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Abstract

The chemistry of two classes of high value organic molecules has been explored
through monitoring their degradation behaviours. Specifically, the degradation of
N,N,N-trimethylanilinium salts and clavulanic acid has been examined systematically
using a wide range of reaction monitoring techniques. Through understanding their
respective degradation pathways, implications for N,N,N-trimethylanilinium salt use
in synthetic organic chemistry, and the optimal manufacturing process of clavulanic

acid have each been revealed.
Anilinium Salts in Synthesis

N,N,N-trimethylanilinium salts have been widely used as cross-coupling substrates,
their application as methylating reagents is known but remains underexplored. A
thorough mechanistic analysis herein delineates the factors that affect N,N,N-
trimethylanilinium salt reactivity and describes resulting implications for both core
synthetic use cases (methylation and cross-coupling). N,N,N-trimethylanilinium salts
bearing nucleophilic halide counterions were shown to be less stable than those
partnered with weakly coordinating anions. Regarding substituent effects, electron-
deficient anilinium salts proved less stable than their electron-rich counterparts.
Spectroscopic and thermal analyses provided evidence of N,N,N-trimethylanilinium
iodide degradation to methyl iodide and the respective N,N-dimethylaniline. The
methylating ability of a N,N,N-trimethylanilinium salt library was screened against a
phenolic substrate and the scope of nucleophiles amenable to methylation was
explored. Mechanistic experiments showed N,N,N-trimethylanilinium salts can act as
a methyl iodide surrogate, react directly with nucleophiles, or partake in a solvent-

assisted pathway.
Clavulanic Acid Production on the Manufacturing Scale

The degradation of the industrially and clinically important -lactamase inhibitor
clavulanic acid was explored in the context of its process-scale manufacture. A reliable
method of monitoring clavulanic acid degradation with Reversed Phase HPLC in
buffered aqueous solutions over the manufacturing-relevant pH range of 3-9 was

developed. The most stable pH region for clavulanic acid was found to be between 5-



6. A pH profile was constructed which suggested different degradation mechanisms
occur in high-pH and low-pH regimes. The effect of pH and temperature on the rate
of clavulanic acid degradation was explored in samples from various points in the
manufacturing process. The most stable pH for clavulanic acid was shown to vary at
different stages of the process. A variety of spectroscopic techniques have been
employed in the attempt to gain an insight into the degradation mechanism(s) of

clavulanic acid.
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Chapter 1 — Anilinium Salts in Synthesis
1.1 Introduction
1.1.1 Methyl Groups in Medicinal Chemistry

Methyl groups are ubiquitous in organic chemistry. The small CHs group is relatively
inert, and its introduction to a molecule is often viewed as a mundane or trivial
exercise. Despite this, the presence or absence of methyl groups in the molecular
structure of numerous compounds has been demonstrated to remarkably affect their
chemical and pharmacological properties.}?® Many of the most compelling examples

that highlight the importance of methyl groups can be found in medicinal chemistry.

The following introductory section aims to give an overview of the profound (and
somewhat contested)*® effects that methyl groups can have on the chemical properties
of their host molecules. Particular attention will be paid to the role of methyl groups
in the pharmaceutical industry. A review of existing strategies to install methyl groups
will then be presented, highlighting some of the challenges that are faced by

methylation chemistry users.

The Importance of Methyl Groups

The methyl group is one of the most commonly occurring functionalities in
biologically active molecules. Over 80% of the 200 best-selling small molecule drugs
in 2018 contained one or more carbon- or heteroatom-bound methyl group.t A
selection of these top selling drugs is displayed (Figure 1), demonstrating the diverse

range of environments in which these methyl groups can be found.

Though methyl groups are only able to participate in London dispersive interactions,
the weakest form of intermolecular force, they exhibit significant stereoelectronic
effects on small molecules and biological macromolecules. The addition of a methyl
group to a drug compound can be used to fine tune its pharmacological activity, the
effects have been shown to include: changes in potency, a reduction in off-target
activity, increased solubility, and changes in drug metabolism.’ Specific examples of

these phenomena will be discussed in this section of the introduction.
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Figure 1. Six of the top 20 best-selling small molecule drugs in 2018 that contain
one or more methyl groups.®

To comprehend the powerful effects that methyl groups have on drug properties, it is
useful to first consider the role that they play in nature. One of the most fundamental
classes of biomolecule that take advantage of the stereoelectronic changes promoted
by methyl groups are the nucleic bases (Figure 2).? The nucleic bases consist of two
structural types, the pyrimidine bases (7-9), and the purine bases (10-11). Of the
pyrimidine bases, thymine (7) and uracil (8) vary only in the presence or absence of a
methyl group in the C5-position; 7 is found in DNA, whilst 8 is found in RNA.2 A
number of biological events involving DNA, such as transcription and nucleosome
recognition, are dependent on its conformation. It is thought that DNA conformation
is directly impacted by CH/n interactions between purine bases and the thymine C5-
methyl group, making it crucial for DNA function.® Unlike the pyrimidine bases,
purine nucleotides in DNA and RNA (10-11) do not have any methyl substituents
present. There are, however, a number of purine alkaloid natural products whose

methylation patterns govern their biological activity.
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Figure 2. The structures of DNA and RNA nucleic bases (7-10), with the thymine
C5-methyl group that differentiates it from uracil highlighted in red.®

Caffeine (13), theobromine (14) and theophylline (15) are purine alkaloids that derive
from the S-adenosylmethionine (SAM) mediated di- or tri-methylation of Xanthine
(12) (Figure 3).1%-12 Though the structures of 13-15 vary only in methylation pattern,
they have remarkably different biological effects. The trimethylated 13 is the most
lipophilic of the three and hence is the most effective central nervous system (CNS)
stimulant, it is recognised by adenosine receptors which, upon uptake, ultimately cause
an adrenaline release.>!* 14 and 15 are less lipophilic and therefore have far less
stimulatory activity, instead 14 acts as a pulmonary muscle relaxant whilst 15 is a

powerful bronchodilator.**2
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Figure 3. Purine alkaloids caffeine (13), theobromine (14) and theophylline (15)
which are derived from various methylating patterns of xanthine (12).12

Another example from natural product chemistry that illustrates the potent effects of
methyl substitution on biological activity is in the case of opium. Opium is the name
given to mixture of more than 20 alkaloids that are derived from the latex of Papaver
somniferum, a species of poppy plant.!® Of these alkaloids, morphine (16) is the most
abundant and its largely responsible for its analgesic properties. Morphine acts against
o0, k, and w opioid receptors within the CNS to give its pain-relieving therapeutic

effects.*>* Normorphine (17), codeine (18) and heterocodeine (19) are closely related



opium alkaloids which are differentiated from morphine by methylation patterns on
the nitrogen atom and, C1-hydroxyl and C3-hydroxyl oxygen atoms (Figure 4a).

The four opioids (16-19) have unique biological activities. 17 has a 6-fold reduction
in analgesic activity compared to 16, despite its ability to maintain the same ionic
ligation in the target bio-receptor.’® The nitrogen of 16 and 17 varies only slightly in
pKa so they would be expected to exist in the same ionisation state.'® Instead, the lower
potency of 16 can be attributed to its more polar nitrogen which affects its physical-
chemical properties and retards it ability to pass the blood-brain barrier to reach its
target receptors. Codeine (18) on the other hand features a methoxy group in the C3
position and has a 200-fold decreased in receptor affinity compared to 16. This loss of
potency can be attributed to the reduced ability of 18 to form hydrogen-bonds with a
histidine residue in the active site of the target opioid receptor (Figure 4b).1” Whilst
the reduced potency may present itself as a disadvantage, it actually means that codeine
can be made available as an over-the-counter medicine, used for treating less severe
ailments.'® Heterocodeine (19) is twice as active as 16 in vivo. It can maintain the
hydrogen bond with the target molecule via the C3 hydroxyl, whilst a methoxy group

in the C6 position also increases its lipophilicity, giving it a facile entry into the CNS.*®
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Figure 4. a) Generic structure of opium alkaloids with various methylation patterns
to give morphine, normorphine, codeine and heterocodeine (16-19). b) A
Representation of 16 and 18 binding to a histidine residue in the active site of an
opioid receptor.



Effects of Methylation on Lipophilicity

Many of the improved properties of methylated drugs come from the increase in
lipophilicity.® The lipophilicity of a molecule is usually described by its Log P value,
this is a logarithmic scale of the partition coefficient of a given molecule between n-
octanol and water. A larger Log P value corresponds to a more lipophilic molecule i.e.
it has a higher solubility in n-octanol than water. To illustrate the effect of methyl
groups on lipophilicity, the comparison between benzene (20) and toluene (21) can be
made (Figure 5a).2° The introduction of a methyl group on the aromatic ring of 20 to
form 21 increases the Log P value from 2.13 to 2.69. In general, the methylation of an
aromatic compound can be expected to lead to a log P increase of approximately
0.52.2122 The introduction of one or more methyl group to a molecule tends to make it
more lipophilic, and thus increase its solubility in phospholipid-containing
biomembranes. This can lead to a much higher bioavailability of a drug and thus

improve its efficacy.?

Though introducing methyl groups to a given molecule will generally cause an
increase in its lipophilicity, it is worth noting that there are exceptions to the rule. One
such exception can be observed in the case of aliphatic alcohols (Figure 5b).2? The
addition of a methyl group on the C4-position of n-butanol (22) to give n-pentanol (25)
causes an increase in lipophilicity from 0.84 to 1.40.26 However, introducing methyl
groups that make a molecule more compact, such as the change in structure from 25
to 2-pentanol (26) or, even more so neopentanol (27) causes a decrease in lipophilicity.
Despite 27 having an additional carbon compared to 22, it has a higher water solubility
(122 g/L compared to 82 g/L). The increased water solubility as aliphatic alcohols
become more globular can be rationalised by an entropic argument. In agueous
solutions, the solute (alcohols in this case) will be surrounded by a network of solvent
water molecules (Figure 5c).2"? More compact structures will require fewer water
molecules to solvate them, therefore their dissolution in water is more energetically

favourable.
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Figure 5. a) Comparison of benzene and toluene Log P values. b) Comparison of
Log P values between aliphatic alcohols 22-27. c) Stylistic representation of water
molecules solvating linear and compact molecules.2026-28

Increased drug molecule lipophilicity through methylation doesn’t only improve drug
performance via an increased permeability through cell membranes, it can also lead to
improvements in drug binding affinity. These improvements can be rationalised by
desolvation effects.®?"28 An increase in methylation reduces the desolvation energy
required to remove the water molecules solvating a compound as it transfers from an
aqueous environment to a more hydrophobic protein cavity.?® When this desolvation
energy is lowered, drug binding can become energetically favourable leading to a
lower ICso of the drug. Furthermore, six of the twenty naturally occurring amino acids
contain methyl groups (Figure 6).2% This results in proteins with various methylation
patterns, so it is reasonable to predict that molecules with complementary methylation

will interact favourably in these environments.
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Figure 6. The six naturally occurring amino acids that contain one or more methyl
group.®®



The change of free energy in transporting a molecule between two different solute
environments (a polar aqueous environment to a non-polar greasy protein cavity, in
this case) is known as the transfer free energy (AG uansfer).>! It is estimated that the
change in transfer free energy that is gained by replacing a proton for a methyl group
is about AAG®ansfer = 0.8 kcalmol™* when moving from water to a protein.®? Based on
this change in AG®uansfer, @ roughly 3.5-fold increase in drug potency can be
approximated. Jorgensen et al conducted an extensive survey of over 2000 reported
protein-ligand X-ray crystallographic structures to investigate this effect further.
Their empirical approach found that the potency of a drug could be boosted
approximately 10-fold by the introduction of a single methyl group if it is well placed

to interact favourably in a hydrophobic pocket of the protein active site.

An extreme case of improved drug potency arising from favourable hydrophobic
interactions from methylation is shown in the case of a series of quinolizine-based
dipeptidyl peptidase 1V inhibitors (Figure 7).3* Changing the R group of 34 to the
methyl group in 35 leads to a 43-fold decrease in ICso owing to favourable hydrophobic
interactions. A second installation of a methyl group in the R? position to give 36
delivers a 117-fold increase in potency compared to 34. Whilst these examples are
very compelling, it is important to note that the active site of a drug target must be able
to accommodate the methyl group spatially. Statistical analysis of the literature showed
that replacing a proton with a methyl group is equally as likely to cause a decrease in

ligand binding affinity as it is an increase.

Compound ICso0 (NM) MeO NH, R
34 200 S R'=R?=H 34
35 4.6 R'=CH; R?=H 35
36 1.7 R'=R?=CHj; 36

Figure 7. An example of the effect that one or more hydrophobic methyl interactions
can have on drug potency.3*

In the cases where drug binding efficiency is improved through hydrophobic
interactions, the increase in potency is typically somewhere between 3- and 10-fold.
There are rare cases where methylation can lead to potency improvements of two



orders of magnitude or more. This phenomenon can be so profound that it has been
dubbed the magic methyl effect.! In these cases, desolvation effects alone cannot be
used to rationalise the potency boost. There are usually more nuanced factors at play
when such an improvement in drug efficiency is observed through methylation. Some

examples where this has been evident are examined below.

Stereoelectronic effects of methyl groups

In addition to lowering the desolvation energy of a drug molecule, the addition of
methyl groups can have remarkable effects on its electronic properties and its
conformation. An electronic effect of methyl substituents is well demonstrated in the
case of the proton pump inhibitor (PP1) Omeprazole (37).2>% 37 is actually a prodrug
used in the treatment of gastric ulcers (Figure 8).*" It is activated in low pH
environments to convert to the active cyclic sulfenamide species 38 which forms an
irreversible covalent complex with the gastric H™-K*-ATPase enzyme (Figure 9).
During the discovery programme to find suitable PPIs, the sulfoxide Timoprazole (39)
was found to be an effective inhibitor of gastric H*-K*-ATPase enzyme, but significant

side effects involving iodine recapture in the thyroid gland were observed.383°

H3C OMe

7\ Q% 72 e
N= S/p N= S//O N= S//O
HN% — HN>:N — HN>>:N%
O\CH3 OMe
CH; O

Timoprazole (39) Picoprazole (40) Omeprazole (37)

Figure 8. Chemical structures of proton pump inhibitors 39 and 40 leading to the
discovery of Omeprazole (37).3%4

Manipulation of the structure lead to the formation of Picoprazole (40) which was an
effective PPI, but no longer had side effects in the thyroid gland. Through a structure-
activity relationship (SAR) study, it was found that the additional methyl group on the



pyridine ring of 40 significantly improved the potency of the drug via its electron
donating effects.** Further manipulation based on the SAR study eventually led to the
discovery of structure 37. Several mechanistic studies of gastric ATPase inhibition
have shown that the electron-donating nature of the pyridine methyl substituents play

two important roles in Omeprazole’s success.®

The methyl groups in 37 are responsible for fine tuning its pKa. The electron-donating
ability of these substituents increases the nucleophilicity of the pyridine nitrogen atom,
which is a lipophilic weak base. 37 remains in its neutral state at physiological pH,
which allows its passage through plasma membranes to reach its target tissue.3”-3 Once
inside parietal cells, the environment is much more acidic (~ pH 1.0), the pyridine with
its increased basicity is quickly protonated inside the cell, giving 37-H which is no

longer capable of passing the membrane to leave the cell (Figure 9).
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Figure 9. Activation mechanism of prodrug Omeprazole (37) leading to the active
sulfenamide (38) and the inactivate gastric ATPase adduct (43).37:3940



Once inside the cell, 37 can then undergo its activation process to the active drug form
38 (Figure 9). Nucleophilic addition of the pyridine nitrogen atom to the
benzimidazole, followed by rearomatisation of the spirocyclic intermediate (41) gives
the sulfenic acid (42).33%40 Dehydration of 42 produces the active form 38 which is
intercepted by a cysteine residue in the gastric ATPase active site, generating a stable
disulfide adduct, and thus irreversibly deactivating the enzyme. Both improved drug
compartmentalisation in the desired cells, and the increased rate of drug activation,
benefit from the increased nitrogen nucleophilicity bought about by the addition of

methyl substituents.

The case of Omeprazole shows the powerful electronic effects that can be imparted on
adrug molecule by the installation of methyl groups. Although relatively small, methyl
groups can also have a drastic impact on drug potency and selectivity through steric
effects that lead to desirable conformational changes.?*! This has been demonstrated

on numerous occasions, a few examples are presented here to illustrate the effect.

Imatinib (46) is a tyrosine kinase (TK) inhibitor that acts against the Bcr-Abl gene in
the treatment of chronic myeloid leukemia (Figure 10).%%* Initial efforts into the
discovery of Imatinib used a high throughput screening and combinatorial chemistry
approach to identify a diarylamine scaffold for the inhibition of TKs.**" Developing
the scaffold further to improve the drug potency, 44 was discovered as an excellent
inhibitor of the Bcr-Abl kinase; however, significant inhibition of other kinases was
observed, leading to unacceptable off-target activity. It was found that the addition of
a methyl substituent in the ortho- position of 44 to give 45 provided a compound with
an improved potency against Bcr-Abl kinase, and a concomitant loss in activity against

other kinases.**°

The gain in selectivity for the desired TK could be explained by a conformational
change bought into effect by the ortho-methyl group. The newly introduced methyl
substituent in 45 causes the phenyl ring to rotate in such a manner that steric repulsion
between the methyl group and the pyridazine nitrogen lone pair is minimised (Figure
10). This change in shape favoured binding in the Bcr-Abl kinase active site, whilst

disfavouring other kinsases.*”*® Final modifications to 45 to improve its

10



physiochemical properties eventually led to the discovery of Imatinib which is a highly

potent and selective chemotherapeutic agent.>%5!
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Figure 10. Conformational effects caused by o-methyl group in lead compound 45,
leading to the discovery of Imatinib (46).4748:%0

Methyl-induced conformational changes are successful when they increase the shape
complementarity between the shape of the unbound drug molecule and the active site
of the target protein. When the drug has a similar conformation in its bound and
unbound state, there will be a minimal energy cost involved with reordering the drug
to bind to the active site.>> Compounds 47 and 48 were produced in an effort to
discover p38a kinase inhibitors (Figure 11). The dihedral angle of the biaryl bond in
47 is 50°, the addition of an ortho-methyl group in 48 twists the phenyl ring to give an
increased dihedral angle of 65°.5 The X-ray crystal structures of the protein-ligand
bound complexes reveal that the dihedral angle of the biaryl bond in both 47 and 48 in
their bound states is 85°. Therefore, the methylated drug 48 is 15° closer to its bound
conformation in the resting state and has a favourable binding energy. This

conformational effect manifests itself as a 208-fold increase in drug potency.3*53

A similar effect is observed in the case of orexin receptor antagonists 49 and 50 used

to treat insomnia (Figure 11).5* Addition of an a-amino methyl group on the piperidine
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core brings about a 480-fold potency increase.>* It is thought that the methyl group
forces the ether substituent into an axial position, the amide is twisted to reduce the
1,3-diaxial interactions whilst holding the aryl rings in close proximity to allow 7u-
stacking. The U-shaped conformation of 50 more closely resembles the bound state of
these ligands than the equatorial conformation of 49, which again gives it a lower

binding energy.>®
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H —> \=N o
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N, O
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N\ CHs
49 50
ICs = 96 NM ICs0 = 0.2 nM

Figure 11. Conformational preorganisation of drug compounds induced by the
addition of methyl groups.3*°3%°

It is noteworthy that methyl groups are not the only substituent capable of bringing
about conformational biases in drug molecules, fluoro and trifluoromethyl substituents
are often used to this effect. Fluoro substituents have a tendency to be unstable when
positioned a to a heteroatom, which would make them unsuitable for optimisation of
structures such as 49.%° The trifluoromethyl group is stable a to heteroatoms and also
large enough that it can effectively bring about steric changes. However, compared to
a simple methyl group, it brings a relatively large increase in the molecular weight (69
gmol* for CFs vs 15 gmol™ for CHs) and lipophilicity (ALogP = + 0.88 for CF3 vs
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ALogP = 0.56 for CHs) which can run the risk of violating Lipinski’s rules if the drug

candidate is already on the upper end of these limits.>"°

Changes in drug metabolism caused by methyl groups

Improving drug binding affinities through increased lipophilicity and stereoelectronic
tuning has proven to be a powerful use of methyl groups in drug discovery efforts.
Unfortunately, the binding affinity of a drug is only one of the many factors to take
into consideration.®® Drug metabolism also plays a significant role in the success of a
drug; too fast and the bioavailability of the drug can be too low, too slow and the drug

could take too long to clear to allow for the desired dosing regimen.

Lidocaine (51) is a drug used as a local anesthetic and an antiarrhythmic agent (Figure
12).%% It is part of a family of anesthetic drugs obtained through various structural
modifications to cocaine. 51 was first discovered as a retroisostere of Procaine (50)
and features two ortho-methyl substituents on its aromatic ring.®? There are two main
pathways through which 51 could be metabolised. Oxidation via a hepatic cytochrome
P450 enzyme leads to compound 54 which, followed by the expulsion of acetaldehyde,
leaves 55 as a main metabolite.®® Alternatively, a common metabolic pathway for this
kind of drug (including 50) is hydrolysis of the amide moiety via an amidase

enzyme.5465

In the case of Lidocaine, the two electron-donating ortho-methyl substituents serve to
make the amide less electrophilic which reduces its susceptibility to nucleophilic
attack of an enzyme. Furthermore, a conformational twist in the benzene ring induced
by the bis-ortho-methyl groups provides steric hindrance to protect against the
approach of the amidase enzyme’s catalytic residue. By blocking one of the metabolic
pathways through methyl substitution, the metabolic stability of 51 was increased.5-¢
As a testimony to its value, the bis-ortho-methylaryl moiety has since been included

in a number of new compounds in this drug class.®*
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Figure 12. Anesthetics Procaine (50) and Lidocaine (51), and the main pathways for
metabolism of 51.6364

In the case of 51, increasing the metabolic stability of the drug was a key objective in
the drug discovery programme. There are however, cases where increasing drug
metabolism can prove beneficial. This was evident in the case of Etoricoxib (57) a
potent cyclooxygenase-2 (COX2) inhibitor used in the treatment of arthritis (Figure
13).1%7 During the drug discovery process, 56 was identified as a potent COX2
inhibitor.

In rats, 24 h after receiving a 20 mg/kg dose of 56, its concentration in plasma was
found to be in excess of 4 uM. This was deemed an unacceptably high concentration
and was indicative of a very long metabolic half-life.%” To combat this, analogues of
56 were synthesised to include various alkyl moieties on the pendant pyridine ring and
thus, Etoricoxib (57) was discovered. 57 showed comparable potency against COX2
but also had a significantly shorter half-life of approximately 2 h, allowing adequate
clearance from the body. 57 can be metabolised in two main ways, through the
oxidation to form pyridine N-oxide 60, or oxidation of the ortho-methyl substituent to
secondary alcohol 58 and subsequently carboxylic acid 59 (Figure 13).%8 The
formation of 60 is significantly slower than the alkyl oxidation to 58, suggesting the
long half-life of 56 is due to sluggish pyridine N-oxidation. By introducing the ortho-
methyl group to 56, the metabolic half-life of the drug was significantly reduced
allowing for suitable clearance. This concept is known as introducing a metabolic

hotspot to a drug.5®
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Figure 13. COX2 inhibitors 56 and 57, and the major metabolic pathways of 57.57:68

Through a selection of examples in medicinal chemistry, this section demonstrates the
powerful impact that adding a simple methyl group can have on the properties of a
molecule. With this is mind, it is clear that methods to introduce methyl groups into
molecules in a safe, efficient, and reliable manner are highly coveted by the synthetic
chemical community. The next section of this introduction will present some
commonly used protocols to methylate substrates. Owing to the diverse and extensive
literature, the following section is not intended to be a comprehensive review of all
methods available. Instead, it aims to give the reader an insight into the range of
methodologies available for methylation, and points out some of the caveats involved
with using each reagent. Where possible, recent advances in the field of methylation

chemistry are given particular prominence.

1.1.2 Methylation Methodologies

The ability to install methyl groups into a molecule in a straight-forward manner is
invaluable to synthetic chemists. There are a variety of methods available for
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methylating a broad range of functionalities. For the purpose of this section,

methylation strategies will be split into four main categories:
(1) electrophilic methylations,
(i) nucleophilic methylations,
(iii)  radical-based methylations, and

(iv)  transition-metal catalysed C—H functionalisation.

Electrophilic methylating reagents

Electrophilic methylating reagents can be used to append methyl groups onto a diverse
range of nucleophilic substrates. A selection of the most widely used electrophilic

methylating reagents are shown (Figure 14).

