outlined in section 4.2.3.

1H NMR (400 MHz, CDCls) &: 7.77 - 7.59 (m, 2H), 7.53 - 7.24 (m, 2H), 6.15(br.s,
1H), 3.52 - 3.42 (m, 2H), 1.23 (t, J = 7.3 Hz, 3H).

LC-MS (ESI) m/z 184 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for CoH10CINO [M+H] * 184.0524, found 184.0523.

153 2-chloro-4-fluoro-N-(methoxymethyl)-N-methylbenzamide

The title compound afforded as a pale yellow oil (5 mg, 10%) using the general

procedure outlined in section 4.2.3.

1H NMR (400 MHz, CDCls) & ppm 7.31 - 7.24 (m, 1H), 7.16 - 7.11 (m, 1H), 7.03 —
6.98(m, 1H), 5.05 - 4.86 (M, 0.75 H), 4.45 - 4.43 (d, J=6.0 Hz, 2H), 3.40 (s, 1H), 3.11
(s, 3H), 2.81 (s, 3H)

13C-NMR (101 MHz, CDClIz) & ppm 169.9(m), 168.2 (M), 163.9 (m), 161.5 (M), 132.4,
132.1, 131.7, 129.8, 129.7, 129.1, 129.0, 117.4, 117.1, 115.0, 114.7, 114.6, 114.4,
81.9, 56.4 (m), 55.4 (M), 34.3 (m), 32.0 (M)

LC-MS (ESI) m/z 232 [M+H] *.

Hi-Res LC-MS (ESI) m/z calcd for CioH11CIFNO2 [M+H] * 232.0535, found
232.0535.
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'H and C NMR spectra

'H NMR spectrum of 106 (400 MHz, CDClz)
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13C NMR spectrum of 106 (101 MHz, CDClz
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'H NMR spectrum of 121 (400 MHz, CDCls
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13C NMR spectrum of 121 (101 MHz, CDClz)
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'H NMR spectrum of 122 (400 MHz, CDCIls)

NI MO O N MOAN < ™M Tp] ™ o0
NN oo Wy NN @ NQ
[N N N N nm omm o — -
hEIyhihar 7P '
|
-
|
|
. M .
YR\ 2
431 1.931.95 3.00 3.102.98
—] I I | I (] L
12 11 10 7 6 5 3 1

Chemical Shift (ppm)

90



13C NMR spectrum of 122 (101MHz,
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'H NMR spectrum of 123 (400 MHz, CDCIls)
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13C NMR spectrum of 123 (101 MHz, CDClz)
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H NMR spectrum of 124 (400 MHz, CDCls)
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13C NMR spectrum of 124 (101 MHz, CDClz)
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'H NMR spectrum of 125 (400 MHz, CDClz)
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13C NMR spectrum of 125 (101 MHz, CDClz)
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'H NMR spectrum of 126 (400 MHz, CDC
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13C NMR spectrum of 126 (101 MHz, CDClz)
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'H NMR spectrum of 127 (400 MHz, CDCIls)
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13C NMR spectrum of 127 (101 MHz, CDClz)
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'H NMR spectrum of 128 (400 MHz, CDCls)
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13C NMR spectrum of 128 (101 MHz, CDClz)
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H NMR spectrum of 129 (400 MHz, CDCls)
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13C NMR spectrum of 129 (101 MHz, CDCI
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H NMR spectrum of 130 (400 MHz, CDCI
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13C NMR spectrum of 130 (101 MHz, CD
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'H NMR spectrum of 131 (400 MHz, CDCls
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13C NMR spectrum of 131 (101 MHz, CDClz)
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'H NMR spectrum of 132 (400 MHz, CDCI
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13C NMR spectrum of 132 (101 MHz, CDClz)
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'H NMR spectrum of 154 (400 MHz, CDCls
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13C NMR spectrum of 154 (101 MHz, CDClz)
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'H NMR spectrum of 155 (400 MHz, CDCls)
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13C NMR spectrum of 155 (101 MHz, CDClz)
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CDCls)
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13C NMR spectrum of 107 (101 MHz, CDCI
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'H NMR spectrum of 138 (400 MHz, CDCI
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'H NMR spectrum of 134 (400 MHz, CDClz)
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'H NMR spectrum of 140 (400 MHz, CDClz)
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13C NMR spectrum of 140 (101 MHz, C
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'H NMR spectrum of 141 (400 MHz, CDCIls)
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13C NMR spectrum of 141 (101 MHz, CDClz)
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'H NMR spectrum of 142 (400 MHz, CDCIls)
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'H NMR spectrum of 153 (400 MHz, CDCls)
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13C NMR spectrum of 153 (101 MHz, CDClz)
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