O CH,4 O O
950 0% s )
HsC—I HsC 0O HsC 0O H3C

o
61 62 63 64
0 ('s? CF )OJ\ G5 Chts ® 9
~S—CF, HyCo _CH e N=N-CH
He O o7 o7 8 CH; BF, 2
65 66 67 68

Figure 14. A selection of commonly used electrophilic methylating reagents.

Amongst the most widely known and commonly used methylating reagents is methyl
iodide 61.7° 61 is an effective substrate for Sn2 reactions, owing to potential of the
iodide ion to act as a good leaving group, and has been used for O-, N-, S-, and C-
methylations (Figure 15).772 In addition, the softness of the iodide anion typically
causes methylation at the softer part of an ambident nucleophile, for example C-
methylation is usually observed when 61 reacts with an enolate, rather than reaction
taking place at the harder O-nucleophile.”®” Although analogous methyl halides can

be used in alkylation reactions (i.e. methyl bromide and methyl chloride), 61 is
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generally preferred as it is the most active towards methylation and it is a liquid at
room temperature whereas the former two are gaseous. Despite the versatility of 61 in
methylation reactions, there are some factors that can discourage its use. The major
drawback associated with 61 is its toxicity as it is a known carcinogen that can enter
the body through skin contact, ingestion and inhalation.”*" Furthermore, despite being
a liquid at room temperature, it is still relatively volatile with a boiling point of 42 °C,

which exacerbates the safety concerns when used in a heated reaction.”
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Figure 15. Examples of methyl iodide (61) being used in O-, N-, S-, and C-
methylation reactions.”®"?

Common alternatives to methyl iodide are the sulfates and sulfonates 62-65 (Figure
14).” Dimethyl sulfate (62) is a powerful methylating reagent that has been used in
the methylation of a wide variety of nucleophiles, some examples include carboxylic
acids, lactams and hydroxylamines (Figure 16).”5"® With a boiling point of 188 °C,
exposure through inhalation is less of a risk for 62 than it is for 61; however, it is still
extremely toxic and carcinogenic so should be used with adequate precautions in

place.”
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Of the sulfonates methyl fluorosulfonate (63) is the most active.”® Although it is an
excellent methylating reagent, it is also the most toxic with multiple deaths being
reported after exposure.®’ Preferred reagents include methyl p-toluenesulfonate (64)
and methyl trifluoromethanesulfonate (65). 64 has a slightly lower reactivity and a
poor atom economy but is significantly less toxic.”® 65 is comparative in terms of

reactivity to 63, though it does have a similarly poor safety profile.®
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QO CHs
0-5-0
N K,CO3, MeOH N
81 OH 51% 82 OCHj;

Figure 16. Examples of dimethylsulfate (62) being used in carboxylic acid, lactam
and hydroxylamine methylations.”®8

Dimethylcarbonate (66) is often viewed as green alternative to methyl halides. It is
non-toxic and biodegradable so has found applications as both a green solvent, and
methylating reagent.®2® 66 is used primarily as an O-, or N-methylating reagent.
Though 66 has proven to be a competent methylating reagent, common drawbacks
include long reaction times and high reaction temperatures.®* These limitations were
overcome in a report by Repic and co-workers who used 66 with DBU (83) as an
activating catalyst under microwave radiation (Figure 17).85 DBU activates 66 to
carbamate intermediate 84, this can then be intercepted by a phenoxide nucleophile to
give an anisole, carbon dioxide and regenerate 83. Under these conditions, a range of
phenols and nitrogen-containing heterocycles could be methylated in yields of 91-
99%_73,85
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The mono N-methylation of anilines has been achieved using 66 and 83 in a similar
protocol (Figure 18).838 During this reaction, the aniline nucleophile had a tendency
to undergo an unfavourable methoxycarbonylation side reaction which occurred at a
temperature of around 90 °C, forming 87. To combat this, high reaction temperatures
of >130 °C were required to convert 87 to the desired product 86 in acceptable yields.
It is unknown if 87 converts to 86 through intermediacy of 88, or if it converts back to

85 and is then methylated directly.

_CH
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Figure 17. Methylation of phenols using dimethylcarbonate (66) and DBU (83) as a
catalyst.®®
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Figure 18. Mono N-methylation of aniline 85 using 66 and 83, and the undesired
methoxycarbonylation side reaction.338°
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Trimethyloxonium tetrafluoroborate, or the Meerwein Salt (67), is another highly
reactive electrophilic methylating reagent. It has been used in the alkylation of various
anions and uncharged nucleophiles.8” On account of its strong electrophilicity, it
generally alkylates the site of an ambident nucleophile that has the highest electron
density. It is typically used in cases where poly-alkylated products are desired, that are
unobtainable through the use of more conventional electrophilic methylating reagents,
for example in the synthesis of vinylidene disulfonium salt 90 (Figure 19).288 67 is a
crystalline solid so despite its high toxicity and corrosiveness, is generally considered
safer to handle than 61-65. The major drawback associated with 67 is its low stability
in air. It is stable enough to handle in air for a short period of time, but reactions must
be carried out under an inert atmosphere, and storage is recommended under argon at
a temperature below -15 °C.%" The instability of 67 precludes its widespread use in

large-scale manufacturing.

H,C.®_CH, CHs
H._SEt ?  Ogr H. ®s._©
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Figure 19. Preparation of vinylidene disulfonium salt (89) using trimethyloxonium
tetrafluoroborate (67).%8

Diazomethane (68) is the last of the classical electrophilic methylating reagents that
will be considered in this section. By far, the most common use of 68 is in the
conversion of carboxylic acids to methyl esters, this is because 68 provides almost
unrivalled selectivity in this kind of transformation.®® The success of 68 in methylating
acidic functionalities can be explained by its reaction mechanism (Figure 20).%° 68
can be protonated by the carboxylic acid which simultaneously forms a highly reactive
diazonium cation (91) and a carboxylate nucleophile. The carboxylate can then attack
91 in what is presumed to be a Sn2 reaction, which delivers the desired methyl ester
product and the energetically favourable molecular nitrogen. Methylation of other, less
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acidic, heteroatoms has been reported but generally an additional catalyst such as

boron trifluoride etherate is required for suitable reactivity.8%%

Figure 20. Mechanism of carboxylic acid esterification using diazomethane (68).%°

It has been shown that highly reactive methylating reagents usually have significant
safety concerns associated with them, and diazomethane is no exception. 68 is a highly
toxic and explosive gas which necessitates the use of rigorous safety protocols during
its use. Its explosivity can be triggered via crystallisation, intense irradiation, and
contact with rough surfaces or certain metal ions.®°2 Furthermore, during storage 68
has a tendency to undergo self-polymerisation reactions. To overcome safety issues
related to its storage, 68 is often formed in situ from precursors such as N-methyl-N-
nitroso-p-toluenesulfonamide (92), N-methyl-N-nitrosourea (93), or 1-methyl-3-nitro-

1-nitrosoguanadine (94), then used immediately (Figure 21).9%-%
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Figure 21. Common precursors used to generate diazomethane in situ, 899293

Nucleophilic methylating reagents

Nucleophilic methylating reagents are largely outside the scope of this project;

nonetheless, for completeness, a very brief introduction into their use is given below.
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Nucleophilic methylating reagents can be thought of as synthetic equivalent of the
methyl anion, CHs". Due to the relatively electronegative nature of the methyl group
in such reagents. Delivery of these anion equivalents is usually accomplished via alkyl-
metal reagents (Figure 22). Organometallic methylating reagents are used to install
methyl functionalities into electrophilic substrates such as ketones, carboxylic acids,

esters, imines, and nitriles.

HC—Li HC-MgX HaC”“MCH,4
95 96 97
Li®o HsC, -CHa
Cu_ '
HaC” U ~CHs, CH,
98 99

Figure 22. A selection of commonly used organometallic nucleophilic methylating
reagents.

Methyl lithium (95) and methyl Grignard reagents (96) are two widely used
nucleophilic methylating reagents, they are both viewed as hard nucleophiles and
favour 1,2-addition when reacting with a,B-unsaturated systems (Figure 23).739%
Dimethylzinc (97) has a similar reactivity profile to 95 and 96. 97 is sometimes
preferred to the latter two because it often has a better functional group tolerance;
however, it is less stable and is highly flammable which can be a limiting factor in its

usage.®’

Lithium dimethylcopper, also referred to as a Gilman reagent (98), provides a softer
source of nucleophilic methyl group.®® As such, reactions with 98 tend to favour the
softer electrophilic site in a substrate, this is evident in its preference to undergo 1,4-
conjugate additions in o,f-unsaturated systems (Figure 23). Trimethylaluminium (99)
is another widely used organometallic methylating reagent. It is frequently employed
alongside trimethylsilyl trifluoromethanesulfonate as seen in the transformation of 105

to 106 during the synthesis of (z)-Alstoscholarisine C.%
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Alkyl metal complexes are generally air and moisture sensitive which requires their
usage under inert conditions. Solubility and stability issues also narrow the scope of
solvents in which these reagents can be used. Due to their effectiveness at installing

methyl groups, their employment is widespread nonetheless.”
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Figure 23. Examples of organometallic reagents being used in methylation
reactions.%6:98:99

Radical-Based Methylation Reactions

In recent years, radical chemistry has undergone something of a renaissance.*%1%! The
ability of radicals to react with high selectivity, functional group tolerance, and under
mild reaction conditions has made them a very attractive option to synthetic organic
chemists. «CHs radicals are relatively unstable which can present challenges with their
usage; regardless, various protocols exist which have managed to harness them to
methylate substrates effectively.’> Some of the recent developments in radical-

mediated methylation reactions are documented in this section.

Peroxides are typically used in organic chemistry as either oxidants or radical

initiators. Due to the relatively weak O-O bond in peroxides, under thermal or
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photolytic conditions, they readily decompose to give a pair of alkoxide radicals.%3104
The alkoxide radicals can then undergo a subsequent bond fission to form a ketone and
produce a *CHs radical (Figure 24a). A number of carefully selected peroxides that
can decompose in this manner have been used in a variety of methylative

functionalisation reactions (Figure 24b).104

. o. Ph o\J( O\J(
\é(OCHS Ph}(ocm \([)]/OCH3>(OCH3

TBPA (107) DCP (108) TBPB (109) DTBP (110)

Figure 24. a) The generation of methyl radicals from peroxide precursors. b) Some
common organic peroxides used in methylation methodologies. 3104

The potential for peroxides to act as a reliable methyl source in methylation reactions
was first reported in the C8 methylation of purine bases and related alkaloids by Zady
and co-workers (Figure 25).1% Under thermal (65-95 °C) or photolytic (>300 nm)
conditions, tert-butyl peracetate (107) was used to produce methyl radicals that were
able to methylate substrates such as caffeine (13) in the C8 position. The reaction was
proposed to form the nitrogen based radical 112 which, following protonation from
trifluoroacetic acid, delivered radical cation intermediate 113 which could then
transform to the methylated product 111. This early example of a radical methylation

strategy has inspired a number of elegant methodologies in recent years.'%

A more recent example of CH methylation via dicumyl peroxide (108) produced
radicals, is in the palladium-catalysed directed CH methylation reported by Li and co-
workers.1® A range of biaryl compounds were methylated in the ortho-aryl position
in moderate to good yields with reasonable selectivity for monomethylated products
(Figure 26a). The proposed catalytic cycle starts with the insertion of palladium(0)
into the weak O-O bond of 114 to form a palladium (Il) intermediate. Expulsion of

acetophenone gives the methylpalladium intermediate 115, which reacts with the
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aromatic substrate to form a-cumyl alcohol and the palladium (I1) species 116. Finally,
reductive elimination delivers the methylated aryl product and regenerates the
palladium (0) catalyst. The proposed cycle was subject to limited mechanistic
experiments so a Pd(11/1V) cycle could not be ruled out. This elegant approach to CH
methylation sees palladium acting simultaneously as a peroxide initiator and a radical

protector in this process.
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Figure 25. C8 methylation of caffeine using TBPA (107) and the proposed reaction
mechanism.1%
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Figure 26. a) General scheme showing directed methylation of biaryl compounds
using 108. b) Proposed Pd(0/11) catalytic cycle of the methylation reaction.1%
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Many of the reported methylation protocols using peroxides focus on the methylation
of aromatic CH bonds. There has, however, been a number of methodologies that
methylate different targets. These include O-methylation of carboxylic acids to form
methyl esters, N-methylation of sulfoximines and a more unusual decarboxylative
methylation of a,B-unsaturated carboxylic acids to form tertiary alkenes (Figure
27).107-10% palladium, copper, or iron catalysts feature commonly in this type of
reaction to activate the peroxides and to temper the radical intermediates.'%*1% Major
benefits of the use of peroxide in methylation reactions are that they are
environmentally benign, fairly non-toxic, and easy to handle. However, the reported
methodologies are often plagued with long reaction times and high temperatures which

detract from the aforementioned green qualities.”%
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Figure 27. Various methylation protocols mediated by peroxides as a source of
methyl radical.10"-10°

As demonstrated in the previous examples that used peroxides as methylating reagents,
the inherent instability of the methyl radical often necessitates the use of a metal
catalyst to placate its reactivity. Zard and co-workers took an alternative approach,
where instead of directly generating methyl radicals, they sought to generate methyl

radical equivalents that were more stable (Figure 28).
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The researchers initially hoped that treating xanthate 117 with dilauroyl peroxide
(DLP) as a radical initiator, they could generate radical intermediate 118 which would
expel xanthate 119 and a methyl radical.*'° Due to the instability of the methyl radical,
the last part of this initiation reaction did not occur (Figure 28a). Instead, they took
xanthate 120 and upon heating with DLP, the more stable carbon-centred radical 122
was generated through intermediacy of 121 (Figure 28b). This radical could then form
an adduct with a range of heterocycles in a similar vein to the earlier work seen by
Zady and co-workers.1% In the example shown, caffeine (13) was the substrate, which
lead to the intermediate 123. The reaction was carried out in ethyl acetate at reflux
which caused a thermal decarboxylation event, giving the desired methylated product
111 in 65% yield (Figure 28c). This methodology uses a creative approach, using a
methyl radical surrogate to overcome its inherent instability. Unfortunately, many of
the other heterocyclic substrates tested were reluctant to undergo the decarboxylation

step, giving 123-like acids as the major product.
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Figure 28. a) Attempt to generate methyl radicals from xanthate 117. b) Formation
of methyl radical equivalent 122 from xanthate 120. c) Methylation of caffeine (13)
using 120.1°
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An alternative approach to generating methyl radical equivalents was published in a
pioneering report by Li and co-workers.!'! Inspired by a photo-redox catalysed
hydroxymethylation manifold designed by DiRocco and co-workers that yielded
methylated side-products, the Li group sought to add methyloxy radicals to
heteroarenes that could undergo a dehydroxylation to deliver methylated products

using a photo-induced, transition metal free approach.!*?

The generation of methyloxy radical (130) from methanol (126) is typically slow, so
the researchers proposed that its formation would be the rate limiting step in their
process. Using 26 as the reaction solvent and dichloromethane (131) and
trifluoroacetic acid (TFA) as additives, the group found that 130 could be adequately
generated when the system was irradiated with UV light. Using 2-methylquinoline
(124) as a substrate, the groups mechanistic study lead to the proposal of three

pathways in which 130 could be formed (Figure 29).1!

The first pathway involves the photoinduced single electron transfer (SET) between
solvent 126 and the cation 125 (124 protonated by TFA), to form radical intermediate
127 and the methanol radical cation 128. Intramolecular hydrogen transfer to give 129
and a subsequent deprotonation could deliver the desired methyloxy radical 130
(Figure 29a). Alternatively, a similar pathway could be achieved by SET between 126
and 131, to give dichloromethane radical anion 132 and 128 which could go on to
become 130 in the aforementioned process (Figure 29b). The final pathway is initiated
by the UV-light-induced heterolytic cleavage of 131 forming chlorine radical 133. 133
could then abstract a hydrogen atom from 126 to deliver the desired methyloxy radical
and HCI (134) (Figure 29c).

Once generated, 130 can attack the C3 position of 125, giving methyloxy-substituted
radical cation intermediate 135 which can exist between two resonance forms (Figure
29d). Loss of a water molecule leads to intermediate 136. The strong nucleophilicity
of the radical-cationic nitrogen atom in 136 should allow it to abstract a hydrogen atom
from another equivalent of 126 forming a protonated amine, which after deprotonation
would give 137. Finally, tautomerisation of the enamine would deliver the desired
product 138.
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This elegant approach to methylation was applied to a wide range of heterocycles,
including a wide range of S-, and N-containing 5-, and 6-membered rings. The yields
of methylated products were generally good (54-80%). This methodology presents
some excellent advantages over a number of existing methods as it doesn’t require
handling of sensitive reagents, it is transition-metal free, and is carried out under

operationally simple non-inert conditions.***
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Figure 29. a) Formation of methyloxy radical (130) initated by SET between
methanol (126) and substrate (124). b) Formation of 130 initated by SET between
methanol (126) and dichloromethane (131). c) Formation of 130 initiated by
photolysis of 131. d) Proposed mechanism for addition of 130 to 124 and subsequent
dehydroxylation to form methylated quinoline 138.*1
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Transition Metal Catalysed Methylation Reactions

The use of transition metal catalysis is ubiquitous in most realms of organic synthetic
chemistry. With widespread applications it has helped chemists access a wealth of
unexplored chemical space.!*11° The field of methylation chemistry is no exception,
and has benefited greatly from the advancements in catalysis over recent years.”>1
This section aims to highlight some of the recent advancements in transition metal
catalysed methylation reactions. Owing to the importance of methylation chemistry,
research in this field has been very active; as such, the list of methods presented in this
section is not intended to be exhaustive, but rather it will give an introduction to the

techniques that methylation users can add to their toolkits.

Transition metal catalysis has significantly increased the number of chemicals that can
act a source of methyl groups. Through the use of rhodium catalysis, N,N-
dimethylformamide (139) has been used in the a-methylation of ketones (Figure
30).17 139 can be oxidised via persulfate to form the iminium ion 140, which can
react with a ketone-derived enolate forming intermediate 141b. An enolate mediated
C-N bond scission gives o,B-unsaturated compound 142. This process allows the
transfer of a 1-carbon unit from 139 to the ketone substrate without the need for metal
catalysis; however, the procedure delivers a methylene unit rather than the desired
methyl. Here, rhodium catalyst 143 can form a metal-hydride (145) which can

successfully reduce the unsaturated system to deliver the homologated ketone product.

This one pot reaction was applied to a broad scope of electron-rich and electron
deficient aryl ketones, delivering a-methylated products in moderate to excellent
yields (Figure 30a). Aside from the expensive rhodium catalyst, one of the major
drawbacks associate with this methodology is the inability to reliably control over-
alkylation. Furthermore, poor regioselectivity was obtained when substrates that had
two a-hydrogen sites were tested under these conditions.!!” As a cheap and abundant
reagent N,N-dimethylformamide has been employed in a number of other methylation
protocols; N,N-dimethylformamide dimethylacetal has been employed in similar

reactions also.118119
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a) 139

O [Cp*RhCly], (5mol%) O
(NH4),8,06% (3 eq.) CHs
R R
H,0 (4 eq.)

N N H
CH3 CH2
139 140 143 [Cp*RhCly],
lNH4+ 0
CH
144 [Cp*RhCIJ* R©)\¢ 2
139
Q \ 142

Cp*Rh(CI)H
145

Figure 30. a) Rhodium catalysed a-methylation of aryl ketones using N,N-
dimethylformamide (139). b) Proposed mechanism for the methylation reaction.!!’

Dimethyl sulfoxide (DMSO, 148) has also found use as a methylating reagent under
the catalytic influence of multiple transition metals.”>116.120-122 A recent report by Guo
and co-workers used DMSO as a source of methyl group in a copper-catalysed
synthesis of methyl esters from carboxylic acids (Figure 31a).12® The broad substrate
scope included aryl-, heteroaryl-, alkenyl-, and alkyl-carboxylic acids with yields
ranging from 32-82% over 24 examples, though yields of around 60% and above were
achieved in the cases of the benzoic acid derivatives. Though the exact mechanism is
not known for this reaction, the group have proposed a pathway which mechanistic
experiments point towards (Figure 31b). Hydrogen peroxide (146) can be homolysed
by a Cu' species to form two equivalents of hydroxyl radical (147), which can then add
to 148 to form intermediate 149. 149 then decomposes to methane sulfinic acid and a

methyl radical. Meanwhile, in the presence of base, the acidic substrate can ligate to
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the Cu' catalyst. The copper-substrate complex can be intercepted by the methyl

radical forming the desired methy! ester product.!?

a) CuCly2H50 (10 mol%)
0 CaCl, (1 eq.) 0
)]\ 30% H202 (3 eq) - )]\ CH
R” “OH DMSO R™ 0"
R = aryl, heteroaryl, K,CO3 (1 eq.)
alkenyl, or alkyl 0,,15h, 80 °C

24 examples 32-82% yield

b
) 0 ol 0
b —renl
R©)‘\OH ase R©)‘\O [Cu'
o)
_CHs
9 R @AO
S. .
, ~"CH;  HO O
cu . 148 \/ )
H202 —> OH —_— /S\ _— CH3
146 147 149 °

Figure 31. a) Copper catalysed methylation of carboxylic acids using DMSO (148).
b) Proposed mechanistic pathway for the methylation reaction.?®

Methanol (126), the simplest alkyl alcohol has found many uses as a source of methyl
groups.*?*1? |ts abundance, low cost, and potential for atom-economical methylation
reactions make it an attractive option. Methanol has been used in photoinduced
methylation protocols (Figure 29),!'! and in multiple variations of the Mitsunobu
reaction.'?® Here, the application of 126 in methylation reactions through a hydrogen-

borrowing approach will be discussed.

Hydrogen-borrowing strategies that use 126 in the N-alkylation of amines follow the
same general catalytic cycle (Figure 32a).”>*?” Through a hydrogen transfer process,
an appropriate metal catalyst oxidises 126 to generate formaldehyde (150) and a metal-
hydride intermediate. The amine substrate condenses with 150 to form an
aminoalcohol intermediate (151), a base mediated dehydration then gives the
corresponding imine (152). The metal hydride species that was generated in the first
step of the catalytic cycle can deliver the hydride to the imine, reducing it to the N-
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methylated product (153). Liu and co-workers reported an efficient procedure for N-
methylation of amines using a 126 and a relatively inexpensive cobalt catalyst (Figure
32b).128 When primary alkyl amines were used as substrates, dimethylation was
observed as the major product in all cases, conversely mono-methylation was observed

when primary aromatic amines were used.

a) H
R™ “CHs, [Metal] HO—-CHj
153 126
[Metal]-H
Base-H 0
,N\ I
R™ “CH, H O H
152 150
H,O
H OH
Base R™ ~C~ H,N—R
Hy
151
b) Co(acac), (5 mol%)
P(CHQCH2PPh2)3 (5 mOl%) CH
H K3PO4 (1 eq) N 'll 3
R' "R? HO-CH, R "R?
140 °C, 24 h

23 examples. 73-99% vyield

Figure 32. a) General catalytic cycle for the N-methylation of amines using 126 with
a hydrogen borrowing approach. b) An example of a copper catalysed hydrogen-
borrowing N-methylation of amines.!?:128

1.1.3 N,N,N-Trimethylanilinium Salts

Quaternary ammonium salts have found applications in most fields of chemistry. They
can be found in the structures of drug molecules (154), asymmetric phase transfer
catalysts (155) and in ionic liquids (156) (Figure 33).12%-131 Further applications of
quaternary ammonium salts can be found in the fields electrochemistry, material

science and the textiles industry.3#-134
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Figure 33. Quaternary ammonium salt moieties appearing in drug compounds (154),
phase transfer catalysts (155), and ionic liquids (156).12%13!

This section will focus on the use of quaternary ammonium salts in synthetic organic
chemistry. More specifically, it will look at molecules containing the
aryltrimethylammonium moiety, also known as N,N,N-trimethylanilinium salts
(Figure 34).

|
NCENC

Figure 34. General structure of N,N,N-trimethylanilinium salts.

N,N,N-Trimethylanilinium Salts in Cross-Coupling Reactions

Arylamines are prevalent in pharmaceutical compounds and natural products. The
ability to use the amino substituent as a handle for further functionalisation presents
attractive opportunities to synthetic chemists. Due to the thermodynamic and kinetic
stability of N,N-dialkyl arylamines, and their ability to coordinate strongly with metal
centres, reports of their direct employment in cross-coupling reactions are extremely
rare.13-138 Derivatization of the amine is normally carried out prior to cross coupling

to weaken the C-N bond and facilitate oxidative addition to a metal centre.

Conversion of arylamines to aryl diazonium salts has been utilised in this manner in a
number of cross-coupling methodologies (Figure 35).2*° The preparation of

diazonium cross coupling partners is predicated on the arylamine being a primary

34



amine, the diazotisation process uses strongly acidic conditions, and the resulting
diazonium salts carry the risk of explosion. These factors can discourage the use of a

diazonium strategy.

111
NH, N® Nuc

X@
@ NaNO,, HX @ Nuc, [M] @
R N > R

Figure 35. Diazotisation of primary arylamines and their use as electrophilic partners
in cross-coupling reactions. %

An alternative method for derivatising amines such that they can act as electrophilic
partners in cross-coupling reaction is by quaternising the amine. This can be done
through the a straight-forward alkylation of the arylamine, which can then be used in
transition metal catalysed reactions. (Figure 36). The success of N,N,N-
trimethylanilinium salts as cross-coupling electrophiles relies on the high polarity of
the C-N bond and the thermodynamically favourable release of a neutral amine upon

reaction.

|
SN EINCEENG Nuc

@ CHaX Nuc, [M] @
R R R

Figure 36. Quaternisation of a dialkyl arylamines and their subsequent use in cross-
coupling reactions.

The first instance of N,N,N-trimethylanilinium salts being used in cross-coupling
reactions was reported in the pioneering work of Wenkert and co-workers.'® The
group took a variety of aryl-substituted N,N,N-trimethylanilinium iodides and coupled
them with Grignard reagents under nickel catalysed Kumada-type cross-coupling

(Figure 37a). The yields of cross-coupled products varied significantly depending on
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the substrate (methoxy and fluoro substituents were not well tolerated), and

demethylation of the anilinium salts was a significant by-product in many cases.

The catalytic cycle resembles that of a typical Kumada cross-coupling (Figure 37b).
The active nickel (0) catalyst (157) is proposed to react with the anilinium iodide to
give the nickel (I1) oxidative addition product (158) with extrusion of trimethylamine.
A transmetallation step with the Grignard reagent give nickel (I1) species 159, which
can then undergo a reductive elimination to deliver the cross-coupled product and
regenerate 157.14914! Similar nickel catalysed cross couplings have been reported by
the Wang group which use arylzinc or organoaluminium reagents as the nucleophilic

coupling partners giving largely high yielding reactions (Figure 38).14%142

a) R'MgX (3 eq.)
® Ni(dppp)Cl, (10 mol%)
R Nge3 NEt; (15 eq.) - R R 10 examples
[ Benzene, reflux, 14 h 11-63%
b) ®
. Me3N—Ar |@
Ar-R Nil
157 NMe.
Ar ,?\r
L-Ni-R L-Ni—
L L
159 158
XMg—R
MgXI

Figure 37. a) Nickel catalysed Kumada-type cross-coupling between N,N,N-
trimethylanilinium iodides and Gringard reagents. b) Proposed mechanism of the
Kumada-type cross-coupling.4
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a) ® ArZnCl (3 eq.)

@NMes Ni(PCys3),Cl, (2 mol%) AT 24 examples
R L THENMP 90°C.8h R 34-99%

® ARR'; (1.5 eq.)
R @NMG?’ Ni(dppp)Cl, (5 mol%) R R 21 examples
OTf " Dbioxane, 110 °C, 24 h 31-97%
Figure 38. a) Kumada-type cross coupling with N,N,N-trimethylanilinium iodides

and arylzinc reagents. b) Kumada-type cross-coupling of N,N,N-trimethylanilinium
triflates and organoaluminium reagents. 4142

The nickel catalysed Kumada-type cross-couplings shown above represent some of the
early advancements in the use of N,N,N-trimethylanilinium cross-coupling reactions.
Whilst good yields are achieved in many cases, long reaction times and high
temperatures were often necessary. A report by Reeves and co-workers overcame
some of these challenges (Figure 39a).}4* During their optimisation, they found that
using anilinium triflate salts in the place of anilinium iodides allowed cross-coupling
reactions to proceed smoothly. Furthermore, in screening some non-nickel catalysts,
they found that PdCl2(PPhs)2 was able to facilitate the Kumada coupling effectively.
The operational ease of this methodology was demonstrated by carrying out a one pot
quaternisation then Kumada coupling, directly from a dimethylaniline. The group also
compared the reactivity of the anilinium triflate as an electrophile to some alternative
aryl halides and aryl triflate, finding that the anilinium salt was inferior in reactivity

only to the aryl iodide (Figure 39b).

a) ®
NMes MIBT pyCI,(PPhs)s (1 mol%) O R’
R OoT1f * R
THF, tt, 1-5 h R
[ OTf Br Cl
OoTf
> > >> >
Reactivity of aryl halides and aryl pseudo-halides

Figure 39. a) Reeves’ palladium catalysed Kumada-type cross-coupling of N,N,N-
trimethylanilinium triflate salts and Grignard reagents. b) Comparative reactivity of
aryl halides and aryl pseudohalides under these conditions.4®
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In an attempt to move away from Kumada-type cross-couplings that required the
preparation of sensitive organometallic nucleophilic cross-coupling partners,
MacMillan developed a Suzuki coupling that employed N,N,N-trimethylanilinium
salts (Figure 40).}* Palladium catalysts proved ineffective at facilitating these
reactions whereas Ni(COD)2 used with an NHC ligand (IMes) could readily insert into
the aryl-ammonium bond and mediate cross-couplings with high yielding results. A
wide range of readily-accessible electron-rich and electron-deficient boronic acids
were employed in the study making this a versatile methodology to create substituted

biaryl systems.

® Ni(COD), (10 mol%)
NMe3 B(OH)Z IMes (10 mOl%) O R'
R O0Tf * R’ - -
CsF, Dioxane, 80°C, 12 h R

21 Examples 82-98% vyield

Figure 40. Suzuki cross-coupling of N,N,N-trimethylanilinium triflates and
arylboronic acids.***

A number of other notable cross-coupling methodologies that use N,N,N-
trimethylanilinium salts as electrophilic cross coupling reactions have been reported.
These include Sonogashira couplings, borylation reactions, oxazole and thiazole
arylations and amination reactions (Figure 41a-c).1*>-148 This type of cross-coupling
where the metal must insert itself in the aryl-ammonium bond seem to be exclusively
catalysed by nickel or palladium. Also, it is notable that for arylative cross coupling
reactions, the use N,N,N-trimethylanilinium triflates seems to be much more
widespread than the halide analogues such as the iodide salts used in the pioneering
report from Wenkert, though there has been no rigorous investigation into

understanding the role that counterion plays in cross-coupling efficiency.4

38



Ni(COD), (10 mol%)

®
@NM93 P(nBu)s (20 mol%) BPin
R oTf  + BoPiny -0ty Dioxane, 70°C, 24 h R
12 Examples 37-89% vyield

® [Pd(p-ally)Cl], (5 mol%)
NMe; N PCys or IPLHCI (20 mol%) N,
R Oo1f + R"E % - R"E
5’ NaOtBu, DMF, 120°C, 12 h X R

X=0orS 24 Examples 23-97% vyield

Ni(COD), (15 mol%) R'

®
@NM93 H IPr.HCI (30 mol%) N<m
+ "
R oTf R-N*R"  “NaOBu, Dioxane, 75°C, 5 h R©/

15 Examples 32-92% yield

Figure 41. a) Borylation of N,N,N-trimethylanilinium triflates. b) Oxazole and
thiazole arylation using N,N,N-trimethylanilinium triflates. c) Amination reactions
using N,N,N-trimethylanilinium triflates.14>-147

A notable example of N,N,N-trimethylanilinium salts in cross-coupling reactions
involves an elegant C-H borylation methodology reported by Phipps and co-workers
(Figure 42).1*° Iridium catalysed aryl C-H borylation reactions typically use steric
factors to control regioselectivity rather than electronics, as a result it is a useful
method of introducing boron groups ortho to existing substituents.*>® However, when
1,2-disubstituted substrates are employed, regioselectivities are typically poor. This
work sought to overcome these challenges by designing a catalytic system that could

impart regio-control through ion-pair interactions.

Computational modelling led to the design of bi-functional anionic ligand 160 (Figure
42a). The modelling suggested that the anionic sulfonate on 160 could form favourable
interactions with the cationic ammonium functionality of the substrate (Figure 42b).
This interaction directed the meta-proton of the substrate towards the vacant site on
the iridium catalyst, which allowed for regioselective CH functionalisation in this
position. Running the reaction under the same conditions but replacing 160 with a
neutral dtbpy ligand gave poor regioselectivity which was taken as strong evidence
that the ion-pair directed control was taking place. Importantly, no reactivity resulting

from iridium insertion into the aryl-ammonium bond was observed.4°
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a) B,Pin, (1.5 eq.)
® [I(COD)OMel], (1.5 mol%)
NMe; 160 (3 mol%)
R©/®OTS THF, 50-70°C, 20 h
11 Examples 75-93% vyield
4:1 - >20:1 m to p selectivity BPin L. i

[
\,/\,®
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interaction H 161
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O= 0 71

O//S J N\ N=—
O

BPin

Figure 42. a) Iridium catalysed C-H borylation of N,N,N-trimethylanilinium
tosylates. b) lon-pair assisted meta-selective borylation.'4°

N,N,N-Trimethylanilinium Salts in SNAr Reactions

Transition metal catalysed functionalisation of N,N,N-trimethylanilinium salts has
proven useful in organic chemistry. There has also been a number of reports that
directly use anilinium salts as SnAr substrates in the absence of any transition metal

catalysts.

Uchiyama and co-workers reported the synthesis of aryl ethers through an SnAr
approach using N,N,N-trimethylanilinium salts in 2018 (Figure 43).1%! An impressive
range of aliphatic and aromatic alcohols were tolerated as nucleophiles under these
conditions, giving consistently high yielding ether products. Numerous hydroxyl-
containing pharmaceutical compounds and natural products were functionalised using
this methodology. The triflate counterion was shown to be the most successful in this
kind of reaction, and other conditions such as the species of base or solvent used were
critical for reaction efficiency. A later report form the same group showed that this
kind of methodology could be expanded for use with a broad range of heteroatomic
nucleophiles. The powerful and general methodology is demonstrated through the late
stage functionalisation of N-methyl-sulfadiazine (162) with germanium, silicon,
aniline, thiol, selenium, and stannyl nucleophiles (Figure 44).1? Use of

mercaptoethanol followed by a Smiles rearrangement gave a phenol product.

40



®
. @NMeg, r HO-R KO'Bu or KHMDS (1.4 eq.) _ R O\R'
OTf DMF, rt, 3 h

R' = aryl or alkyl 70 Examples 36-99% vyield

Figure 43. Synthesis of aryl ethers using N,N,N-trimethylanilinium triflates as SNAr
substrates. ™
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Figure 44. General SnAr functionalisation of N,N,N-trimethylanilinium triflate (162)
with a diverse range of nucleophiles.t*2

A long-standing use of N,N,N-trimethylanilinium salts being used as SNAr substrates
is in the synthesis of aryl fluorides.'* 8F labelled aryl fluorides are often synthesised

in this manner since the reactions generally proceed quickly and avoid the need for
complex fluorinating reagents.*>*
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DiMagno and co-workers reported synthesis of aryl fluorides (163) by treating N,N,N-
trimethylanilinium triflate with tetrabutylammonium fluoride (TBAF) in DMSO
(Figure 45).1 It was noticed during this study that with electron rich anilinium
substrates, the competitive retro-Menschutkin demethylation from the fluoride anion
to generate methyl fluoride and dimethylaniline (164) was dominant. *H-°F HOESY
NMR studies conducted by the group suggests that a close ion pair exists between the

fluoride anion and ammonium cation.

NMe2 @NMG3 F
TBAF QOTF  IpAF . e
MeF + -~ R N
DMSO, 100°C DMSO, 100°C Me” “Me
R R R
164 163
Substituent 906163 %164
NO2 99 1
CHO 99 1
CN 99 1
Bz 99 1
CO:2Me 96 4
Br 2 98
H 1 99
Me 1 99
OMe 1 99

Figure 45. Competitive SnAr vs demethylation observed when treating N,N,N-
trimethylanilinium triflate with TBAF.*>°
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N,N,N-Trimethylanilinium Salts in Methylation Reactions

In 2016, Chatani and co-workers published the first reported example of N,N,N-
trimethylanilinium salts acting as a source of methyl group under a transition metal
catalysed reaction manifold.'® The study found that 8-aminoquinoline-derived
benzamides could wundergo a directed ortho-methylation with  N,N,N-

trimethylanilinium iodide under a nickel catalysed system (Figure 46a).

The proposed catalytic cycle for this reaction is as follows (Figure 46b). In the
presence of a base, the benzamide substrate can coordinate to the nickel (II) active
catalyst to give intermediate 166. A base mediated ligand exchange can then activate
an ortho-CH bond to form the five-membered-metallocyclic intermediate 167.
Oxidative addition of the anilinium iodide gives a four-coordinate nickel (IV)
intermediate (168), which can then reductively eliminate back to a nickel (I1) species
(169). Protonation of 169 then causes the substrate to dissociate as its methylated

derivative and regenerates the active nickel (I1) catalyst (165).

Curiously, at no point in the groups’ study was insertion of nickel into the aryl-
ammonium C-N bond observed. Oxidative addition of anilinium salts to nickel in
cross-coupling reactions is assumed to take place with nickel (0) species (see N,N,N-
Trimethylanilinium Salts in Cross-Coupling Reactions). It is thought that the nickel
(I1) catalyst (165) used in this report will not be nucleophilic enough to oxidatively
insert into the anilinium methylating reagent. Instead, the N-CHs bond appears to

undergo addition to 165 in this reaction.

It cannot be ruled out that the N,N,N-trimethylanilinium iodide salt is thermally
decomposing in toluene to produce the N,N-dimethylaniline and methyl iodide. Halide
counterion-led demethylation of quaternary ammonium salts to form methyl halides is
well precedented.®157-1%  Methyl iodide formed through decomposition could
actually be undergoing the oxidative insertion step, with the anilinium salt acting a
methyl iodide surrogate rather than directly as a methylating reagent. In fact,
methylation of benzamides under a very similar reaction system using methyl bromide
was reported by the Chatani group in 2013.1%° Whether the active methylating reagent
is the anilinium salt or methyl iodide, the report demonstrates that anilinium salts can

be used to replace methyl halides in methylation reactions.
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3C N= CH3 Ni(OTf), (10 mol%) o
PPhj, (20 mol%) N
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17 Examples 62-93% yield
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Figure 46. a) Nickel catalysed C-H methylation of benzamide derivatives. b)
Proposed catalytic cycle for the C-H methylation reaction.'*®

N,N,N-Trimethylanilinium salts have also been to shown to act as methylating reagents
without a transition metal catalyst. Carlsen and co-workers investigated the capacity
of N,N,N-trimethylanilinium chloride to methylate a range of aryl-substituted phenols
(Figure 47).1%% In the phenols examined, moderate to good yields of the anisole
product were obtained, with electron-rich phenols being more reactive. The reactions
were carried out at high temperatures and for long periods of time, which is a drawback
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to this methodology. There is also little understanding of whether the methylation
occurs from a direct attack of phenol onto the anilinium salt, or via the in situ

generation of methyl chloride.

CHy
HaC—NE CH3 OCH,

Cs,CO5 (0.6 eq.)
Toluene, reflux, 2-148 h } R

990/ ¢ .
(1.5 eq.) 12 Examples 50-92% isolated yield

Figure 47. Methylation of phenols using N,N,N-trimethylanilinium chloride.*

Despite the potential of anilinium salts to act as methylating reagents, there has been
little research into understanding their reactivity. The majority of reaction examples

using anilinium salts can be found in patent literature. A selection of alcohols that have

been methylated by N,N,N-trimethylanilinium salts on a process scale are given in

Figure 48,162-164

NaHCO3

Toluene, 50-115°C, 49 h
84%
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—_—
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HO N>pn * o DMF H,CO ~ " pp

60-70°C, 8 h
Br 170 79% Br 171

H,CO

Toluene/DMF

100 °C, 2 h H,CO

Figure 48. Examples of phenol methylation using N,N,N-trimethylanilinium salts. >
164
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1.2 Proposed Work

Throughout the introduction to this chapter, several reported uses of N,N,N-
trimethylanilinium salts have been discussed. The applications of these salts have been
wide ranging and can mainly be split into two categories: arylation reactions and

methylation reactions.

Arylation reactions occur when the N,N,N-trimethylanilinium acts as a source of aryl
group for a nucleophile, these reactions are typically observed for transition metal
catalysed cross coupling reactions and SnAr reactions. Methylation reactions occur
when the N,N,N-trimethylanilinium salt acts as a source of methyl groups. Methylation
reactions have taken place through a transition metal catalysed reaction and also by
direct reaction of nucleophiles with anilinium salts. The dichotomous reactivity of

anilinium salts is summarised in Figure 49.

Mechanisms?

o @ o e

Figure 49. The dichotomous reactivity of N,N,N-trimethylanilinium salts.

Though N,N,N-trimethylanilinium salts have been used in both applications, arylations
and methylations, there has been little work to understand the factors that govern their
reactivity. This project aims to systematically investigate possible influences on the
reactivity of N,N,N-trimethylanilinium salts, primarily through studying their

degradation.

The first feature of N,N,N-trimethylanilinium salt structure that will be considered is
the aryl substitution (Figure 50). To investigate this, a library of N,N,N-
trimethylanilinium salts will be generated that represent a range of different aryl
substitutions. This will include groups that are electron-donating and electron-

withdrawing through both mesomeric and inductive effects. Substituents will be
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included in the ortho-, meta-, and para- positions of the aromatic ring to examine the
effect of substitution pattern and to investigate if steric influence is relevant to N,N,N-
trimethylanilinium salt reactivity. It is proposed that measuring the thermal stability of
each of the substituted N,N,N-trimethylanilinium salts will give insights into the

substitution effect on reactivity.

The next factor that will be considered is the effect, if any, that the N,N,N-
trimethylanilinium salt counterion species has on reactivity (Figure 50). Different
halide counterions will be considered to observe any trends in reactivity with the halide
series. The majority of N,N,N-trimethylanilinium salt applications in arylation
methodologies have used triflate salts. Inspired by this, a range of non-nucleophilic
counterions will also be considered. The effect of changing a halide counterion to a
hexafluorophosphate, trifluoromethanesulfonate, or tetrakis(3,5-bis-
(trifluoromethyl)phenyl) borate anion will be examined. Again, this will primarily be

investigated through looking at the effect of the counterion on thermal stability.

Electron-donating N | /@

SN

Different halides
Electron-withdrawing

Non-coordinating counterions
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Figure 50. The effect of aryl substitution and counterion species on N,N,N-
trimethylanilinium salt reactivity.

To gain an overview of the effects that aryl-substituents have on N,N,N-
trimethylanilinium salt reactivity, the degradation of these salts will be monitored. The
effect that these factors have on solid state stability of N,N,N-trimethylanilinium salts
will be examined by the use of thermal gravimetric analysis (TGA). In solution, NMR
spectroscopy will be used to measure the degradation of these salts over a fixed time

period.

To gain a deeper insight into the reactivity of N,N,N-trimethylanilinium salts, their

degradation will be monitored in real-time. Investigations will first be made to find a



suitable method to quantitatively analyse the degradation of these salts. Thereafter, it
will be employed on a variety of N,N,N-trimethylanilinium salts to better understand

the role of aryl substituents and counterions in their reactivity.

With the aid of a quantitative method to monitor degradation, kinetic analyses such as
Hammett analysis and Eyring analysis can then be used to learn about the degradation
in more detail. The mechanism by which N,N,N-trimethylanilinium salts degrade will
be investigated through the kinetic analyses to gain an insight into how these salts can

behave as reagents.

With an understanding of how N,N,N-trimethylanilinium salts degrade, attention will
then turn to examining their applications in synthetic organic chemistry. Particular
attention will be paid to the use of N,N,N-trimethylanilinium salts as methylating
reagents since this potential is somewhat underexplored in the literature. The
importance of methyl groups and accordingly methylative methodologies has been
highlighted in this introduction. Furthermore, it has been shown that many existing
electrophilic methylating reagents have significant safety risks associated with them.
If N,N,N-trimethylanilinium salts can be employed as effective methylating reagents,

they may offer some attractive benefits over existing reagents.

It is proposed that the understanding of N,N,N-trimethylanilinium reactivity gained
through the degradation studies will guide the application of these salts in methylation
reactions. The library of salts will be screened for their reactivity against a suitable
nucleophile, such as a phenol to identify any trends between degradation and
methylation. Any N,N,N-trimethylanilinium salts that prove effective in this
methylation screen will be taken forward to examine their applicability to a broader

range of nucleophiles.

Finally, the degradation and methylation studies will culminate in an attempt at
elucidating methylation mechanism using N,N,N-trimethylanilinium salts. It is
currently unknown how these salts react in existing applications. This uncertainty
stems largely from the possibility of methylation to occur either from the salts directly,

or through their decomposition methyl halide products (Figure 51).
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Figure 51. Methylation occurring from N,N,N-trimethylanilinium salts directly or
their degradation products.

Understanding the mechanism(s) of the degradation and reactivity of N,N,N-
trimethylanilinium salts will ultimately drive informed uses of these reagents in
synthetic organic chemistry. It is expected that the information gained from these

studies will be useful to both methylation and cross-coupling chemistry users.
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1.3 Results and Discussion

Investigations into the degradation of N,N,N-trimethylanilinium salts began by
determining the effects that aryl substitution had on the stability of anilinium salts in
the solid state and in solution. To achieve this goal, it was first necessary to synthesise
a library of anilinium salts that contained a representative range of electron-donating,
electron-withdrawing, and sterically influential substituents in varying positions
around the aromatic ring. Unsubstituted N,N,N-trimethylanilinium salts 174a-c were
commercially available and used as purchased. 175a-188a were synthesised via
methylation of the appropriate N,N-dimethylaniline with methyl iodide (61) (Figure
52).

N,N,N-trimethylanilinium iodides were chosen for this part of the study due to the
simplicity of their synthesis with readily available starting materials. During the
synthesis of the salt library, it was evident that N,N-dimethylanilines containing
strongly electron-withdrawing groups in the para-position were generally more
challenging to synthesise than their electron-rich counterparts. This is demonstrated
by the low methylation yields (50 and 52%) obtained in the synthesis of 176a and
177a. Furthermore, attempts to synthesise 4-nitro- and 4-cyano-N,N,N-
trimethylanilinium were extremely low yielding, which lead to their exclusion from
this study. Although optimising the synthesis of N,N,N-trimethylanilinium iodides
was not a key focus of this project, it was found in general that an excess of 61 (3 eq.),
high reaction concentration (2 M), long reaction times (ca. 16 h), and a sealed reaction

vessel lead to satisfactory yields of the desired salts.

With a varied library of N,N,N-trimethylanilinium iodides in hand, attention then
turned to understanding the effect that aryl-substituents had on their thermal stability
in both the solid-state and solution phase. Studying the degradation of molecules can
give a wealth of information about their stability and their reactivity. The data from
these degradation studies and the implications that these are expected to have for their

applications in synthetic organic chemistry are presented in the next section.
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Figure 52. Library of N,N,N-trimethylanilinium salts synthesised for investigations
into aryl-substituent effect of stability. ®Commercially available.

1.3.1 Degradation of N,N,N-Trimethylanilinium Salts
Solid State Stability of N,N,N-Trimethylanilinium Salts

The stability of N,N,N-trimethylanilinium salts 174a-c and 175a-187a was
investigated first in the solid state. Though it is not anticipated that these compounds
would be used as directly as solids, there were two main motivations for carrying out
this study. The first was to gain an insight into the stability and reactivity of these
compounds in the absence of any solvent effects (though differences in the packing of

ions within each crystal structure may have significant effects on reactivity). The
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second motive considers the suitability of these salts as reagents for use in a research
laboratory, or in a manufacturing facility.'®® In both settings, particularly the latter,
reagents that have a high stability in the solid state are preferred, as this would allow

their safe and convenient storage.

To assess the solid state stability of the N,N,N-trimethylanilinium salts, thermal
gravimetric analysis (TGA) was employed. TGA monitors the mass of a sample whilst
it is subjected to a temperature ramp (40-300 °C at a rate of 10 °C/min, in this case),
which gives information about salt degradation and volatisation.'®® TGA analysis was
carried out on the anilinium salt library under an atmosphere of argon in the first
instance, the mass vs temperature traces are shown in Figure 53. All of the TGA traces,
with the exception of 174a, 174b, 176a, and 177a show smooth curves. Based on
existing literature around the degradation of quaternary ammonium salts, it seems
likely the main degradation products would be the aryl-substituted N,N-
dimethylaniline and methyl halide resulting from a retro-Menschutkin reaction
(Figure 54).25-1° This hypothesis is further corroborated by experiments carried out
previously within this research group.'®” Thermal volumetric analysis coupled with a
sub-ambient distillation apparatus (TVA-SAD) was used to analyse the thermal
degradation of 174a, 180a and 185a; IR spectroscopy revealed evidence for the
generation of methyl iodide upon the thermal degradation of each of these N,N,N-

trimethylanilinium iodides.

The first observation to note from the TGA traces is that the halide counterion species
appears to have an effect on the degradation temperature. This is evidenced by the
varied peak degradation temperatures of 174a, b, and ¢ (184, 229, and 179 °C). The
bromide salt (174b) degrades at a significantly higher temperature than both the iodide
(174a) and chloride (174c) salts. In addition, 174a and ¢ do not show smooth TGA
traces. The difference in degradation temperature could come from different
nucleophilicities of the counterions in the absence of solvation, or could be an artefact
of the crystal structure in the solid state. There is not a clear trend between the halides
in the solid state, so the reason behind the differing degradation temperatures is

unknown at this time.
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There is a general trend of the more electron-deficient N,N,N-trimethylanilinium
iodides (e.g. 176a and 177a) having a lower thermal stability than their electron-rich
counterparts (e.g. 181a and 185a). A pseudo-Hammett plot is shown in Figure 55
which supports the observation of lower onset degradation temperatures for N,N,N-
trimethylanilinium iodides with increasing electron-deficiency. This is consistent with
the proposed retro-Menschutkin degradation pathway where electron-withdrawing
substituents would have a destabilising effect on the cationic nitrogen atom, thus
favouring a transition towards the resulting neutral N,N-dimethylaniline species
(Figure 54).

The final point to consider is that all of the N,N,N-trimethylanilinium salts analysed by
TGA under an argon atmosphere were stable in the solid state up to temperatures of at

least 170 °C. This suggests that these salts would be safe to store at room temperature.
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Figure 53. Mass vs temperature trace determined via thermal gravimetric analysis
for salts 174a-c and 175a-187a. Temperature range: 40-300 °C. Temperature ramp:
10 °C/min. Gas: Argon. Temperatures between 40-100 °C have been omitted as no
observable change in mass was measured for any of the salts in this temperature
range.
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Figure 55. Hammett-derived analysis of TGA data for the degradation of anilinium
iodides, supporting the role of electron-withdrawing aryl substituents in promoting
thermal degradation at lower temperatures.

To supplement the suggestion that the N,N,N-trimethylanilinium salts analysed by
TGA would be safe and convenient to store as solids, a selection of the salts with a
range of degradation temperatures under argon were then tested in the presence of air
(Figure 56). The onset and peak degradation temperatures for each of the salts tested
in air were comparable to the values obtained under argon. Furthermore, each of the
traces gave smooth curves with the exception, again, of 174c, 176a and 177a. 176a
and 177a appear to lose ~55% and ~40% of their original mass, respectively, before
entering what appears to be a second phase in both argon and air. In each case the
percentage of mass lost in the first step corresponds approximately to the mass of
methy! iodide (142 gmol™t). The boiling point of the resulting N,N-dimethylaniline of
these carbonyl containing compounds is relatively high (177 and 245 °C) which may
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explain a slower rate of mass loss after an initial rapid loss of methyl iodide.
Unfortunately, it was not possible to collect samples part-way through the analysis to

test this hypothesis.
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Figure 56. Mass vs temperature trace determined via thermal gravimetric analysis
for salts 174a-c and 175a-177a, 180a, 183a, 184a, and 187a. Temperature range:
40-300 °C. Temperature ramp: 10 °C/min. Gas: Air. Temperatures between 40-100
°C have been omitted as no observable change in mass was measured for any of the
salts in this temperature range.

Solution Phase stability of N,N,N-Trimethylanilinium Salts

After investigating the stability of the N,N,N-trimethylanilinium salts in the solid state,
investigation into their thermal stability in solution began. DMSO was selected as an
appropriate solvent due to its ability to solubilise the anilinium salts, enabling

homogenous kinetic analysis; its high boiling point, allowing for flexible temperature
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studies; and the availability of its inexpensive deuterated analogue which could be

used in NMR experiments.

'H NMR spectroscopy was used to obtain a quantitative overview of the substituent
effect on the thermal stability of N,N,N-trimethylanilinium iodides 174a-188a in
DMSO-ds. Each salt was dissolved in DMSO-ds to a concentration of 0.06 M, and
heated at 120 °C for 20 min. 1,2,4,5-tetramethylbenzene was used as an internal
standard to calculate the concentration of anilinium salt before and after the heating

period. The percentage degradation of each anilinium cation is shown in Figure 57.
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Figure 57. Relative degradation of a range of N,N,N-trimethylanilinium iodides upon

heating in DMSO-ds (0.06 M) at 120 °C for 20 min; 1,2,4,5-tetramethylbenzene was

used as an internal standard to calculate the concentration of the anilinium salt before
and after heating. Results and associated errors are taken from triplicate runs.

The degradation study in DMSO-ds shows a similar overall trend to that which was
observed in the solid state TGA analysis. Anilinium salts with electron-withdrawing
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substituents were particularly susceptible to degradation upon heating in DMSO-ds,
for example para-formyl substituted (176a) and para-trifluoromethyl substituted
(188a) anilinium salts showed 83+6 and 79+1% degradation, respectively. This is
compared to electron-rich anilinium salts such as para-methyl (185a) or meta-methyl
(186a) which only showed 6+1 and 12+3% degradation, respectively. The inductively-
donating methyl substituent actually appears to stabilise 185a and 186a relative to the
unsubstituted anilinium iodide (174a). This relationship between electron-deficiency
and %degradation is illustrated with a pseudo-Hammett plot in Figure 58. The pseudo-
Hammett plot shown uses o values though o- values were also trialled giving an almost
identical r? value (0.833 vs 0.832).
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Figure 58. Pseudo-Hammett analysis of solution phase degradation experiments,
supporting the observation that electron-deficient aryl substituents accelerate
anilinium iodide degradation.

In terms of electronic properties, there is one apparent outlier to the trend. The ortho-
methyl substituted N,N,N-trimethylanilinium iodide (187a) showed an average of
71+14% degradation over the heating period, despite the electron-donating nature of
the methyl substituent. The experimental result can be justified with a steric argument.
It is proposed that having the ortho-methyl substituent in close proximity to the

quaternary nitrogen atom of the anilinium will provide a driving force for the
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formation of a less strained N,N-dimethylaniline product (189) (Figure 59). Firstly,
restricted rotation about the aryl C-N bond partially locks one N-CHs group planar to
the aromatic ring, increasing 1,3-allylic-like interactions with the ortho-proton
(highlighted in green). Furthermore, it is proposed that the methyl group being
attacked from an incoming iodide should be approximately perpendicular to the
aromatic plane. The locked conformation would lower the energy penalty required
orient a methyl group in this position, thus lowering the energy barrier to reach the
transition state. At the time of writing this thesis, computational work is being
developed so the structures shown in Figure 59 are for illustrative purposes only. This
hypothesis that steric factors can influence the stability of N,N,N-trimethylanilinium
iodides was supported by the fact that attempts to synthesise 2,6,N,N,N-
pentamethylanilinium iodide and 2,6-diisopropyl-N,N,N-dimethylanilinium iodide

were unsuccessful with the standard conditions shown in Figure 52.
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Figure 59. Relief of steric congestion as a driving force for the degradation of 187a.

Interestingly, the para-fluoro substituted anilinium (178a) is stabilised, albeit slightly,
with respect to the unsubstituted 174a (12+2% vs 15+2%). The high electronegativity
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of fluorine means that fluoro- aryl substituents are inductively highly electron-
withdrawing; however, they also have the ability to donate electron density to the
aromatic system through mesomeric effects. This explanation is corroborated by para-
chloro (179a) and para-bromo (180a) which show a higher %degradation (30+11 and
3915%), due to a lower ability to donate electron density through the n-system. meta-
chloro (183a) and meta-bromo (184a) have higher %degradation values still (46+6 and
41+12%), where only a destabilising substituent effect through the halogens’ inductive

electron-withdrawing properties would be expected.*®’

With an overview of the aryl-substituent effect on N,N,N-trimethylanilinium iodide
stability in solution, efforts to understand the effects of counterion species began. The
TGA studies (Figure 53 and Figure 56), showed that 174a, 174b, and, 174c degraded
at different temperatures in the solid state so each of these salts were subjected to a
degradation experiment in DMSO-ds. The percentage degradation of each anilinium

after heating for 20 minutes at 120 °C is shown in Figure 60.
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Figure 60. Relative degradation of 174a, 174b, and 174c upon heating in DMSO-ds
(0.06 M) at 120 °C for 20 min; 1,2,4,5-tetramethylbenzene was used as an internal
standard to calculate the concentration of the anilinium salt before and after heating.
Results and associated errors are taken from triplicate runs.
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The experiment showed that halide counterion species has a marked effect on the
thermal stability of N,N,N-trimethylanilinium salts in solution. The unsubstituted
chloride salt 174c degraded much more (85%) than the bromide 174b (42%) and
iodide 174a (23%). This trend between halide species and degradation is consistent
with the nucleophilicity of each halide ion in a polar aprotic solvent, which supports
that hypothesis that the anilinium salts degrade through a nucleophilic attack of the
counterion in a retro-Menschutkin reaction (Figure 54).1%81%% It cannot be ruled out
however, that ion-pairing effects could play a role in the stability difference. It is
possible that a tighter ion pair between the ammonium moiety and the halide
counterion could facilitate degradation by keeping the reactive partners in close

proximity, %5170

To investigate this further, initial attempts were made to generate fluoride, chloride, or
bromide analogues of some aryl-substituted N,N,N-trimethylanilinium iodide salts
using an ion-exchange resin. These were met with little success, so instead it was
decided to investigate whether or not using halide additives (as opposed to isolated
anion equivalents) would have an effect on degradation rate. The presence of halide
additives is also relevant to some applications of anilinium salts in cross-coupling
chemistry. 174a was heated at 120 °C for 20 min in DMSO-ds with an equimolar
amount of LiCl, KCI, TBACI, LiF, or TBAF and the concentration loss of 174a was
measured using *H NMR spectroscopy (Figure 61).

The addition of chloride salts to the degradation reaction mixtures increased the
percentage degradation of 174a in all cases, though the additive cation significantly
affected the extent to which it was increased. The tetrabutylammonium chloride
(TBACI) additive increased the degradation percentage to 92% (compared to 21% with
no additive). Lithium chloride and potassium chloride accelerated the degradation less
(69% and 24%), the difference is tentatively ascribed to a lower solubility of the metal
chloride salts than TBACI which would give a lower effective concentration of

chloride ions in solution.

A similar phenomenon was observed with tetrabutylammonium fluoride (TBAF) and
lithium fluoride as the additives. The presence of TBAF promoted the degradation of

174ato near completion (95%). LiF actually appeared to have a slight stabilising effect
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on 174a, though the margin of error makes this difficult to conclude with certainty.
The solubility of LiF in DMSO is poor so it is likely that the concentration of fluoride
in the degradation mixture is minimal (undissolved solids were visible in NMR tube).
Furthermore, LiF is very hygroscopic and the solid became noticeably wet whilst
weighing it out for the experiment. This prompted an investigation into the effect, if

any, that water could be playing in this experiment.
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Figure 61. Relative degradation of 174a upon heating in DMSO-ds (0.1 M) at 120
°C for 20 min in the presence of a halide additive (1 eq.).

174a and 1 equivalent of TBAF were heated in either DMSO-ds, a 1:1 mixture of
DMSO-ds and D20, or D20 at 90 °C for 20 min. Using the maleic acid as an internal
standard, the degradation of 174a over the reaction time course was measured (Figure
62). Interestingly, the addition of water drastically retarded the degradation of 174a. It
is supposed that this occurs as a result of more effective halide solvation in water than
in DMSO, thus making the halide counterions poorer nucleophiles.'®® The effect that
water is shown to have on degradation through this experiment could be used to

rationalise why the hygroscopic LiF additive appeared to reduce the degradation of
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174ai.e. the LiF itself had little impact on degradation due to poor solubility, but the
introduction of water to system lowered the rate of degradation.

Interested by the observation that water retarded anilinium degradation with TBAF
present, it was then investigated whether or not this effect would be observed for
anilinium iodides in the absence of any other halide additives. 174a, 176a and 187a
were each heated to 90 °C for 2 h in DMSO-ds with either 0, 10 or 20 v/v% D20 added
(Figure 63). It was clear from the experiments for all three N,N,N-trimethylanilinium
iodides studied, that increasing the concentration of water lowered the degradation of
anilinium salts. Again, this is presumed to occur due to the reduced nucleophilicity of

the iodide anion in the presence of water, where it would be better solvated.
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Figure 62. Degradation of 174a with TBAF (1 eq.) in either DMSO-ds, D20, or 1:1
DMSO-ds:D20 after heating at 90 °C for 20 min.
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Figure 63. Degradation of 174a, 176a and 187a in DMSO-ds with either 0, 10 or
20% D20 added after heating at 90 °C for 2 h.

Whereas the decomposition of an N,N,N-trimethylanilinium salt to generate the parent
aniline and a methyl halide could be beneficial for methylation chemistry, it is
conceivable that users may wish to minimise this degradative pathway. This would
likely be the case for users of anilinium salts in SNAr reactions or in transition metal
catalysed cross couplings; both of which require the intact anilinium to act as an
electrophilic reaction partner. It was hypothesised that the rate of anilinium
degradation could be minimised by replacing nucleophilic halides with bulkier non-

coordinating cations.
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Figure 64. Library of N,N,N-trimethylanilinium hexafluorophosphate, triflate, and
BATrF salts synthesised to investigate the effects of non-nucleophilic counterions on
anilinium degradation.

Hexafluorophosphate (PFe’), trifluoromethanesulfonate or triflate (OTf), and
tetrakis(3,5-bis-(trifluoromethyl)phenyl borate (BArF") were selected as suitably non-
nucleophilic and weakly coordinating counterions to investigate this hypothesis.!’
N,N,N-trimethylanilinium triflate salts were synthesised by methylation of the
appropriately substituted N,N-dimethylaniline with methyl trifluoromethane sulfonate.
N,N,N-trimethylanilinium hexafluorophosphate and BArF salts were made by an ion
exchange from the appropriate N,N,N-trimethylanilinium iodide using KPFs and
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NaBArF, respectively. The anilinium salts chosen to investigate with non-nucleophilic

counterions are shown in Figure 64.

Once each of the hexafluoro phosphate, triflate, and BArF salts had been generated,
they were subjected to similar degradation experiments in DMSO-ds as described
above. Salts 174-177a,d,e and f and 187a,d,e and f were each heated in DMSO-ds at
120 °C for 1 h. The percentage of anilinium salt degradation in each case is shown in
Figure 65. Changing an iodide counterion to a non-coordinating counterion drastically
reduces the amount of anilinium degradation in all instances. For all BArF salts tested,
the degradation of anilinium was almost negligible, expect for the para-formyl N,N,N-
trimethylanilinium cation, where the percentage degradation was reduced from 94%

to 10% by replacing the iodide ion with a BArF ion.
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Figure 65. Degradation of 174-177a, d, e and f, and 187a, d, e, and f, upon heating
in DMSO-ds at 120 °C for 1 h.
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In addition to *H NMR spectra collected at the end of the heating period in these
experiments, other heteronuclear (°'P, *°F, and 'B) spectra were collected where
possible. These spectra showed that the triflate and BArF counterions remained intact

throughout the heating experiment which suggests any observed degradation does not
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directly involve these counterions. No methyl triflate was evident in the degradation
mixtures of anilinium triflate salts, which could have arisen from an attack of the
triflate anion onto an N-CHs group. In the case of the hexafluorophosphate salts
however, an impurity was noticed in both the 3P and °F NMR spectra in the
degradation mixtures (Figure 66). The PFes anion has been shown in the literature to

have the capacity to degrade through a series of steps to form PO2F2".1"

PO2F2" appears to be present in our degradation mixtures which has two main
implications. The first, is that the PFe™ anion is unstable under these conditions, which
would discourage the use of N,N,N-trimethylanilinium PFs salts in DMSO at high
temperatures, particularly on a manufacturing scale where reaction impurities can be
costly. The second is that the first step of the proposed PFs™ degradation pathway is
defluorination of PFe” to give PFs and F". The halide additive experiments have shown
that fluoride anions accelerate the rate of anilinium degradation, so the anion
degradation will be detrimental to anilinium stability. This could explain why 44% of
176d degraded upon heating despite there being no obvious way for the PFe anion to

interact directly with the anilinium cation.
a) b)

PFe¢”

PO2F>

! T i T T T T T T T T T T T
30 -60 -70 -80 -90 -100 -110 20 o -20 -40 -60 -80 -100  -120  -140  -160  -180

Figure 66a) °F and b) 3P NMR spectra showing degradation of the PFs anion.

The decomposition of the PFs anion can explain some of the degradation of their
anilinium salts. The apparent inertness of the triflate and BArF anions gives rise to the
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question of how these anilinium salts are degrading. In order to gain a richer
understanding of N,N,N-trimethylanilinium salt degradation in DMSO, the process

was monitored in real time.

Real Time Monitoring of N,N,N-trimethylanilinium lodide Degradation

Degradation studies up until this point had shown NMR spectroscopy to be a valuable
analytical technique for monitoring the degradation N,N,N-trimethylanilinium salts.
Accordingly, the suitability of *H NMR spectroscopy for the real time analysis of
anilinium degradation was investigated to gain mechanistic insights into the
degradation pathway(s). 4-formyl-N,N,N-trimethylanilinium iodide (176a) was
selected as an appropriate salt for developing the kinetic analysis as its degradation is
significantly developed over the proposed reaction time course (approximately three
half-lives over 16 hours), and its protons are suitably resolved to allow accurate peak
integrations. Furthermore, the formyl proton was easily identifiable from its downfield
(~10.2 ppm) chemical shift, giving an additional handle for NMR analysis. To further
ensure that spectra could be analysed quantitatively, the T1 relaxation time was

determined for each of its proton environments using a T1IR experiment.

176a was dissolved in DMSO-ds to a concentration of 0.1 M, along with 1,2,4,5-
tetramethyl benzene (0.06 M) as an internal standard. The solution was then heated to
80 °C in the probe of an NMR spectrometer, and a *H NMR spectrum was recorded
approximately every 5 minutes over the course of around 16 hours. The delay time
between scans (D1) was set to 25 seconds, this was chosen to be >5-times the longest
T1 time which is generally accepted as the requirement for quantitative NMR analysis.
The obtained spectra could then be stacked (Figure 67) and the concentration of 176a
and its degradants were calculated by comparison to the integrations obtained from the

internal standard protons.

The concentrations of 176a and 4-formyl-N,N-dimethylaniline (189) vs time were
plotted; the concentration of each species was calculated via the integration of their
aromatic protons (Figure 68). The stacked spectra and resulting time-course graph
suggested that *H NMR analysis was a suitable technique for following the degradation

of anilinium salts, but a more rigorous analysis of that assertation was required.
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Figure 67. Stacked *H NMR spectra for the degradation of 176a at 80 °C in DMSO-ds.
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Figure 68. 'H NMR time course for the degradation of 176a determined by
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In order to test the validity of species concentrations calculated from the real-time *H
NMR experiment, the concentrations of both 176a and 189 were also calculated using
their N-methyl group protons and their formyl protons (Figure 69). Curiously, the
concentrations of 176a calculated via its formyl proton (dark blue) and ortho-aryl
protons (orange) were in close agreement, whilst the concentration calculated via the
—N(CHzs)3" protons (light blue) gave lower values. The disparity in concentration
became more pronounced as the reaction progressed. Similarly, calculating the
concentration of 189 via its —-N(CHs)2 protons (yellow) gave lower values than those
obtained from the ortho-aryl (yellow) or formyl (red) protons. Repeating the
experiment with 176a and other N,N,N-trimethylanilinium iodides showed that this
phenomenon was genuine, which prompted an attempt at rationalising this result.
Interestingly, the degradation of 176a appears to reach an equilibrium, rather than go

to completeness.
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Figure 69.'H NMR time course showing the degradation of 176a determined from
aromatic (orange), N-methyl (light blue) and formyl (dark blue) protons, and the
formation of 189 determined from aromatic (green), N-methyl (yellow) and formyl
(red) protons.
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The disparity between anilinium and aniline concentration measured by ortho-aryl and
N-CHjs protons could be rationalised by an isotopic scrambling event that exchanges
N-CHjs for N-CDs groups. It was hypothesised that the DMSO-ds solvent was acting
non-innocently in the degradation reaction mixture (Figure 70). The N,N,N-
trimethylanilinium iodide is proposed to decompose to the parent N,N-dimethylaniline
and methyl iodide (61) through a retro-Menschutkin reaction, which is precedented
and supported by the *H NMR monitoring.*>"-1% Alternatively, DMSO-ds (193) could
demethylate the anilinium salt to give the aniline and trimethylsulfoxonium-ds iodide
(TMSOI-ds, 190). 190 could also potentially be generated in the reaction degradation

mixture through reaction of 61 with 189.

190 could potentially directly re-methylate the dimethylaniline to the anilinium but
with a CDs group in the place of a CHs group. Alternatively, 190 could decompose to
give DMSO-ds (191) and methyl iodide-ds (192). The in situ generated 192 could then
methylate the dimethyl aniline to the anilinium salt, again with a CD3 group in the
place of a CHs group. The consequence of the incorporation of CDs3 groups into 176a
and 189 is that a portion of the NMe groups on either molecule will be undetectable
by *H NMR spectroscopy and thus give an artificially low concentration calculated via
these protons. The proposed scrambling processes are corroborated by the fact that

176a degradation appears to reach an equilibrium.
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Figure 70. Proposed degradation pathway of N,N,N-trimethylanilinium iodide salts
in DMSO-ds.
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In support of the proposed mechanism, 61, 190 and 191 were all identified in the
degradation *H NMR spectra (Figure 71). Methyl iodide (61, purple) appears to form
initially at a rate which in consistent with the formation of dimethyl aniline 189
(green/yellow), whilst TMSOI (190, dark blue) formation appears to experience an
induction period. This suggests that anilinium degradation led by the halide counterion
occurs at a faster rate than the DMSO solvent-led degradation pathway, so majority of
TMSOI will be formed by methylation from methyl iodide, rather than the anilinium
cation directly. DMSO-ds (191) increases in concentration slowly throughout the

course of the reaction.

The involvement of DMSO in the degradation of anilinium salts explains why OTf
and BArF salts still degrade despite the lack of interaction from the non-nucleophilic
counterions. The finding that iodide-led degradation is faster than DMSO-led
degradation is supported by the drastically reduced degradation of the OTf, PFs, and

BATrF salts in comparison to the iodide salts (Figure 65).
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Figure 71. 'H NMR time course for the degradation of 176a, with colour-coded lines
for 61, 176a, 189, 190, and 191.
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With a suitable method for monitoring the degradation of N,N,N-trimethylanilinium
iodides in hand, the same technique was applied to a range of other aryl-substituted
anilinium iodides. The T1 relaxation times were calculated for 174a-178a, 180a, 182a-
184a, 187a, and 188a and it was determined that a 25 s D1 time was appropriate for
all of the samples. Each salt at a concentration of 0.1 M in DMSO-ds was then
degraded at 80 °C as per the standard conditions. The concentration vs time curves
calculated from aromatic protons for each of the salts tested are shown on one graph

in Figure 72.
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Figure 72. 'H NMR time courses for the degradation of 174a-178a, 180a, 182a-
184a, 1874, and 188a.

From inspection of the degradation time course data, it is clear that electron-deficient
anilinium salts such as para-formyl (176a, yellow), para-benzoyl (177a, light green),
and para-trifluoromethyl (188a, grey) degrade at a much faster rate than the
comparatively electron-rich anilinium salts such as unsubstituted (174a, pink) and
para-fluoro (178, dark blue). This finding was in line with the data obtained from
earlier single time-point experiments (Figure 58). The anilinium salts appear to reach
an equilibrium concentration rather than full degradation. This could be rationalised

by a build-up of TMSOI or methyl iodide in the sealed NMR tube that may methylate
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the N,N-dimethylaniline through a Menschutkin reaction. There are two exceptions to

this observation.

The first is in the case of the ortho-methyl salt (187a) which doesn’t appear to reach
an equilibrium concentration (at least not in the time-frame measured). The steric
hindrance imposed by the methyl substituent may place a Kkinetic barrier on the
reformation of its anilinium salt. It also degrades comparatively slowly to electron-
deficient anilinium salts as could be expected from an electronic argument. This
insight would not have been gained from the single time-point experiment alone,
demonstrating the power of real-time degradation analysis. The second anomaly is the
pyridinaminium salt (175a) which appears not to reach equilibrium either. The cause
for this is currently unknown, but it stands to reason that its unique aryl system could

grant it reactivity pathways that are not available to the other samples.

After monitoring the degradation of various N,N,N-trimethylanilinium iodides that
represented a range of electronic effects, and accordingly degradation rates, the
concentration vs time could be converted to rate data to obtain further insights into the
reactivity of the anilinium salts. To ensure that the proposed degradation model
encompassed all of the relevant reactions, some additional experiments were carried

out.

From the degradation experiments alone, there was no direct evidence that methyl
iodide (61) could directly methylate DMSO-ds (193) to make TMSOI-ds (190). This
Is because 61 and 190 can both be made from attack of iodide or DMSO, respectively,
onto the N,N,N-trimethylanilinium cation. Similarly, there was no direct evidence that
190 could decompose thermally back into 61 and 193. To investigate whether or not
61 could methylate 193, and if that reaction was reversible, a simplified kinetic NMR

experiment was carried out.

A 0.1 M sample of commercially available TMSOI-do was dissolved in DMSO-ds
along with an internal standard, and heated to 80 °C in the NMR probe for
approximately 1 h whilst *H NMR spectra were recorded at regular intervals. The
concentration of TMSOI and methyl iodide vs time is plotted in Figure 73. It is evident
that TMSOI decomposes thermally under these conditions, and that methyl iodide is

the key degradation product.
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Similarly, an experiment was conducted where methyl iodide was heated in DMSO-
ds at 80 °C for 1 h (Figure 74). Here it can be seen that TMSOI is formed at a similar
rate at which the methyl iodide is consumed. These experiments provide good
evidence that the reaction of methyl iodide and DMSO occurs under the degradation
reaction conditions, and that it is reversible. This reaction, which is independent of the

anilinium cation or dimethyl aniline, is likely to facilitate isotopic scrambling.
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Figure 73. 'H NMR time course for the thermal decomposition of TMSOI in
DMSO-ds at 80 °C.
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Figure 74.*H NMR time course for reaction of methyl iodide with DMSO-ds at 80°C.
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The proposed degradation pathway of the N,N,N-trimethylanilinium salts takes place
via a series of 2-electron processes. In order to probe the possibility of any radical
reactivity, some degradation experiments were carried out under exposure to different
lighting conditions (Figure 75). 174a was heated to 80 °C in DMSO-ds for 1 h either
in darkness, under ambient light, under simulated sunlight, or under UV light. The
average degradation from a triplicate of experiments under each of the conditions did
not show a statistical difference. 176a was then subjected to the same experiment under
the two extremes of lighting condition (darkness and UV irradiation). The average
percentage of degradation of 176a under each of the lighting conditions was
comparable again. These simple experiments suggest that single electron pathways are
not present in the degradation process of N,N,N-trimethylanilinium iodides, or at least

that they are negligible.

The final possible degradative pathway that was considered is the displacement of
trimethylamine (195) with the iodide anion through an SnAr-type process. To probe
this 176a was heated in DMSO-ds at 120 °C for 20 min in the presence of 4-I-
benzaldehyde (194) (Figure 76). The concentration of each species was measured at
the start and end of the heating period to see if there was any increase in the
concentration of 194, which would be the displacement product. The concentration of

194 was shown not to increase in this experiment, ruling out this reactive pathway.
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174a uv 2.02 0.19
176a Darkness 20.59 1.02
176a uv 18.82 1.47

Figure 75. Average degradation of 174a and 176a upon heating for 1 h at 80 °C in
DMSO-ds under a range of lighting conditions.
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Figure 76. Reaction probing the possibility of trimethylamine displacement in the
degradation of 176a.

With confidence that the earlier proposed degradation pathway encompassed all of the
significant steps in N,N,N-trimethylanilinium iodide degradation, attention turned to
estimating rate constants for the degradation reactions. For the purposes of Kkinetic
modelling, the degradation process was separated into three distinct, reversible
reactions (Figure 77). Step 1, the iodide-led degradation of N,N,N-trimethylanilinium
was assigned rate constants ki and k-1 for the forward and reverse reactions,
respectively. Step 2, the DMSO-led N,N,N-trimethylanilinium degradation was
assigned rate constants k2 and k-2. Step 3, the reaction between methyl iodide and

DMSO was assigned the rate constants ks and Kk-s.
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Figure 77. Proposed steps in the degradation of N,N,N-trimethylanilinium iodides.
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Using the experimental data obtained through *H NMR degradation monitoring, rate
constants for steps 1-3 were estimated with a complex pathway simulator programme
(COPASI). COPASI was configurated with the three steps shown in Figure 77.
Experimental concentration vs time data was then inputted into the programme for
each salt. Rate constants ki, k-1, k2, k-2, ks, and k-3 were estimated by minimising the
error between simulated concentration vs time plots with estimated rate constants, and
the true experimental values. It was expected that evaporation of methyl iodide would
affect some of the equilibria; however, the NMR tubes were sealed and the headspace
volume was identical in each experiment so any error should be consistent across all
experiments. Furthermore, the degradation experiments were found to be highly
reproducible, suggesting that the parafilm seal was effective at keeping methyl iodide

gas in the reaction tube.

For the purposes of the kinetic modelling, only the N,N,N-trimethylanilinium and N,N-
dimethylaniline concentration data (both calculated from aromatic protons) were
considered as these protons had well-resolved chemical shifts in all cases and are
expected to be devoid of any isotopic scrambling effects. The model was also
computed in such a way that priority was given to correlating simulating data with the
anilinium concentration vs time curve. The estimated rate constants are shown in

Figure 78.

Salt  ki(s)) kai(Mls?) ke(MIsD) ko(MIsD) ks(Mlsl)  ka(s?)
174a 1.11E-05 1.80E-95 1.60E-315 1.63E+07 1.81E-05 1.82E-04
175a 4.47E-05 1.95E-03 3.74E-208 1.36E-172 1.94E-162 0.00E+00
176a 7.95E-05 5.46E-04 1.71E-283 1.30E-13  5.53E-06  5.27E-05
177a 6.41E-05 7.94E-276 6.96E-134 1.10E+08 2.95E-06  5.84E-23
178a 9.45E-06 1.69E-02 2.85e-315 1.56E-02 1.79E-316 0.00E+00
180a 1.85E-05 6.06E-03 1.58E-315 1.13E-306 6.34E-314 7.78E-04
182a 4.46E-06 5.00E-259 1.82E-180 3.43E-02  1.66E-05 7.47E-212
183a 2.53E-05 0.00E+00 4.74E-302 1.71E-02  7.70E-06  1.14E-04
184a 3.09E-05 1.36E-145 4.75E-48  3.46E-02  6.39E-06  7.05E-05
187a 1.89E-05 1.12E-85 9.96E-134 7.70E+11  1.59E-05 3.10E+11
188a 8.08E-05 3.09E-81 1.23E-44 8.66E+09 4.40E-06 1.79E-04

Figure 78. Estimated rate constants ki, k-1, k2, k-2, ks, and k-3 estimated for a range of
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The estimated degradation rate constants show large variations in value for most steps
of the reaction. In addition, equilibrium constants (K) calculated from the estimated ki
and k-1values (where K = ki/k-1) were not consistent with experimental observation. It
is likely that many of these values are quite inaccurate due to the inability to accurately
calculate the concentration of all intermediates in the degradation pathway (only the
anilinium and aniline can be calculated free from isotopic scrambling effects).
However, by weighting the simulated data towards the anilinium concentration curve,

sensible values were obtained for ki, which corresponds to the iodide-led degradation.

Despite the reasonable ki values, there still remained large variations in values
obtained for ka2, k-2, ks and k-3. ks and k-3 both represent the reactions between methyl
iodide and DMSO-ds, these reactions should proceed at the same rates regardless of
the analyte species. Therefore, the kinetic data were remodelled in such a way that the
values of ks and k-3 were fixed for all experiments. The rate constants obtained in this
analysis are shown in Figure 79. In general, equilibrium constants calculated from ki
and k-1 values using this model were more consistent with experimental values.
However, the relative values for k1 across these experiments did not correlate with the
observed relative rates of degradation. Furthermore, the ki value obtained for 178a
was erroneously low, and large variations in k2 and k-2 were still observed across

experiments.

Salt  ki(s) kai(Mls?) ke(MIsD) ko(MIsD) ks(Mlsl)  ks(s?)
174a 1.30E-06 1.09E-08 6.41E-253 1.14E-169 2.00E-05 1.29E-04
175a 7.68E-06 6.32E-08  7.60E-07 1.81E-258  2.00E-05  1.29E-04
176a 7.20E-05 4.13E-09 2.82E-78  3.08E-04  2.00E-05  1.29E-04
177a 7.55E-06 1.85E-27  1.33E-06 3.96E-212 2.00E-05  1.29E-04
178a 6.89E-110 1.10E-288 1.48E-127 5.50E-94  2.00E-05  1.29E-04
182a 1.34E-06 1.06E-08 9.96E-210 1.16E-19  2.00E-05  1.29E-04
183a 7.96E-06 2.14E-08  7.04E-72 1.32E-149 2.00E-05  1.29E-04
184a 8.48E-06 3.56E-08 1.37E-198 7.16E-119 2.00E-05  1.29E-04
187a 1.32E-05 1.87E-08 2.43E-128 4.34E-61  2.00E-05 1.29E-04
188a 1.04E-06 2.99E-08 1.78E-06 1.91E-238 2.00E-05 1.29E-04

Figure 79. Estimated rate constants ki, k-1, k2, k-2, ks, and k-3 estimated for a range of
N,N,N-trimethylanilinium iodides, fixing ks and k-3 across all experiments.
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Given the inconsistencies in estimated k2 and k-2 values obtained with each model, and
their generally low values, a further attempt was made to model the kinetic data such
that k2 and k-2 were removed (Figure 77, step 2). The values obtained for ki, k-1, k3
and k-3 with the simplified model are given in Figure 80. This model gave reasonable
k1 values consistent with observed relative degradation rates. In many cases reasonable
K values could be calculated, but there was still some exceptions such as 178a and
182a.

Salt  ki(s)) ki (Ms?) ks (Ms) ks (s1)

1742 3.80E-06 6.16E-02 1.32E-05 1.19E-04
175a  2.93E-05 3.26E-10 1.32E-05 1.19E-04
176a  7.45E-05 5.71E-04 1.32E-05 1.19E-04
177a  6.49E-05 1.90E-03 1.32E-05 1.19E-04
178a  3.77E-06 3.36E+05 1.32E-05 1.19E-04
182a  7.91E-06 1.52E+03 1.32E-05 1.19E-04
183a  2.96E-05 9.27E-03 1.32E-05 1.19E-04
184a  2.60E-05 6.78E-03 1.32E-05 1.19E-04
187a  1.71E-05 8.09E-04 1.32E-05 1.19E-04
188a  7.39E-05 2.22E-03 1.32E-05 1.19E-04

Figure 80. Estimated rate constants ki, k-1, ks, and k-3 estimated for a range of N,N,N-
trimethylanilinium iodides, fixing ks and k-3 across all experiments.

Despite best efforts to find a universal model to accurately estimate rate constants for
all steps in proposed degradation pathway, there remained some uncertainty in each
approached taken. Ideally, a model would be produced that takes into account the
isotopic scrambling. Attempts in this vein were unsuccessful but should be continued
in future work. Although the absolute predicted rate constants are not likely to be
accurate, the ki values shown in Figure 78 could at least be used comparatively to one

another to gain further insights into aryl-substituent effects on anilinium degradation.

With approximated ki for the degradation across a range of aryl-substituted N,N,N-
trimethylanilinium iodides, a Hammett plot could be produced for the iodide-led
degradation (Figure 81). o™ values were used for para-substituents as these would be

expected to represent the increase of electron density on the nitrogen atom that could
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be delocalised into the adjacent aryl system. The Hammett plot revealed a p value of
0.97. The positive value supports the hypothesis that more electron-deficient anilinium
salts degrade at a faster rate than electron-rich anilinium salts. The data points fit
reasonable well on the regression line with an r? value of 0.92. A plot was also
produced with normal c values, the plot gave a poorer fit with an r? value of 0.85,
confirming the hypothesis that 6~ values would be more appropriate for the degradation

of N,N,N-trimethylanilinium iodides.

1.0 -
p-CF .
0.8 - o
p-Bz

p=0.97

p-Br

o0
r A" ATy T T T T T

-0.2 0|0 0.2 0.4 0.6 0.8 1.0
T pF

-0.2 -

Figure 81. Hammett plot produced from estimated ki rate constants using ¢~ values.

To gain an insight into the relative contributions from substituent field and resonance
effects, a Swain-Lupton plot was also produced using the kinetic data available. The
Swain-Lupton analysis creates a new o value that is a weighted contribution of field
effect (F) and resonance effects (R) for the aryl-substituents. The calculated Hammett
parameter satisfies the equation o = fF + rR, where f and r are coefficients that describe
the relative contributions of field and resonance effect, and F and R are values of the
field and resonance effects that each substituent has.*”® The plot revealed that field

effects contribute 47% and resonance effects contribute 53% in the degradation of
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N,N,N-trimethylanilinium iodides. The Swain-Lupton analysis gave an r? value of
0.95, which was marginally better than the 0.92 value obtained for a standard Hammett

plot using ¢~ values.
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Figure 82. Swain-Lupton analysis using estimated ki values of N,N,N-
trimethylanilinium iodide degradation.

Insights into the thermodynamic parameters associated with N,N,N-trimethylanilinium
iodide degradation could be gained by considering the effect of temperature. To
investigate this, *H NMR degradation monitoring was carried out on 0.1 M solutions
of 176a in DMSO-ds at a range of temperatures between 50 and 80 °C. The anilinium
concentration vs time curves are shown in Figure 83. As would be expected, the rate
of anilinium degradation increased at higher temperatures. Rate constants for the
proposed degradation pathway (Figure 77) were estimated using COPASI for 176a at
50, 60, 70, 75, and 80 °C with the same method used previously (Figure 84). Some
notable issues with the kinetic modelling remain, such as inaccurate equilibrium
constants calculated from ki and k-1, but the relative ki values were consistent with the

experimentally observed degradation rates.
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The estimated values for ki at each of the temperatures could then be used with a
linearised Eyring equation (Equation 1) to produce a plot (Figure 85) that would give
values for the activation parameters of the iodide-led degradation pathway. The Eyring
analysis revealed the standard activation enthalpy as AH®* = +127.0 + 4.0 kmol* and
the standard activation entropy as AS®* = +34.8 + 11.7 JmolK. AH®* and AS®*
values for reactions involving a change in charge should be interpreted cautiously as
the values can include solvation effects. In this case, the positive activation entropy is
likely due to a reduced solvation demand as the two charged reactants proceed to

neutral products (Figure 86).
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Figure 83. Concentration vs time data for the degradation of 176a in DMSO-ds at
50, 60, 70, 75, and 80 °C.
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T(C) ki(s) ki(Ms)) ko(MTsD) ko(Mis?) ks(Mlis?)  ks(s?)
50 1.17E-06 5.82E-295 153E-208 3.96E-181 1.67E-223 1.79E-114
60 6.28E-06 3.87E-130 7.12E-91 3.69E-229 3.94E-07 7.95E-153
70 2.21E-05 1.16E-236 1.59E-170 3.27E-03 4.03E+11 1.27E+14
75  4.06E-05 2.38E-236 3.26E-170 8.66E-03 2.46E+1l 1.75E+14
80 7.42E-05 0.00E+00 1.63E-170 5.50E-03 9.48E+11 3.10E+14

Figure 84. Estimated rate constants ki, k-1, k2, k-2, ks, and k-3 for the degradation of
176a at temperatures of 50, 60, 70, 75, and 80 °C using COPASI.
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Figure 85. Linearised Eyring plot using ki values estimated for the degradation of
176a at temperatures between 50-80 °C.
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Figure 86. Stylised diagram showing the reduced solvation demand as N,N,N-
trimethylanilinium iodides degrade to N,N-dimethylanilines and methyl iodide.
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An important consideration for a reagent is the concentration at which it will be used.
For comparability, all of the tH NMR monitoring experiments up until this point had
been carried out with an N,N,N-trimethylanilinium iodide concentration of 0.1 M. In
order to understand the effect that concentration has on the degradation rate, *H NMR
spectroscopy was used to measure the degradation of 176a in DMSO-ds at 80 °C with
initial concentrations between 0.025, 0.05, 0.10, 0.15, 0.20, and 0.25 M. The fraction
degradation of 176a vs time is reported on one graph for comparison (Figure 87).
Upon visual inspection, it can be seen that at higher concentrations the rate of
anilinium degradation increases. Rate constants for each step of the proposed
degradation mechanism were calculated using COPASI (Figure 88). The calculated
value of ki increases with increasing initial concentration of 176a, which would not be

expected for a true first order reaction.
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Figure 87. Fraction degradation of 176a in DMSO-ds at 80 °C with initial 176a
concentrations of 0.025, 0.05, 0.10, 0.15, 0.20, and 0.25 M.
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[174lo (M) ki(s) ka(M1s)) kp(M7s?) ko(Mlis?) ks(Mis?)  ka(sh)
0025  261E-05 O0.00E+00 1.13E-170 5.53E-03 8.65E+11 1.98E+14
005  455E-05 8.34E-08 4.78E-171 4.06E-03 7.08E+11 1.75E+14
01  7.42E-05 O000E+00 163E-170 550E-03 9.48E+11 3.10E+14
015  858E-05 905E-08 147E-171 164E-03 6.61E+11 5.62E+13
0.2 1.16E-04 8.86E-08 124E-171 1.86E-03 1.14E+12 7.87E+13
025  138E-04 877E-08 6.29E-172 184E-03 8.93E+11 6.65E+13

Figure 88. Estimated rate constants ki, k-1, k2, k-2, ks, and k-3 for the degradation of
176a at initial concentrations of 0.025, 0.05, 0.10, 0.15, 0.20, and 0.25 M using

COPASI.

Interested by the apparent non-first order nature of, initial degradation rates were

estimated for the degradation reactions at each starting concentration of 176a (Figure

89). Inspection of the data reveals an approximately linear trend between [176a]o and

degradation rate, when [176]o < 0.15 M. However, at higher [176]o the relationship

deviated more significantly from linearity which is suggestive of a reaction order

greater than unity.
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Figure 89. Initial concentration of 176a vs calculated initial degradation rate.

It was initially thought that degradation of N,N,N-trimethylanilinium iodides occurred

through the self-immolation of a single ion pair. However, the observation that the

degradation is greater than first order with respect to anilinium suggests that this is not
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necessarily the case. It is possible that at higher concentrations, inter-ion pair reactions
can start to occur, leading to a mixture of first and second order reaction pathways.
Second order rate constants, or first and second order rate constants for a mixed order
reaction, that are consistent across experiments conducted for all concentrations of
176a remain elusive. Adapting the kinetic model to account for the concentration

dependence of anilinium degradation remains a problem for future investigation.

Alternatively, a possibility that has been considered (though largely unexplored
experimentally) is that higher order aggregates may exist within solution. For example,
it is plausible that the degradation of N,N,N-trimethylanilinium iodides could occur
from an ion-pair dimer in solution (Figure 90). Further experiments are warranted to

probe aggregation of N,N,N-trimethylanilinium iodides in solution.
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Figure 90. Possible degradation reaction of N,N,N-trimethylanilinium iodide ion
pair.

1.3.2 N,N,N-Trimethylanilinium Salts in Methylation Reactions

With mechanistic insights into the degradation of N,N,N-trimethylanilinium salts in
hand, their potential as methylating reagents was examined. As phenol O-alkylation
represents one of the most used reactions in the pharmaceutical industry, the initial
goal was to screen the methylating ability of the anilinium salt library on a particular

phenol substrate in order to gain a comparison of reactivity.'’*

4-'Bu-phenol (194) was selected as a suitable substrate for this study. In line with many
of the reported uses of N,N,N-trimethylanilinium salts as methylating reagents, toluene
was selected as a reaction solvent for comparing anilinium reactivity.62-164
Methylation reactions were carried out with potassium carbonate (4 eq.) for 3 h at 80
°C. N,N,N-trimethylanilinium salts 174a-c, 174e, 175a-180a, 182a-184a, and 187a
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were all screened for their ability to methylate 194 giving 4-'Bu-anisole (195). A chart
showing the average conversion from a triplicate of experiments with each salt is

shown in Figure 91.

From the methylation data it could be seen that the N,N,N-trimethylanilinium salt anion
had a significant effect on methylating ability. The unsubstituted chloride (174c) gave
higher average conversion of 194 to 195 (69+9%) than the bromide (174b, 39+15%),
iodide (174a, 27£11%), and triflate (174e, 25+12%). The ability to methylate the
phenol substrate appeared to be in line with degradation rate i.e. the chloride salt which
was most prone to thermal degradation was the best methylating reagent. Meta-chloro
(183a) and meta-bromo (184a) iodide salts performed well giving 62+26% and
52+25% conversion to 195, respectively. Apart from these two main observations,

there seemed to be no obvious trends in anilinium methylating ability in terms of

X
R
1.2 eq.

substituent electronic effects.

K2003 (4 GQ)
OH » (0]
80 °C, 3 h, Toluene 1
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Conversion (%)
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20 H
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0 - 174c 183a 184a 176a 174b 180a 174a 179a 175a 174e 187a 178a 177a 182a

Figure 91. Average conversion of 194 to 195 in toluene with a range of N,N,N-
trimethylanilinium salts.

87



The effect of reaction temperature on methylating ability in toluene was briefly
investigated using 174a, 174c, 175a, and 187a. The methylation of 194 was carried
out for each of these results under the standard reaction conditions with the exception
of temperature which was set to 30, 50, or 80 °C (Figure 92). At 30 °C, no methylation
product was observed for any of the anilinium salts tested. At 50 °C all salts tested
gave some conversion to 195 albeit <5% in each case. Significant conversions to 195
were only observed at reaction temperatures of 80 °C.
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Figure 92. Conversion of 194 to 195 using 174a, 174c, 176a, and 187a at 30, 50,
and 80 °C in toluene.

The methylation of 194 with a range of N,N,N-trimethylanilinium salts in toluene gave
some information about anilinium methylating ability; however clear trends in
reactivity were not observed. Many of the salts had low repeatability, giving rise to
large errors e.g. +26% for 183a and +25% for 184a. It is possible that the lack of
reproducibility could stem from the low solubility of N,N,N-trimethylanilinium iodides
in toluene, where heterogeneous reactions could be more dependent on factors such as
mixing efficiency. The large errors associated with the average conversion values

could potentially mask genuine reactivity trends that the salts exhibit. Furthermore,
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conversions in toluene under these reaction conditions were generally not useful in a

preparative sense, the highest yielding reaction with 174c was just 69%.

For the aforementioned reasons, it was decided to test the methylating ability of N,N,N-
trimethylanilinium in an alternative solvent. To overcome the potential issues around
insolubility of anilinium reagents, DMSO was selected as an appropriate solvent.
Using DMSO would also allow parallels to be drawn between the existing degradation
data and methylating ability. N,N,N-trimethylanilinium salts 174a-c, 174e, 175a-180a,
182a-184a, 1874, and 188a were screened for their ability to methylate 194 in DMSO
at 80 °C for 3 h (Figure 93).
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Figure 93. Average conversion of 194 to 195 in DMSO with a range of N,N,N-
trimethylanilinium salts.

Overall, the N,N,N-trimethylanilinium salts appeared to be much more reactive as
methylating reagents in DMSO than in toluene. The most reactive reagent towards
methylation was shown to be the meta-bromo anilinium iodide (184a) giving an

average conversion of 99% with minimal variance. Surprisingly, the meta-chloro
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analogue (183a) which had a similar reactivity to 184a in toluene and shares a similar
degradation profile, was not very effective for methylation in DMSO giving just
35+1% conversion to 195. The para-bromo anilinium iodide (180a) also gave a much
higher average conversion (87+£15%) to 195 compared to the fluoro (47£13%) and
chloro (40+6%) analogues. Relatively high conversion (85£11%) to 195 was also
observed in the case of the ortho-methyl salt (187a), this is consistent with the

preference of 187a to demethylate to its N,N-dimethylaniline.

The halide counterion was shown to have an effect on methylating ability, with the
unsubstituted chloride salt (174c) giving a higher average conversion (79£15%) than
the bromide (174b, 72+10%), and iodide (174a, 43+15%). The unsubstituted triflate
salt (174e) gave a similar average conversion (48+4%) to the iodide, despite its slower

anticipated degradation rate.

N,N,N-trimethylanilinium iodides with strongly electron-withdrawing groups such as
175a, 176a, and 177a gave poor conversions to the anisole product (2612, 71,
23+2%). This result was initially surprising since the unstable anilinium salts might be
expected to act efficiently in these reactions. Further investigation found that when
these anilinium salts were used in the reaction, aryl ethers 196-198 were observed as
the major product, which would arise from an SnAr type reactivity (Figure 94). The
respective yield of 196, 197, and 198, were 61+2, 80+3, and 61+3 %. Interestingly,
when para-trifluoromethyl (188a) was used, only 5£1% of the SnAr product 199 was
isolated. This is presumably due to the electron-withdrawing effect of the CF3 group
being completely inductive, giving it a diminished ability to stabilise the Meisenheimer
intermediate that an SnAr reaction could proceed through. No aryl ether products were
detected for any of the N,N,N-trimethylanilinium iodides tested except for the

aforementioned four.

Q—o :@o P}—@—o F3C©—o

196 197 198 199

Figure 94. Aryl ethers resulting from SnAr-type reaction of N,N,N-
trimethylanilinium and 194.
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Overall, screening of N,N,N-trimethylanilinium salts for their methylation of 194
suggest that there is a play off in electronic factors where very electron rich salts will
have low reactivity, but very electron deficient salts will start to favour arylation over
methylation. 184a gave repeatable high yielding reactions so it was decided to take
this salt forward to test its methylating potential under the standard reaction conditions
on a range of different nucleophiles. A substrate scope that consisted primarily of
phenolic nucleophiles, but also thiophenol and benzoic acid was carried out (Figure
95). It is conceivable that the meta-bromo substituent of 184a may be incompatible
with other functionalities, so 187a was also considered as an alternative for the
synthesis of 200, 210, and 211.
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Figure 95. Methylation substrate scope of phenols, thiophenol and benzoic acid
using 184a (blue) or 187a (green).
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The substrate scope examined for methylation with 184a represents a range of
electronically and sterically differentiated phenols. Halogen substituted phenols gave
anisole product 201 and 202 in 69% and 70% yield, respectively. Electron deficient
phenols such as the starting material for 203 tended to give poorer conversions to the
anisole. 4-acetamidophenol was effectively converted to the methylated product (204)
in 77% yield, gratifyingly no N-methylation on the amide functionality was detected.
Sterically encumbered 2,6-disubstituted phenols were amenable to methylation under
these conditions delivering 205 (93%), 206 (83%), and 207 (87%), whereas the mono
ortho-methylphenol only delivered 208 in 44% yield.

The phenyl ring could be extended to a naphthyl system, with 2-naphthanol being
converted to its methyl ether in an excellent yield of 96%. Some slightly more complex
substrates were then employed to demonstrate the utility of 184a as a methylating
reagent. Estrone could be converted to a-methoxyestrone (210) effectively, delivering
the methyl ether product in 86% yield. 7-methoxycoumarin (211) was synthesised in
an almost quantitative yield. Experiments showed that 184a could be used for S-
methylation, where thiophenol was converted to thioanisole in 77% yield. Finally, the
esterification of benzoic acid to the methyl ester (213) also occurred giving a good
yield of 80%.

Though the number of substrates examined was far fewer, the potential of 187a as a
methylating reagents was also demonstrated. 4-'‘Bu-anisole (200) was delivered in 86%
yield. Methyl ether products 210 and 211 were also generated in 84% and 62% yield,
respectively. 187a was generally lower yielding than 184a as a methylating reagent
but these initial experiments showed that it has potential as a reagent that could be

improved through optimising the reaction conditions.

Comparison of 184a to common methylating reagents

With 184a being revealed as an effective reagent for the methylation of phenol, it was
then compared to some common existing methylating reagents in its reaction with 194.
Methyl iodide, methyl triflate, methyl tosylate, dimethyl sulfate and

dimethylcarbonate were all tested in the place of 184a under the standard methylation

92



reaction condition (Figure 96), the reaction with methyl iodide was also conducted at
40 °C. Our experiments showed that in DMSO at 80°C, 184a was the most effective
at synthesising 195 giving 98% of the anisole, in comparison to methyl iodide (79%),
methyl triflate (2%), methyl tosylate (62%) and dimethyl sulfate (29%).
Dimethylcarbonate did not deliver any of the methylated product though it is often
employed alongside an activating catalyst such as DBU, or is used as the reaction
solvent. The effectiveness of 184a coupled with its potential advantages over other
reagents e.g. reduced risk of exposure through inhalation and ease of handling as an
air-stable solid, make it an attractive reagent to consider for the O-methylation of

phenols.
Methylating reagent (1.2 eq.)
KzCO3 (4 eq)
T, 3 h, DMSO Me
194 195
Methylating reagent T (°C) Yield (%)

184a 80 98
Methyl iodide 40 70
Methyl iodide 80 79
Methyl triflate 80 2
Methyl tosylate 80 62
Dimethyl sulfate 80 29
Dimethyl carbonate 80 0

Figure 96. Comparison of methylation reagents for the conversion of 194 to 195.

The lack of any observed N-methylation in the synthesis of 204 (Figure 95) when
using 184a suggested that using the anilinium salt as a methylating reagent could offer
some reaction selectivity. In the case of 204, complete chemoselectivity was observed

for the O-nucleophile. A more challenging case of regioselectivity was investigated in
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the methylation of 214 with 184a as the methylating reagent (Figure 97). 2°,4’-
dihydroxyacetophenone (214) offers two potentially reactive phenolic nucleophiles.
There is also potential for C-methylation a to the carbonyl but this would be highly
unexpected. Assuming only O-methylation could occur, there are three potential
products, the mono-methylated 215a and 215b, or the di-methylated 215c.

Running the methylation of 214 under the standard reaction conditions revealed that
no ortho-hydroxyl methylation product (215a) was observed. A mixture of 37% para-
methylated product (215b) and 26% dimethylated product (215c¢) was observed when
using 184a as the methylating reagent. For comparison, methyl iodide was used in the
same reaction. Again, no 215a was seen and a mixture of 215a and 215b was obtained,
though an improved selectivity for the monomethyl was seen using methyl iodide.
Under the reaction conditions used in this preliminary reaction, a low regioselectivity
was obtained using 184a as the methylating reagent. However, the fact that 184a and
methyl iodide give different product distributions suggests that there could be an
exploitable difference in the reactivity of each reagent. Further investigation, including
reaction monitoring, could be used in the future to understand the reactivity differences

between each reagent.

Methylating
reagent ( 1 2 eq
oH 80°C,3h, DMSO 4 OMe MeO OH MeO
215a 215b 215¢
Methylating reagent 215a (%) 215b (%) 215¢ (%)
184a 0 37 26
Methyl iodide 0 57 20

Figure 97. Comparison of the regioselectivity when methylating 214 with either
184a or methyl iodide.
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Methylation Reactions in NMP

DMSO has proven to be a useful reaction solvent for the methylation of phenols with
N,N,N-trimethylanilinium salts. However, due to its non-innocence and the proclivity
for DMSO to decompose at high temperatures, it is conceivable that users of this
chemistry (particularly process chemists) may wish to adopt a different solvent,2>77
It was thought that a similarly polar solvent would need to be used to solubilise the
anilinium reagents. N-methyl-2-pyrrolidone (NMP) was chosen as an alternative
solvent to consider as it is commonly used to replace DMSO in large-scale processes.
Furthermore, it is not expected that NMP would be able to react directly with N,N,N-
trimethylanilinium salts in the way that DMSO has been shown to.

The methylation of 194 was first carried out with 184a in NMP under the standard
conditions used for DMSO methylations (Figure 98, Entry 1), giving the methylation
product in an 88% yield. A brief investigation into reaction temperature (Entry 2),
reaction concentration (Entry 3), and reaction time (Entry 4) revealed that running the
methylation in NMP under the existing conditions but for a longer period of time (8
h), the anisole product 195 could be isolated with a yield of 96%. Then, using the
newly established reaction conditions, estrone and 7-hydroxycoumarin were also
converted to their methyl ethers 210 and 211 with respective yields of 88% and 94%
(Figure 99).
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Entry x (mL) y (h) z(°C) Yield (%0)
1 2 3 80 88
2 2 3 50 62
3 5 3 80 83
4 2 8 80 96

Figure 98. Optimisation for the methylation of 194 in NMP using 184a.
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Figure 99. Methylation of phenols using 184a in NMP.

With NMP proving to be a suitable alternative solvent to DMSO for the methylation
of phenols, the following questions about the behaviour of anilinium salts in NMP
were raised: Do N,N,N-trimethylanilinium iodides still decompose to N,N-
dimethylanilines and methyl iodide in NMP? And if so, does the rate of degradation

compare to that observed in DMSO-ds?

To begin answering these questions, a suitable method to monitor the degradation of
N,N,N-trimethylanilinium salts in NMP needed to be developed. Ideally *H NMR
kinetic experiments analogous to those already carried out in DMSO-ds would be used.
However, NMP-ds is less widely available than DMSO-ds which was a prohibiting
factor in its use. It was thought that NMR spectroscopy could be used to follow an
alternative nucleus to H, allowing the non-deuterated solvent to be used in a
degradation experiment. To put this hypothesis to the test, 4-trifluoromethyl-N,N,N-
trimethylanilinium iodide (188a) was chosen as a substrate to monitor with **F NMR

spectroscopy.

A sequence was developed that allowed the NMR spectrometer to lock onto the N-
CHz3 protons of NMP and carry out the shimming process, before obtaining a *F NMR
spectrum of the sample. With this sequence set up, the T1 delay times of each fluorine
nucleus in 188a, 4-trifluoromethyl-N,N-dimethylaniline, and a,a,a-trifluorotoluene
(which would be used as an internal standard) were calculated via a T1ir experiment.

A mixture of 188a (0.1 M) and a,o,a-trifluorotoluene (0.1 M) was prepared in NMP
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and heated at 80 °C for 16.5 h whilst 1°F NMR spectra were recorded at regular time
intervals. The resulting spectra were stacked, which could be processed to calculate
the concentrations of 188a and 4-trifluoromethyl-N,N-dimethylaniline over the time

course (Figure 100).

Unfortunately, the nature of the experiment meant that any non-innocence of NMP
would not be observed (unless it involved the generation of a new fluorine-containing
species). Though the assumption could not be tested, estimation of degradation rate
constants were based solely on the reversible iodide-led degradation of 188a (Figure
101). Using COPASI the estimated rate constants for this reaction were k1 = 4.44 x 10°
*stand k1=4.78 x 104 M1s™.
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Figure 100. Degradation time course of 188a (0.1 M) in NMP at 80 °C monitored in
real-time by °F NMR spectroscopy. The concentrations of 188a and 4-
trifluoromethyl-N,N-dimethylaniline were determined from their trifluoromethyl
groups with respect to the internal standard, a,a,a-trifluorotoluene.
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Figure 101. Proposed degradation reaction of 188a in NMP with assigned rate
constants ki and k-1.
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The monitoring of 188a in NMP at 80 °C revealed that the N,N,N-trimethylanilinium
iodide salt does thermally degrade. The rate constant for iodide-led degradation (ka)
was an order of magnitude higher than that observed for any of the anilinium salts
tested in DMSO-des. The concentration vs time plots for 188a in both DMSO-ds and
NMP are overlaid in Figure 102. The first observation here is the noticeable difference
in degradation rate: k1 = 8.08 x 10°s™ in DMSO-ds and k1 = 4.44 x 10 st in NMP.
The second point to consider is that, 188a appears to reach an equilibrium
concentration of about 0.05 M in DMSO-ds. In NMP, the salt almost completely
degrades. Though DMSO and NMP largely have similar properties, differences in their
physical parameters such as dielectric constant (74 vs 42) or viscosity (2.00 vs 1.66
mPas), may contribute to differences in N,N,N-trimethylanilinium salt stability in
solution.!’® Alternatively, the ability of methyl iodide to react with DMSO to form
TMSOI may act as a methyl iodide “sponge” to keep the volatile methylating reagent
in solution. Without this mechanism in place for NMP, the methyl iodide could exist
mainly in the NMR headspace which limits the rate of the backwards reaction. This
cannot be probed with *°F NMR.
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Figure 102. Comparison of the degradation of 188a in DMSO-ds (blue) and NMP
(orange).
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Mechanism of Phenol Methylation using N,N,N-Trimethylanilinium Salts

Comprehensive degradation studies have shown that N,N,N-trimethylanilinium
iodides readily decompose to N,N-dimethylanilines and methyl iodide when heated in
DMSO and NMP. Synthetic studies have shown that N,N,N-trimethylanilinium iodides

are capable of acting as competent reagents in the methylation of phenols.

The major remaining questions about the reactivity of N,N,N-trimethylanilinium salts
revolve around the mechanism by which they act as methylating reagents (Figure
103). i.e. do they methylate phenols by direct attack of the nucleophile onto the
anilinium salt (route C) or does the methyl iodide generated in situ from their
decomposition act as the methylating reagent (route D). In DMSQO, it is also uncertain
if TMSOI plays a role in the methylation reactions (routes A and B). A series of

experiments to delineate the reactive pathways are presented in this section.

Methylation by route A, B, C, or D? CH
Na 7 3
o N
? o _DMsO_
HoGSSgHy O ==, Sy, +1=CHa
3 3 3 CI—% 3R

A| Nuc BJ Nuc C‘ Nuc D | Nuc
Nuc—CH; Nuc—CH, Nuc—CH, Nuc—CH;

Figure 103. Possible pathways of nucleophile methylation using N,N,N-
trimethylanilinium iodides in DMSO.

In order to gain mechanistic insights into the methylation reaction, it would be useful
to follow the methylation process using real time *H NMR in the same way that the
degradation was monitored. The use of potassium carbonate in the methylation
reactions precluded this possibility as reaction mixtures were heterogeneous. Moving
to a soluble base could potentially overcome this problem but finding a suitable
soluble, non-nucleophilic base was challenging, and the obtained data would not have
been representative of how these reactions proceed in practice. Therefore, a series of

carefully designed experiments were carried out to systematically probe routes A-D.
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The investigation first considered whether nucleophile attack occurs directly onto the
anilinium salt (route C) or from the in situ generated methyl iodide (route D). PFs
(184d) and BArF (184f) analogues of 184a were used in the methylation of 194 to
probe this (Figure 104). The direct question that can be answered from this set of
experiments is: Is the generation of in situ generation of methyl iodide from anilinium

decomposition necessary for methylation?

The answer to that question is no. 184d and 184f are able to methylate 194 with yields
of 45% and 50% respectively, despite their inability to generate methyl iodide as a
methylating reagent (via route A or route D). However, the yields obtained with the
PFes and BArF salts are significantly lower than that obtained with the iodide (98%),

which suggests that route D occurs at a faster rather than other methylation routes.

|
N
N O

X
184 X Yield (%)
| 98
Br 1.2 eq. oF e
K,CO; (4 eq.) 6
80 °C, 3 h, DMSO Me
194 195

Figure 104. Methylation of 194 in DMSO using 184a, d, and f.

Whilst the experiments in Figure 104 show that decomposition to methyl iodide is not
a prerequisite, they do not show conclusively that route C is occurring. This is because
of the competing DMSO-led degradation which results in the synthesis of the TMSO
cation. It is possible that the methylation occurring in the experiments above comes

from TMSO rather than the anilinium directly i.e. methylation occurs via route B.

To gain a deeper insight into this uncertainty, the methylating potential of TMSO salts
was investigated (Figure 105). TMSO iodide (216a), PFs (216d) and BArF (216f)
were all used for the methylation of 194 in DMSO to see if methylation through route
B was possible. 216a methylated the phenol in 76%. This suggested TMSO could

possibly react through route B; however, earlier experiments showed that TMSOI can
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decompose to methyl iodide (Figure 73), meaning methylation through route A could

be occurring.

Methylation with 216d and 216f occurred with 57% and 53% vyields respectively.
Neither of these reagents can decompose to methyl iodide so this suggests that direct
reaction of the nucleophile with the TMSO cation (route B) is possible. Comparing the
iodide case to the non-coordinating anions, it appears once again that where methyl
iodide can be generated, methylation reactions are faster. i.e. methylation by methyl
iodide (routes A and D) is faster than methylation by the TMSO or Anilinium cations
(routes B and C).

216 (,?@x@ X Yield (%)
I 1.2eq. I 76
K,COj3 (4 eq.) PFg 57
; <:> OH 0 °C, 3 h, DMSO > <:> QMe BArF 53
194 195

Figure 105. Methylation of 194 in DMSO using 216a, d, and f.

The mechanistic experiments above show that methylation by route B is definitely
possible. The higher methylation yields with the anilinium and TMSO iodides
compared to PFs and BArF salts also suggest that routes A and D occur. The question
that remained was if methylation directly from the anilinium (route C) could occur. To
answer this question, changing the solvent away from DMSO was necessary, thus

NMP was employed in the final reactions.

184a and 184d were both used in the methylation of 194 in NMP (Figure 106). 184a
methylated the phenol effectively in 88% yield. Here routes A and B are not possible,
so assuming NMP is innocent in this system, methylation must come entirely from the
anilinium itself (route C) or methyl iodide (route D), anilinium salts were shown to

decompose in NMP previously (Figure 100).

Finally, the methylation carried out with 184d proceeded with a modest yield of 11%.

With routes A, B, and D eliminated, it stands to reason that the methylation in this case
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must be occurring directly from attack of 194 onto the anilinium cation via route C.
The low methylation yield in this case suggests that methylation directly from the

anilinium cation is inefficient.
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Figure 106. Methylation of 194 in NMP using 184a and 184d.

Taken together, the experiments carried out in this section gives a wealth of useful

information about this methylation system. The key findings are as follows:

e Methylation of the nucleophile from methyl iodide, the anilinium cation, and
the TMSO cation are all possible.

e Methylation via methyl iodide is the most efficient reaction pathway whenever

methyl iodide can be generated.

e Methylation via the TMSO cation is more efficient than methylation from the

anilinium directly.

Despite the absence of evidence for any single electron pathways occurring in the
degradation reactions. For completeness, it was decided to probe the possibility of any
radical mediated methylation. The methylation of 194 with 184a was carried out in
DMSO in the presence of 3 equivalents of TEMPO (Figure 107). The methylation
proceeded with 65% yield, suggesting that the methylation reaction is not dominated
by radical based pathways. Furthermore, no TEMPO adducts were detected by H
NMR of GCMS analysis. Although the reaction was not shut down, it did run with a
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lower yield (65% compared to 98% in the absence of TEMPO), so without further

investigation it is not possible to completely rule out any single electron pathways.

184 1 '
B 1.2 eq.

TEMPO (3 eq.)
K,CO3 (4 eq.)
§—< Y—on —22 - @—o
80°C,3h,DMSO  / \—/ o

194 65% 195

Figure 107. Methylation of 194 with 184a in DMSO in the presence of TEMPO (3
eq.).
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1.4 Conclusions

This project has focussed primarily on studying the degradation of N,N,N-
trimethylanilinium salts to understand their reactivity. By monitoring the degradation
of these salts, a wealth of information has been uncovered about their intrinsic
stabilities and how they might be used as reagents. A range of analytical techniques

has been employed in this study.

The effects on aryl substitution and counterion species on the reactivity of N,N,N-
trimethylanilinium salts have been explored in great detail. A library of anilinium salts
was synthesised to include aryl substituents in the ortho-, meta-, and para- positions
of the anilinium aromatic ring, these substituents have represented electron-donating
and electron withdrawing groups through both mesomeric and inductive effects, and
also sterically influential groups. The effect of counterion species on salt stability was
also studied. These investigations considered different halide species, and weakly
coordinating anions such as hexafluorophosphate, trifluoromethanesulfonate and
tetrakis(3,5-bis(trifluoromethyl)phenyl) borate.

Initial investigations considered the stability of N,N,N-trimethylanilinium salts in the
solid state. Thermal gravimetric analysis was utilised in this part of the study. The data
showed that halide counterion affects the stability of N,N,N-trimethylanilinium salts in
the solid state, with the unsubstituted chloride salt decomposing at a lower temperature
than both the analogous bromide and iodide. It was found that electron-withdrawing
aryl substituents led to lower onset degradation temperatures than electron-donating
substituents. The other key finding from the TGA experiments was that all of the
N,N,N-trimethylanilinium salts tested were stable under both argon and air to
temperatures of at least 165 °C. This suggests that the salts would be safe and

convenient to store as reagents in a research laboratory or manufacturing plant setting.

The stability of the N,N,N-trimethylanilinium salt library was also investigated in
DMSO. Initial investigations used single time point experiments to gain an insight into
substituent and counterion effects on the thermal stability of these salts. As observed
in the solid state, electron-deficient anilinium salts degraded more quickly than
electron-rich anilinium salts. N,N,N-trimethylanilinium chloride salts were found to

have a lower stability than bromides and iodides in turn. Changing the halide
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counterion to non-coordinating hexafluorophosphate, trifluoromethanesulfonate, or
tetrakis(3,5-bis(trifluoromethyl)phenyl) borate anions significantly reduced the
degradation rate of the N,N,N-trimethylanilinium salts.

The degradation of a range of N,N,N-trimethylanilinium salts was monitored in real
time using *H NMR spectroscopy. The findings from single time-point experiments
with respect to substituent effects were consolidated. Quantitative kinetic analysis also
revealed an interesting isotopic scrambling event that ultimately led to the assertion
that DMSO acts non-innocently in these systems. The data led to the proposed

mechanism shown in (Figure 108).
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Figure 108. Proposed degradation mechanism of N,N,N-trimethylanilinium iodides
in DMSO-ds.

With an understanding of N,N,N-trimethylanilinium salt degradation, attention turned
to their synthetic applications. The methylating ability of a range of N,N,N-
trimethylanilinium salts on 4-'Bu-phenol was screened in both toluene and DMSO.
Generally, DMSO was better for reactivity which could stem from better anilinium
salt solubility. Electron-rich anilinium salts reacted quite sluggishly towards
methylation. Electron-deficient anilinium salts were shown in general to be more
reactive; however, when substituents were strongly electron-withdrawing through

resonance effects, SnAr type reactivity became dominant. 3-Br-N,N,N-
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trimethylanilinium iodide was shown to be the most effective methylating reagent

under the conditions used.

3-Br-N,N,N-trimethylanilinium was then tested for its methylating ability on a range
of substrates. These primarily included phenols which could be converted to anisole
products in generally good vyields. Thiophenol and benzoic acid could also be
converted to thioanisole and methyl benzoate showing further potential for N,N,N-
trimethylanilinium salts as methylating reagents. The methylation reactions were also
shown to be feasible in NMP which could be more attractive to users of anilinium

chemistry on scale.

Finally, the mechanism of phenol methylation was examined. A series of experiments
designed to probe particular reactive pathways suggested that the primary methylating
reagents in N,N,N-trimethylanilinium iodide reaction mixture was methyl iodide,
which was generated in situ through anilinium degradation. The experiments show that
in DMSO, non-innocence of the solvent can also promote methylation through the
formation of trimethylsulfoxonium iodide and its subsequent decomposition to methyl
iodide. It appears that direct attack of a nucleophile onto the N,N,N-trimethylanilinium
moiety is possible but occurs at a slower rate than the aforementioned reactive

pathways.
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1.5 Future Work

It has been demonstrated in this project that gaining a mechanistic understanding of
the degradation of N,N,N-trimethylanilinium salts can be used to guide their synthetic
applications. It was shown that salts such as 184a and 187a are effective for the
conversion of phenolic substrates to their respective anisole products. Much of the
future work in this area should focus on furthering the synthetic utility of N,N,N-
trimethylanilinium salts, by applying the mechanistic insights gained through this
project. Mechanistic experiments showed that when using N,N,N-trimethylanilinium
iodides for methylation reactions, the main methylation pathway is from the in situ
generation of methyl iodide. Aside from obvious benefit of not having to directly
handle toxic, volatile methyl iodide, the ability for N,N,N-trimethylanilinium iodides
to slowly release methyl iodide into a reaction mixture may deliver some benefits to

methylation chemistry users.

The in-depth investigation into N,N,N-trimethylanilinium salt degradation Kkinetics
revealed a wealth of information about their reactivity. However, there are a few issues
that should be addressed in the future. The kinetic modelling allowed the estimation
of degradation rate constants that could be used in a comparative sense. Further
refinements to the model should be made that take into account the observed isotopic
scrambling such that each of the intermediates can be incorporated into the model to
obtain more accurate rate constants. Further attempts to find a model that is more
consistent with the apparent concentration dependence of anilinium degradation
should also be explored. Monitoring the degradation of N,N,N-trimethylanilinium
iodides with an added iodide salt may also give information about the degradation

reaction order in anilinium.

Preliminary investigations into reaction selectivity with a substrate containing two
potential methylation sites (2°,4’-dihydroxyacetophenone) did not show any benefit of
using N,N,N-trimethylanilinium iodides over methyl iodide. These experiments were,
however, very limited and only considered the ratio of products after a set reaction
time. This concept should be investigated further by studying the reaction kinetics to
identify any differences in the rate of formation for any particular products. It is hoped

that using N,N,N-trimethylanilinium salts to deliver a controlled release of methyl
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iodide into the reaction mixture could be exploited to preferentially form the
kinetically favoured methylation products (Figure 109a). Furthermore, changing the
reaction conditions such as reaction temperature or the solvent, may deliver better
selectivity. Aside from regioselectivity, it is envisaged that N,N,N-trimethylanilinium
salts could react chemoselectively with ambident nucleophiles, such as 2-
mercaptophenol, containing more than one different reactive centre (Figure 109b).
Depending on the success of these proof of concept experiments, any regio- or
chemoselectivity could be exploited for the selective methylation of drug compounds
or natural products with multiple reactive sites, which would present attractive

opportunities for using N,N,N-trimethylanilinium salts in synthetic organic chemistry.

a) Reaction kinetics?
| Monomethylation versus dimethylation?
—N&- Regioselectivity?
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OH Condition

Monomethylation versus dimethylation?
—N— Chemoselectivity?

© OCH,4 OCH 3
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Figure 109. Potential investigation into methylation regioselectivity and
chemoselectivity using N,N,N-trimethylanilinium iodides.

N,N,N-trimethylanilinium salts as methylating reagents could present numerous
advantages over methyl iodide (or similar electrophilic methylating reagents) to users
of methylation chemistries on a process-scale. The fact that N,N,N-trimethylanilinium
salts are thermally stable solids at room temperature means that they are easier to
handle and that they present a lower exposure risk than volatile compounds such as
methyl iodide. However, the toxicity of N,N,N-trimethylanilinium salts should be

investigated further before recommending their wide spread adoption.
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Further safety benefits may be identified from thermal analysis of these methylation
reactions. It is envisaged that a slow release of the active methylating reagent (methyl
iodide) into a reaction mixture could allow reactions to proceed with a more controlled
heat output compared to using methyl iodide directly (Figure 110). Various
calorimetric methods such as reaction calorimetry or differential scanning calorimetry
could be applied to these reaction systems to understand and safety advantages N,N,N-

trimethylanilinium salts may offer.
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Controlled heat output with N,N,N-trimethylanilinium iodides?
Better thermal properties for process-scale reactions?

Figure 110. Potential investigations comparing reaction heat output with methyl
iodide or N,N,N-trimethylanilinium iodides as methylating reagents.

The final area that should be considered for further investigation is the application of
N,N,N-trimethylanilinium salts in cross coupling reactions. Whilst the applications of
N,N,N-trimethylanilinium salts in cross coupling reactions are numerous, little
understanding of the factors affecting their reactivity has been used to guide their
usage. It is envisioned that insights into N,N,N-trimethylanilinium reactivity gained in
this project could be used to increase the efficiency of cross coupling reactions using
these reagents. Two select examples as a starting point for these investigations are

identified below.

The CH-methylation protocol using N,N,N-trimethylanilinium iodide that was
developed by Chatani and co-workers is not very well understood mechanistically

(Figure 46, vide infra).™® It is unclear from the original literature report if methylation
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occurs directly from the N,N,N-trimethylanilinium cation or from methyl iodide that
is generated in situ. The requirement for high reaction temperatures, the lack of
reactivity using N,N,N-trimethylanilinium hexafluorophosphate, and the development
of a very similar protocol from the group using methyl iodide directly, all suggest that
methyl iodide generated from anilinium degradation is the effective source of methyl
groups in this reaction manifold.®° If the generation of methyl iodide is necessary for
the reaction to occur, as suspected, the findings from this project may be applicable to
improve reaction efficiency (Figure 111). It is envisaged that using an alternative
reagent that is more susceptible to thermal degradation, such as o-methyl N,N,N-
trimethylanilinium iodide (187a), in the place of the unsubstituted N,N,N-
trimethylanilinium iodide (174a), could facilitate the generation of methyl iodide at
lower temperatures or over shorter reaction times. 187a would also be likely to have a
higher solubility in toluene than 174a, though any issues relating to reaction

homogeneity are not mentioned in the original report.

G
HsC=NZCHs  Ni(OTf), (10 mol%)
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R Hoo | * Na,COs (2 eq.) R Hoo |
X Toluene, 140 °C, 24 h CHs X

Alternative N,N,N-trimethylanilinium salts to improve reaction efficiency?

Figure 111. Potential improvement of an existing cross-coupling methodology using
the mechanistic findings from this project.**

In many of the cross-coupling applications of N,N,N-trimethylanilinium salts,
degradation to the N,N-dimethylaniline and methyl iodide represents an undesired
reactive pathway. A selected methodology (Figure 112) wuses N,N,N-
trimethylanilinium iodides as the electrophilic coupling partners in a THF-NMP
mixture at relatively high temperatures of 85 °C.1"® The substrate scope used in the
investigation has a limited number of N,N,N-trimethylanilinium salts bearing electron
withdrawing aryl substituents. Degradation of N,N,N-trimethylanilinium iodides to

dimethylanilines and methyliodide is not listed as a competing reaction, but findings
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from this project suggest that this will be the case. Investigations into this reaction
manifold, or similar, should be carried out that use the degradation understanding
gained through this project to improve the efficiency of the cross-coupling. In
particular, the use of OTf, PFs or BArF salts should be employed, and the reactions
should be trialled at lower temperatures (potentially at the cost of longer reaction
times), to minimise any competing demethylation of the N,N,N-trimethylanilinium

substrates.
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Figure 112. Potential investigations to utilise degradation understanding to promote
cross coupling reaction efficiency.'”
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1.6 Experimental
1.6.1 General Considerations
Solvents and Reagents

All reagents were obtained from commercial suppliers (Alfa Aesar, Fluorochem,
Sigma-Aldrich, Thermofisher or VWR) and used without further purification unless

otherwise stated.
Dimethylsulfoxide and N-methylpyrrolidone were dried over 4A molecular sieves.

Tetrahydrofuran and toluene were obtained from a PureSolv SPS-400-5 Solvent

Purification System.
Thin Layer Chromatography

Thin layer chromatography was carried out using Merck TLC Silica gel 60 F2s4 plates.
A Mineralight UVGL-25 lamp was used at 254 nm to visualise spots; when necessary

vanillin or potassium permanganate dip was used to develop TLC plates.

Column Chromatography

Column chromatography was carried out using VWR silica gel (40-60 um mesh).
IR spectroscopy

IR spectra were recorded on a Perkin Elmer Spectrometer 1. All spectra were taken

from neat samples and absorptions are listed in cm™.
NMR Spectroscopy

H, B¥C, "B °F, and 3P NMR spectra for structural analysis and single point
degradation studies were recorded on a Bruker AV 3-400 spectrometer at 400 MHz and
101 MHz, 128 MHz, 376 MHz and 162 MHz, respectively. All spectra were recorded
at ambient temperature using standard pulse methods. Chemical shifts are recorded in
ppm with respect to residual solvent peak, and multiplicities are denoted as: singlet
(s), doublet (d), triplet (t), quartet (q), quintet (quin) or multiplet (m). Coupling
constant are reported in Hz and refer to H-H couplings, unless otherwise stated.
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'H NMR spectra for elevated temperature studies were recorded on a Bruker AV3-
500HD spectrometer at 500 MHz. Chemical shifts are reported in ppm with respect to
1,2,4,5-tetramethylbenzene internal standard.

1.6.2 Experimental Procedures
General Procedure A — Preparation of N,N-dimethylanilines from anilines*®

To a flame dried two-necked 250 mL round bottom flask equipped with a stirrer bar
was added the relevant aryl-substituted aniline (1 eq.), paraformaldehyde (5.4 eq.),
sodium cyanoborohydride (5.4 eq.) and dry THF. Glacial acetic acid (5.4 eg.) was then
added dropwise via syringe to the stirred solution at room temperature. The resultant
mixture was heated to 50 °C and stirred under an atmosphere of argon for 18 h. After
cooling to room temperature, the mixture was partitioned between a saturated sodium
carbonate solution and diethyl ether. The layers were separated and the aqueous layer
was extracted with two further portions of diethyl ether. The organic layers were
collected and dried over anhydrous magnesium sulfate, filtered, then concentrated in
vacuo. The resultant oil was purified by silica gel column chromatography (eluting

with ethyl acetate/ petroleum ether 1:6) to give the corresponding dimethyl aniline.

General Procedure B — Preparation of N,N,N-trimethylanilinium iodide salts from

N,N-dimethylanilines with methyl iodide

The relevant aryl-substituted N,N-dimethylaniline (1 eg.) was dissolved in acetonitrile
to a concentration of 2 M in a sealed 25 mL round bottom flask equipped with a stirrer
bar. Methyl iodide (3 eg.) was added dropwise via syringe to the stirred solution. The
reaction mixture was stirred at 60 °C for 16 h and a white precipitate formed. Upon
cooling, the solid was collected via vacuum filtration, and washed with diethyl ether
(3 x 10 mL). The solid residue was then dried under high vacuum to give the

corresponding N,N,N-trimethylanilinium iodide.

General  Procedure C -  Preparation of  N,N,N-trimethylanilinium
hexafluorophosphate salts from N,N,N-trimethylanilinium iodides with potassium

hexafluorophosphate
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The relevant aryl-substituted N,N,N-trimethylanilinium iodide (1 eq.) was dissolved in
the minimum amount of deionised water to achieve dissolution. Potassium
hexafluorophosphate (2 eg.) was added to the solution and stirred for 2 h causing a
white precipitation to form. The solid was collected via vacuum filtration and washed
with deionised water (3 x 10 mL), then dried in a vacuum oven overnight to give the

corresponding N,N,N-trimethylanilinium hexafluorophosphate product.

General Procedure D -  Synthesis  of  N,N,N-trimethylanilinium
trifluoromethanesulfonate  salts  from  N,N-dimethylanilines  with  methyl

trifluoromethanesulfonate

The relevant aryl-substituted N,N-dimethylaniline (1 eq.) was dissolved in
dichloromethane to a concentration of 1 M in a sealed 50 mL round bottom flask
equipped with a stirrer bar. Methyl trifluoromethanesulfonate (1.5 eq.) was added
dropwise via syringe to the stirred solution. The reaction mixture was stirred at room
temperature for 18 h. Diethyl ether (20 mL) was added to the resulting solution causing
a precipitate to form. The solid was collected via vacuum filtration and washed with
diethyl ether (3 x 10 mL) and dried under vacuum to give the N,N,N-

trimethylanilinium trifluoromethanesulfonate product.

General Procedure E — Synthesis of N,N,N-trimethylanilinium tetrakis(3,5-
bis(trifluoromethyl)phenyl) borate salts from N,N,N-trimethylanilinium iodides with

sodium tetrakis(3,5-bis(trifluoromethyl)phenyl) borate

The relevant aryl-substituted N,N,N-trimethylanilinium iodide (1 eq.) and sodium
tetrakis(3,5-bis(trifluoromethyl)phenyl borate (1 eq.) were stirred in a 1:1 biphasic
mixture of deionised water and dichloromethane at room temperature for 2 h. The
organic layer was then collected, dried over anhydrous sodium sulfate and filtered. The
filtrate was concentrated in vacuo then dried under high vacuum to give the
corresponding  N,N,N-trimethylanilinium  tetrakis(3,5-bis(trifluoromethyl)phenyl

borate product.
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Synthesis of N,N-dimethylanilines

Synthesis of 3-bromo-N,N-dimethylaniline

Q.

Prepared according to General Procedure A.

Amount of 3-Bromoaniline: 4.13 g, 23.9 mmol, 1 eq.

Amount of sodium cyanoborohydride: 7.90 g, 130 mmol, 5.4 eq.
Amount of paraformaldehyde: 3.91 g, 131 mmol, 5.4 eq.
Amount of acetic acid: 7.3 mL, 7.67 g, 128 mmol, 5.4 eq.
Volume of THF: 100 mL

Product yield: 3.64 g, 18.2 mmol, 76 %

IR: vmax 2881, 2802, 1591, 1553, 1493, 1411, 1350, 1227, 1179, 1096, 1065, 982, 955,
827, 756, 679, 659 cm™

IH NMR (400 MHz, CDCls): & 2.98 (s, 6H, N(CH3)2), & 6.67 (m, 1H, ArH), § 6.87
(m, 1H, ArH), § 7.11 (m, 1H, ArH)

13C NMR (101 MHz, CDCls): & 39.88, 110.44, 114.61, 118.60, 122.89, 129.76,
151.15

Synthesis of 4-trifluoromethyl-N,N-dimethylaniline

\N/

CF3

Prepared according to General Procedure A.

Amount of 4-trifluoromethylaniline: 3.87 g, 24.0 mmol, 1 eq.
Amount of sodium cyanoborohydride: 7.91 g, 130 mmol, 5.4 eq.
Amount of paraformaldehyde: 3.90 g, 131 mmol, 5.4 eq.
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Amount of acetic acid: 7.3 mL, 7.67 g, 128 mmol, 5.4 eq.
Volume of THF: 100 mL
Product yield: 1.97 g, 10.4 mmol, 43 %

Melting point: 68-79 °C
IR: vmax 1614, 1553, 1368, 1323, 1231, 1195, 1157, 1096, 1065, 941, 816 cm™

IH NMR (400 MHz, CDCls): & 3.04 (s, 6H, N(CH3)2), & 6.73 (d, 2H, ArH, J = 8.81
Hz), § 7.48 (d, 2H, ArH, J = 8.81 Hz)

13C NMR (101 MHz, CDCls):  39.59, 110.66, 117.00 (q, Jcr? = 31.49 Hz), 124.73
(g, Jcr! = 271.63 Hz), 125.83 (m), 151.81

1F NMR (376 MHz, CDCls): § -60.87

Synthesis of N,N,N-trimethylanilinium salts
Synthesis of N,N,N-trimethylpyridinaminium iodide, 175a
~N | e
@\ ©
SN
| P
Prepared according to General Procedure B.

Amount of N,N-dimethylpyridinamine: 1.22 g, 10.0 mmol, 1 eq.
Amount of methyl iodide: 1.87 mL, 4.26 g, 30.0 mmol, 3 eq.
Volume of acetonitrile: 5.0 mL

Product yield: 2.46 g, 9.3 mmol, 93 %

Melting point: 203-205 °C
IR: vmax 1490, 1466, 1151, 1060, 849 cm™

'H NMR (400 MHz, DMSO-dg): & 3.60 (s, 9H, N(CHz)3), & 7.73 (m, 1H, ArH), &
8.11 (m, 1H, ArH), 6 8.25 (m, 1H, ArH), ¢ 8.68 (m, 1H, ArH)

13C NMR (101 MHz, DMSO-ds): 5 54.41, 115.28, 126.23, 141.07, 148.59, 156.67
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Synthesis of 4-formyl-N,N,N-trimethyanilinium iodide, 176a

Prepared according to General Procedure B.

Amount of 4-formyl-N,N-dimethylanilinine: 2.98 g, 20.0 mmol, 1 eq.
Amount of methyl iodide: 3.74 mL, 8.53 g, 60.1 mmol, 3 eq.
Volume of acetonitrile: 10.0 mL

Product yield: 2.90 g, 10 mmol, 50 %

Melting point: 164-164 °C
IR: vmax 3015, 1699, 1306, 1177, 827 cm™*

IH NMR (400 MHz, DMSO-ds): § 3.74 (s, 9H, N(CHz)3), 5 8.18 (m, 2H, ArH), &
8.28 (m, 2H, ArH), 5 10.17 (s, 1H, CHO)

13C NMR (101 MHz, DMSO-ds):  56.40, 121.71, 130.84, 136.75, 151.01, 192.08

Synthesis of 4-benzoyl-N,N,N-trimethylanilinium iodide, 177a

oN o

0~ "Ph
Prepared according to General Procedure B.

Amount of 4-dimethylaminobenzophenone: 2.25 g, 10.0 mmol, 1 eq.
Amount of methyl iodide: 1.87 mL, 4.26 g, 30.0 mmol, 3 eq.
Volume of acetonitrile: 5.0 mL

Product yield: 1.90 g, 5.2 mmol, 52 %
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Melting point: 181-183 °C
IR: vmax 3007, 1655, 1597, 1288, 928 cm!

IH NMR (400 MHz, DMSO-ds): § 3.70 (s, 9H, N(CHz)3), 5 7.61 (m, 2H, ArH), &
7.72-7.79 (m, 3H, ArH), 8 7.95 (m, 2H, ArH), 5 8.19 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-ds): 8 56.43, 121.14, 128.83, 129.78, 130.89, 133.46,
136.08, 138.47, 149.62, 194.47

Synthesis of 4-fluoro-N,N,N-trimethylanilinium iodide, 178a

N

oN' o
F

Prepared according to General Procedure B.

Amount of 4-fluoro-N,N-dimethylaniline: 1.39 g, 10.0 mmol, 1 eq.
Amount of methyl iodide: 1.87 mL, 4.26 g, 30.0 mmol, 3 eq.
Volume of acetonitrile: 5.0 mL

Product yield: 2.60 g, 9.2 mmol, 92%

Melting point: 203-205 °C
IR: vmax 3003, 1600, 1510, 1232, 1120, 948, 844 cm™

'H NMR (400 MHz, DMSO-dg): & 3.66 (s, 9H, N(CHz3)3), & 7.54 (m, 2H, ArH), &
8.09 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-de): § 56.74, 116.65 (d, Jcr? = 23.6 Hz), 123.44 (d, Jcr®
= 8.6 Hz), 143.32, 161.80 (d, Jcr' = 248 Hz)

19F NMR (376 MHz, DMSO-ds): 5 -111.5 (m)
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Synthesis of 4-chloro-N,N,N-trimethylanilinium iodide, 179a

oN o

Cl
Prepared according to General Procedure B.

Amount of 4-chloro-N,N-dimethylaniline: 2.33 g, 15.0 mmol, 1 eq.
Amount of methyl iodide: 3.74 mL, 8.52 g, 60.1 mmol, 4 eq.
Amount of potassium carbonate: 8.29 g, 60.0 mmol, 4 eq.

Volume of acetonitrile: 15.0 mL

Product yield: 1.61 g, 5.4 mmol, 36%

Melting point: 229-230 °C
IR: vmax 1483, 1394, 1292, 1122, 1008, 945, 840 cm*

'H NMR (400 MHz, DMSO-ds): 6 3.66 (s, 9H, N(CHz)3), 8 7.75 (m, 2H, ArH), &
8.05 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-ds): 6 56.50, 122.83, 129.78, 134.62, 145.93

Synthesis of 4-bromo-N,N,N-trimethylanilinium iodide, 180a

oN o

Br
Prepared according to General Procedure B.

Amount of 4-bromo-N,N-dimethylaniline: 1.0 g, 5.0 mmol, 1 eq.
Amount of methyl iodide: 0.94 mL, 2.14 g, 15.1 mmol, 3 eq.
Volume of acetonitrile: 2.5 mL

Product yield: 1.27 g, 3.7 mmol, 74%
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Melting point: 201-203 °C

IR: vmax 2361, 1479, 1464, 1408, 1395, 1123, 1078, 1005, 945, 926, 839, 814, 735,
710 cm?

'H NMR (400 MHz, DMSO-dg): & 3.65 (s, 9H, N(CH3)3), & 7.88 (m, 2H, ArH), &
7.98 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-ds):  56.44, 123.01, 123.26, 132.75, 146.42

Synthesis of 4-methoxy-N,N,N-trimethylanilinium iodide, 181a
|

N\

oN o
OMe

Prepared according to General Procedure B.

Amount of 4-methoxy-N,N-dimethylaniline: 0.63 g, 5.0 mmol, 1 eq.
Amount of methyl iodide: 1.3 mL, 2.96 g, 20.0 mmol, 4 eq.
Amount of potassium carbonate: 2.71 g, 19.9 mmol, 4 eq.

Volume of acetonitrile: 5.0 mL

Product yield: 0.99 g, 3.4 mmol, 68%

Melting point: 236-238 °C
IR: vmax 1605, 1512, 1261, 1188, 1026, 854 cm™*

'H NMR (400 MHz, DMSO-ds): & 3.64 (s, 9H, N(CHs)3), & 3.83 (s, 3H, OCH3), &
7.12 (m, 2H, ArH), & 7.93 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-ds): 5 56.00, 56.67, 114.67, 121.98, 140.08, 159.53
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Synthesis of 3-methoxy-N,N,N-trimethylanilinium iodide, 182a

N

® |@
OMe

Amount of 3-methoxy-N,N-dimethylaniline: 3.02 g, 20.0 mmol, 1 eq.
Amount of methyl iodide: 3.74 mL, 8.53 g, 60.1 mmol, 3 eq.
Volume of acetonitrile: 10.0 mL

Product yield: 4.55 g, 15.5 mmol, 78%

Melting point: 184-185 °C
IR: vmax 3003, 1610, 1469, 1255, 1126, 1026, 904, 840 cm™

IH NMR (400 MHz, DMSO-de): & 3.67 (s, 9H, N(CHa)s), 5 3.88 (s, 3H, OCHa), &
7.17 (m, 1H, ArH), & 7.49-7.59 (m, 3H, ArH)

13C NMR (101 MHz, DMSO-ds): § 56.26, 56.45, 107.17, 112.22, 115.35, 130.90,
148.30, 159.96

Synthesis of 3-chloro-N,N,N-trimethylanilinium iodide, 183a

3-chloroaniline (2.55 g, 20.0 mmol, 1 eq.) was dissolved in acetonitrile to a
concentration of 2 M in a sealed 50 mL round bottom flask equipped with a stirrer bar
and potassium carbonate (11.1 g, 80.4 mmol, 4 eq.) was added. Methyl iodide (5.0 mL,
11.4 g, 80.0 mmol, 4 eq.) was added dropwise via syringe to the stirred solution. The
reaction mixture was stirred at 50 °C for 16 h. Upon cooling, the solid was collected
via vacuum filtration. The white solid was then stirred in ethanol and 50 °C for 20 min,

the resulting suspension was then filtered via vacuum filtration. Ethanol was removed
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from the filtrate via rotary evaporation and then dried on a high vacuum line to yield
3-chloro-N,N,N-trimethylanilinium iodide as a white solid (1.95 g, 6.5 mmol, 33%).

Melting point: 199-201 °C
IR: vmax 3004, 1591, 1481, 1178, 1097, 1082, 947, 866, 792 cm*

IH NMR (400 MHz, DMSO-dg): § 3.63 (s, 9H, N(CHzs)3), 8 7.69 (m, 2H, ArH), &
7.97 (m, 1H, ArH), 8 8.17 (m, 1H, ArH)

13C NMR (101 MHz, DMSO-ds): 8 56.46, 119.60, 121.24, 130.24, 131.62, 134.23,
148.18

Synthesis of 3-bromo-N,N,N-trimethylanilinium iodide, 184a

\'L/

® |@
Br

Prepared according to General Procedure B.

Amount of 3-bromo-N,N-dimethylaniline: 4.10 g, 20.5 mmol, 1 eq.
Amount of methyl iodide: 3.8 mL, 8.73 g, 61.5 mmol, 3 eq.
Volume of acetonitrile: 10.0 mL

Product yield: 6.59 g, 19.3 mmol, 94%

Melting point: 197-200 °C
IR: vmax 3003, 2922, 2361, 1584, 1449, 1422, 1180, 1078, 995, 947, 856, 792 cm™

'H NMR (400 MHz, DMSO-ds): & 3.66 (s, 9H, N(CHz)3), § 7.63 (m, 1H, ArH), &
7.83 (m, 1H, ArH), 6 8.04 (m, 1H, ArH), 6 8.23 (m, 1H, ArH)

13C NMR (101 MHz, DMSO-ds): 8 56.46, 119.93, 122.54, 123.82, 131.82, 133.17,
148.21
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Synthesis of N,N,N,4-tetramethylanilinium iodide, 185a

N,N,4-trimethylaniline (1.35, 10.0 mmol, 1 eq.) was dissolved in dichloromethane to
a concentration of 1 M in a 25 mL round bottom flask equipped with a stirrer bar.
Methyl iodide (3 eqg.) was added dropwise to the stirred solution. The reaction mixture
was stirred at room temperature for 16 h and a white precipitate formed. The precipitate
was collected via vacuum filtration, and washed with diethyl ether (3 x 10 mL). The
solid residue was then dried under high vacuum to give a white powder (2.13 g, 7.69
mmol, 77%).

Melting point: 219-221 °C
IR: vmax 3009, 1512, 1394, 1122, 1018, 947, 813 cm™

IH NMR (400 MHz, DMSO-d6): & 2.39 (s, 3H, Ar-CHa), § 3.62 (s, 9H, N(CHa)s),
7.45 (m, 2H, ArH, § 7.78 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-d6): § 20.26, 56.40, 120.16, 130.23, 139.83, 144.93

Synthesis of N,N,N,3-tetramethylanilinium iodide, 186a

N\,

|
oN o
Me

N,N,3-trimethylaniline (1.35, 10.0 mmol, 1 eq.) was dissolved in dichloromethane to
a concentration of 1 M in a 25 mL round bottom flask equipped with a stirrer bar.
Methyl iodide (3 eq.) was added dropwise to the stirred solution. The reaction mixture
was stirred at room temperature for 16 h and a white precipitate formed. The precipitate

was collected via vacuum filtration, and washed with diethyl ether (3 x 10 mL). The
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solid residue was then dried under high vacuum to give a white powder (2.30 g, 8.29
mmol, 83%).

Melting point: 184-185 °C
IR: vmax 3009, 1614, 1487, 1296, 1182, 1095, 948, 896, 783 cm*

'H NMR (400 MHz, DMSO-ds): 8 2.44 (s, 3H, Ar-CHa), 6 3.64 (s, 9H, N(CHa)3), &
7.42 (m, 1H, ArH), 6 7.53 (m, 1H, ArH), & 7.79 (m, 1H, ArH), & 7.89 (m, 1H, ArH)

13C NMR (101 MHz, DMSO-ds):  21.04, 56.36, 117.36, 120.82, 129.74, 130.53,
139.95, 147.22

Synthesis of N,N,N,2-tetramethylanilinium iodide, 187a

\'L/
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Prepared according to General Procedure B.

Amount of N,N,2-trimethylaniline: 2.70 g, 20.0 mmol, 1 eq.
Amount of methyl iodide: 3.74 mL, 8.53 g, 60.1 mmol, 3 eq.
Volume of acetonitrile: 10.0 mL

Product yield: 4.58 g, 16.5 mmol, 83%

Melting point: Decomposes >187 °C
IR: vmax 1490, 1151, 1060, 948, 849, 756 cm

IH NMR (400 MHz, DMSO-ds): & 2.76 (s, 3H, Ar-CHz), & 3.73 (s, 9H, N(CHa)3), 8
7.43-7.55 (m, 3H, ArH), 5 7.88 (m, 1H, ArH)

13C NMR (101 MHz, DMSO-de): & 22.77, 56.47, 121.28, 127.85, 130.21, 130.30,
135.64, 146.16
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Synthesis of 4-trifluoromethyl-N,N,N-trimethylanilinium iodide, 188a
|
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Prepared according to General Procedure B.

Amount of 4-trifluoromethyl-N,N-dimethylaniline: 1.74 g, 9.21 mmol, 1 eq
Amount of methyl iodide: 1.71 mL, 3.89 g, 27.6 mmol, 3 eq

Volume of acetonitrile: 5.0 mL

Product yield: 2.25 g, 6.8 mmol, 74%

Melting point: 190-192 °C
IR: vmax 3015, 2359, 1616, 1329, 1163, 1126, 1070, 1013, 926, 839 cm™

'H NMR (400 MHz, DMSO-ds): & 3.68 (s, 9H, N-(CHa)3), 3 8.08 (m, 2H, ArH), &
8.25 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-de): & 56.44, 122.14, 126.09 (q, Jcr* = 273.53 Hz),
127.23 (m), 130.66 (q, Jcr® = 30.08 Hz), 150.09

F NMR (376 MHz, DMSO-ds): & -61.36

Synthesis of N,N,N-trimethylanilinium hexafluorophosphate, 147d
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Prepared according to General Procedure C.

Amount of N,N,N-trimethylanilinium iodide: 0.25 g, 0.95 mmol, 1 eq
Amount of potassium hexafluorophosphate: 0.35 g, 1.9 mmol, 2 eq
Product yield: 0.20 g, 0.71 mmol, 73%

Melting point: 176-179 °C
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IR: vmax 2990, 1786, 1263, 838 cm™

'H NMR (400 MHz, DMSO-ds): 6 3.61 (s, 9H, N(CHz)3), 8 7.65 (m, 3H, ArH), &
7.96 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-dg): §56.39, 120.32, 130.03, 131.10, 147.21
19F NMR (376 MHz, DMSO-dg): & -70.15 (d, PFe’, J = 710 Hz)

3P NMR (162 MHz, DMSO-de): & -144.15 (hep, J = 711 Hz)

Synthesis of N,N,N-trimethylpyridinaminium hexafluorophosphate, 175d
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Prepared according to General Procedure C.

Amount of N,N,N-trimethylpyridinaminium iodide: 0.14 g, 0.54 mmol, 1 eq.
Amount of potassium hexafluorophosphate: 0.20 g, 1.1 mmol, 2 eq.
Product yield: 0.09 g, 0.33 mmol, 62%

Melting point: 204-206 °C
IR: vmax 3008, 1738, 1252, 1162 cm*

IH NMR (400 MHz, DMSO-ds): 83.59 (s, 9H, N(CHs)s), § 7.73 (m, 1H, ArH), 5 8.09
(m, 1H, ArH), & 8.25 (m, 1H, ArH), § 8.68 (m, 1H, ArH)

13C NMR (101 MHz, DMSO-dg): § 54.53, 115.11, 126.18, 141.03, 148.59, 156.67
19F NMR (376 MHz, DMSO-dg): & -70.15 (d, PFe’, J = 710 Hz)

3P NMR (162 MHz, DMSO-de): & -144.17 (hep, J = 711 Hz)
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Synthesis of 4-formyl-N,N,N-trimethylanilinium hexafluorophosphate, 176d

~N /@
N PFq

O~ "H
Prepared according to General Procedure C.

Amount of 4-formyl-N,N,N-trimethylanilinium iodide: 0.21 g, 0.73 mmol, 1 eq.
Amount of potassium hexafluorophosphate: 0.28 g, 1.5 mmol, 1.5 eq.
Product yield: 0.16 g, 0.51 mmol, 70%

Melting point: 184-186 °C
IR: vmax 941, 1180, 1217, 1492, 1605, 1703 cm™*

IH NMR (400 MHz, DMSO-ds): § 3.65 (s, 9H, N(CHa)s), 5 8.16 (d, 2H, ArH, J=9.1
Hz), § 8.22 (d, 2H, ArH, J = 9.1 Hz), 5 10.12 (s, 1H, CHO)

13C NMR (101 MHz, DMSO-ds): § 56.43, 121.64, 130.86, 136.80, 151.01, 192.02
19F NMR (376 MHz, DMSO-dg): & -70.15 (d, PFe", J = 710 Hz)

3P NMR (162 MHz, DMSO-de): & -146.34 (hep, J = 709 Hz)

Synthesis of 4-benzoyl-N,N,N-trimethylanilinium hexafluorophosphate, 177d

|
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Prepared according to General Procedure C.

Amount of 4-benzoyl-N,N,N-trimethylanilinium iodide: 95.5 mg, 0.26 mmol, 1 eq.
Amount of potassium hexafluorophosphate: 95.7 mg, 0.52 mmol, 2 eq.
Product yield: 67.1 mg, 0.17 mmol, 67%

127



Melting point: 238-240 °C
IR: vmax 2998, 1783, 1675, 1302, 832 cm!

IH NMR (400 MHz, DMSO-dg): & 3.68 (s, 9H, N(CHzs)3), 8 7.61 (m, 2H, ArH), &
7.76 (m, 3H, ArH), 8 7.96 (m, 2H, ArH), & 8.16 (m, 2H ArH)

13C NMR (101 MHz, DMSO-ds): 8 56.44, 120.99, 128.79, 129.74, 130.86, 133.41,
136.21, 138.56, 149.59, 194.42

19F NMR (376 MHz, DMSO-de): & -70.16 (d, PFe, J = 711 Hz)

3P NMR (162 MHz, DMSO-de): & -144.16 (hep, J = 711 Hz)

Synthesis of 4-benzoyl-N,N,N-trimethylanilinium hexafluorophosphate, 184d
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Prepared according to General Procedure C.

Amount of 3-bromo-N,N,N-trimethylanilinium iodide: 684.1 mg, 2.00 mmol, 1 eq.
Amount of potassium hexafluorophosphate: 73.6 g, 4.00 mmol, 2 eq.
Product yield: 64.9 mg, 0.17 mmol, 95%

Melting point: 172-174 °C
IR: vmax 2359, 1587, 1468, 1435, 1082, 949, 829, 785, 681 cm™™

IH NMR (400 MHz, DMSO-ds): § 3.63 (s, 9H, N(CHz)3), 5 7.61 (m, 1H, ArH), &
7.82 (m, 1H, ArH), & 8.01 (m, 1H, ArH), § 8.26 (m, 1H, ArH)

13C NMR (101 MHz, DMSO-ds): 8 56.46, 119.93, 122.54, 123.82, 131.82, 133.17,
148.21

19F NMR (376 MHz, DMSO-de): & -70.15 (d, PFe, J = 711 Hz)

3P NMR (162 MHz, DMSO-de): & -144.19 (hep, J = 711 Hz)f
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Synthesis of N,N,N,2-tetramethylanilinium hexafluorophosphate, 187d
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Prepared according to General Procedure C.

Amount of N,N,N,2-tetramethylaniliniumiodide: 0.33 g, 1.19 mmol, 1 eq.
Amount of ammonium hexafluorophosphate: 0.39 g, 2.38 mmol, 2 eq.
Product yield: 52.7 mg, 0.18 mmol, 15%

Melting point: Decomposes >190 °C
IR: vmax 1492, 1062, 943, 871 cm?

IH NMR (400 MHz, DMSO-ds): & 2.73 (s, 3H, Ar-CHs), & 3.67 (s, 9H, N(CHa)s), 5
7.49 (m, 3H, ArH), 5 7.85 (d, 1H, J = 7.3 Hz)

13C NMR (101 MHz, DMSO-ds): & 22.53, 56.52, 121.08, 127.82, 130.21, 130.36,
135.67, 145.22

19F NMR (376 MHz, DMSO-ds): § -70.15 (d, PFs’, J = 710 Hz)

3P NMR (162 MHz, DMSO-de): & -144.15 (hep, J = 710 Hz)

Synthesis of N,N,N-trimethylanilinium triflate, 174e
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oN oTf

Prepared according to General Procedure D.

Amount of N,N-dimethylaniline: 2.42 g, 20.0 mmol, 1 eq.
Amount of methyl triflate: 3.30 mL, 4.94 g, 30.0 mmol, 1.5 eq.
Volume of dichloromethane: 20.0 mL

Product yield: 4.12 g, 14.4 mmol, 72%
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Melting point: 82-84 °C

IR: vmax 3554, 3503, 2359, 1641, 1499, 1254, 1223, 1169, 1153, 1024, 951, 847, 756,
689, 624 cm™

'H NMR (400 MHz, DMSO-dg): 6 3.61 (s, 3H, N(CH3)3), & 7.56-7.68 (m, 3H, Ar-H),
0 7.97 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-ds): 5 56.38, 119.07, 120.27, 122.27, 130.03, 147.19

F NMR (376 MHz, DMSO-ds): & -77.75

Synthesis of N,N,N-trimethylpyridinaminium triflate, 175e
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Prepared according to General Procedure D.

Amount of N,N-dimethylpyridinamine: 2.44 g, 20.0 mmol, 1 eq.
Amount of methyl triflate: 3.71 mL, 5.55 g, 33.8 mmol, 1.7 eq.
Volume of dichloromethane: 20.0 mL

Product yield: 5.04 g, 17.6 mmol, 88%

Melting point: 108-109 °C
IR: vmax 3003, 1473, 1259, 1226, 1147, 945 cm™*

IH NMR (400 MHz, DMSO-dg): § 3.59 (s, 9H, N(CHz)3), 8 7.73 (m, 1H, ArH), &
8.09 (m, 1H, ArH), 5 8.24 (m, 1H, ArH), & 8.68 (m, 1H, ArH)

13C NMR (101 MHz, DMSO-ds): & 54.50, 115.08, 119.08, 126.17, 141.01, 148.58,
156.68
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Synthesis of 4-formyl-N,N,N-trimethylanilinium triflate, 176e
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Prepared according to General Procedure D.

Amount of 4-formyl-N,N-dimethylaniline: 1.49 g, 10.0 mmol, 1 eq.
Amount of methyl triflate: 1.7 mL, 2.54 g, 15.5 mmol, 1.5 eq.
Volume of dichloromethane: 10.0 mL

Product yield: 2.13 g, 6.8 mmol, 68%

Melting point: 107-119 °C
IR: vmax 1259, 1147, 1026 cm™*

IH NMR (400 MHz, DMSO-ds): & 3.66 (s, 9H, N(CHzs)3), 5 8.17 (d, 2H, ArH, J=9.1
Hz), § 8.22 (d, 2H, ArH, J = 9.1 Hz), § 10.12 (s, |H, CHO)

13C NMR (101 MHz, DMSO-ds): 8 56.43, 119.06, 121.66, 130.84, 136.80, 151.03,
192.03

19F NMR (376 MHz, DMSO-dg): & -77.75

Synthesis of 4-benzoyl-N,N,N-trimethylanilinium triflate, 177e
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Prepared according to General Procedure D.

Amount of 4-benzoyl-N,N-dimethylaniline: 1.13 g, 5.0 mmol, 1 eq.
Amount of methyl triflate: 0.85 mL, 1.27 g, 7.75 mmol, 1.55 eq.
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Volume of dichloromethane: 5 mL
Product yield: 1.57 g, 3.0 mmol, 59%

Melting point: 128-130 °C
IR: vmax 1259, 1226, 1139, 1033 cm'*

'H NMR (400 MHz, DMSO-dg): & 3.68 (s, 9H, N(CHz)3), & 7.62 (m, 2H, ArH), &
7.76 (m, 3H, ArH), 6 7.96 (m, 2H, ArH), 6 8.17 (m, 2H, ArH)

13C NMR (101 MHz, DMSO-ds): 8 56.44, 119.08, 120.99, 128.77, 129.74, 130.86,
133.40, 136.12, 138.54, 149.60, 194.42

19F NMR (376 MHz, DMSO-dg): & -77.74

Synthesis of N,N,N,2-tetramethylanilinium triflate, 187e
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2-methylaniline (2.14 g, 20 mmol, 1 eq.) dissolved in dichloromethane (10 mL) and
potassium carbonate (11.0 g, 80.0 mmol, 4 eq.) were added to a 50 mL round bottom
flask equipped with a stirrer bar. Methyl triflate (9.0 mL, 13.5 g, 80.0, 4 eg.) was added
dropwise to the stirred solution. The reaction mixture was stirred at room temperature
for 18 h. The suspension was separated via vacuum filtration. Diethyl ether (20 mL)
was added to the filtrate causing a precipitate to form. The solid was collected via
vacuum filtration and washed with diethyl ether (3 x 10 mL) and dried under vacuum

to give a white crystalline solid (1.62 g, 5.4 mmol, 27%).
Melting point: 88-90 °C
IR: vmax 2361, 1254, 1234, 1167, 1034, 762, 637, 559 cm™*

IH NMR (400 MHz, DMSO-ds): & 2.73 (s, 3H, Ar-CHs), & 3.67 (s, 9H, N(CHa)3),
7.49 (m, 3H, ArH), & 7.85 (m, 1H, ArH)

132



13C NMR (101 MHz, DMSO-ds): & 22.52, 56.52, 119.06, 121.08, 122.26, 127.81,
130.18, 130.34, 135.65

F NMR (376 MHz, DMSO-ds): & -77.75

Synthesis of sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaBArF)#8!
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Magnesium turnings (5.00 g, 206 mmol, 12.6 eq.) were added to a flame dried 3-neck
round bottom flask (250 mL) and ground under vacuum with a stir bar for 12 h. lodine
(0.500 g, 3.94 mmol) was added under argon, the system was then returned to vacuum
and heated with a heat gun. Upon formation of iodine vapour, the mixture was allowed
to cool to room temperature. Dry diethyl ether (25 mL) was added and the mixture was
stirred vigorously under argon for 25 min giving a colourless liquid. 1,3-
bis(trifluoromethyl)-5-bromobenzene (14 mL, 81 mmol, 5 eq.) in dry diethyl ether (25
mL) was added dropwise via a dropping funnel over the course of 65 min, resulting in
a dark brown reaction mixture. The contents of the flask were stirred under argon at
room temperature for a further 4 h. Boron trifluoride diethyl etherate (2 mL, 16.3
mmol, 1 eq.) in dry diethyl ether (12 mL) was added to the resulting Grignard reagent
over the course of 1 h, once the addition was complete, the reaction mixture was
refluxed under argon for 16 h. The reaction was then cooled to room temperature and
transferred via cannula into an air-exposed aqueous sodium carbonate solution (1.5 M,
250 mL). The resulting suspension was stirred at room temperature for 1 h. The brown
solid was collected via vacuum filtration, then extracted with diethyl ether (3 x 40 mL).
The organic extracts were dried over sodium sulfate and the solvent was removed via

rotary evaporation, giving the crude NaBAr" salt as a brown oil.

The crude oil was dissolved in a 1:1 mixture of tetrahydrofuran and dichloromethane

(15 mL), the solution was placed in a freezer for 48 h and a pale brown solid was
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filtered. A second recrystallization of this solid from tetrahydrofuran and
dichloromethane (15 mL) was performed yielding an off-white solid. The solid was
dried under vacuum at 80 °C for 50 h to give NaBAr" as a white solid (8.375 g, 9.45
mmol, 58%)

Melting point: Decomposed 330 °C
IR: vmax 2360, 1628, 1356, 1281, 1167, 1063, 931, 887, 837 710, 681, 670 cm™
'H NMR (400 MHz, DMSO-dg):  7.63 (s, 8H, ArH), 5 7.69 (s, 4H, ArH)

13C NMR (101 MHz, DMSO-ds): § 117.59 (m), 123.95 (q, Jc! = 273 Hz), 128.60 (g,
Jer? = 32 Hz), 134.00, 160.90 (g, Jcat = 50.5 Hz)

19F NMR (376 MHz, DMSO-dg): & -61.75

1B NMR (128 MHz, DMSO-dg): & -6.83

Synthesis  of N,N,N,-trimethylanilinium tetrakis(3,5-bis-(trifluoromethyl)phenyl)
borate, 174f

\l/

N parr

Prepared according to General Procedure E.

Amount of N,N,N-trimethylanilinium iodide: 0.263 g, 1.00 mmol, 1 eq.
Amount of tetrakis(3,5-bis(trifluoromethyl)phenyl) borate: 0.886 g, 1 mmol, 1 eq.
Product yield: 0.849 g, 0.85 mmol, 85%

Melting point: 150-152 °C
IR: vmax 1610, 1491, 1334, 1277, 1161, 1112cm™

'H NMR (400 MHz, DMSO-ds): & 3.61 (s, 9H, N(CHz3)3), 8 7.63 (m, 11H, ArH
anilinium and ArH BArF), 6 7.73 (s, 4H, ArH BArF), 6 7.97 (m, 2H, ArH anilinium)
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13C NMR (101 MHz, DMSO-dg): & 56.34, 117.45, 120.33, 123.93 (q, Jcrt = 274 Hz),
128.43 (Jc? = 31 Hz), 129.94, 134.00, 147.21, 160.93 (g, Jca! = 51 Hz)

19F NMR (376 MHz, DMSO-ds): & -61.60

1B NMR (128 MHz, DMSO-dg): & -6.83

Synthesis of N,N,N,-trimethylpyridinaminium tetrakis(3,5-bis-
(trifluoromethyl)phenyl) borate, 175f
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Prepared according to General Procedure E.

Amount of N,N,N-pyridinaminium iodide: 0.264 g, 1.00 mmol, 1 eq.
Amount of tetrakis(3,5-bis(trifluoromethyl)phenyl) borate: 0.886 g, 1 mmol, 1 eq.
Product yield: 0.911 g, 0.91 mmol, 91%

Melting point: 156-158 °C
IR: vmax 1610, 1490, 1472, 1437, 1354, 1275, 1161, 1112cm*

'H NMR (400 MHz, DMSO-dg): § 3.59 (s, 9H, N(CHa)3), § 7.62 (m, 8H, ArH BArF),
0 7.70 (m, 5H, ArH BATrF and ArH anilinium), 6 8.09 (m, 1H, ArH anilinium), 6 8.25
(m, 1H, ArH anilinium), 6 8.68 (m, 1H, ArH anilinium)

13C NMR (101 MHz, DMSO-ds): 6 54.47, 115.14, 117.50 (m), 119.87, 123.94 (q,
Jert = 274 Hz), 126.12, 128.43 (q, Jcr? = Hz 32 Hz), 134.00, 140.98, 148.53, 160.92
(g, Jeg! = 50.5 Hz)

9F NMR (376 MHz, DMSO-ds): § -61.91

1B NMR (128 MHz, DMSO-dg): & -6.82
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Synthesis of 4-formyl-N,N,N,-trimethylanilinium tetrakis(3,5-bis-
(trifluoromethyl)phenyl) borate, 176f

Prepared according to General Procedure E.

Amount of 4-formyl-N,N,N-trimethylanilinium iodide: 0.146 g, 0.50 mmol, 1 eq.
Amount of tetrakis(3,5-bis(trifluoromethyl)phenyl) borate: 0.443 g, 0.50 mmol, 1 eq.
Product yield: 0.246 g, 0.24 mmol, 48%

Melting point: 159-161 °C
IR: vmax 1709, 1607, 1491, 1470, 1354, 1279, 1109, 1088 cm'*

'H NMR (400 MHz, DMSO-dg): 8 3.66 (s, 9H, N(CHz3)3), 6 7.63 (s, 8H, ArH BArF),
0 7.74 (s, 4H, ArH BATrF), 6 8.19 (m, 4H, ArH anilinium), 6 10.12 (s, 1H, formyl)

13C NMR (101 MHz, DMSO-ds): § 56.38, 117.56 (m), 121.68, 123.94 (q, Jcrt = 273
Hz), 128.37 (q, Jcr? = 33 Hz), 130.82, 134.00, 136.77, 151.01, 160.91 (q, Jcg* = 50
Hz), 192.00

19F NMR (376 MHz, DMSO-ds): & -61.90

1B NMR (128 MHz, DMSO-d¢): & -6.83

Synthesis of 4-benzoyl-N,N,N,-trimethylanilinium tetrakis(3,5-bis-
(trifluoromethyl)phenyl) borate, 177f
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Prepared according to General Procedure E.

Amount of 4-benzoyl-N,N,N-trimethylanilinium iodide: 0.367 g, 1 mmol, 1 eq.
Amount of tetrakis(3,5-bis(trifluoromethyl)phenyl) borate: 0.886 g, 1.00 mmol, 1 eq.
Product yield: 0.871 g, 0.79 mmol, 79%

Melting point: 151-152 °C
IR: vmax 1665, 1607, 1354, 1273, 1113cm*

'H NMR (400 MHz, DMSO-dg): & 3.68 (s, 9H, N(CH3)3), & 7.62 (m, 10H, ArH BArF
and ArH anilnium), 6 7.75 (m, 7H, ArH BArF and ArH anilinium), & 7.96 (m, 2H, ArH

anilinium), 6 8.17 (m, 2H, ArH anilinium)

13C NMR (101 MHz, DMSO-ds):  56.40, 117.60 (m), 121.05, 123.96 (q, Jcr* = 273
Hz), 128.31 (m), 128.74, 129.74, 130.85, 133.37, 134.02, 136.09, 138.52, 149.59,
160.88 (q, Jes! = 50 Hz), 194.41

F NMR (376 MHz, DMSO-ds): 6 -61.61

1B NMR (128 MHz, DMSO-dg): & -6.83

Synthesis of 4-benzoyl-N,N,N,-trimethylanilinium tetrakis(3,5-bis-
(trifluoromethyl)phenyl) borate, 184f

|
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Br
Prepared according to General Procedure E.

Amount of 3-bromo-N,N,N-trimethylanilinium iodide: 0.367 g, 1.00 mmol, 1 eq.
Amount of tetrakis(3,5-bis(trifluoromethyl)phenyl) borate: 0.886 g, 1.00 mmol, 1 eq.
Product yield: 0.871 g, 0.79 mmol, 79%

Melting point: 154-155 °C

IR: vmax 2359, 1611, 1354, 1273, 1111, 885, 839, 710, 669 cm™
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'H NMR (400 MHz, DMSO-dg): 6 3.62 (s, 9H, N(CH3)3), & 7.57-7.65 (m, 9H, ArH
BArF and ArH anilnium), 6 7.81 (m, 4H, ArH BArF), 6 8.01 (m, 2H, ArH anilinium),
0 8.27 (m, 2H, ArH anilinium)

13C NMR (101 MHz, DMSO-de): & 56.44, 117.53 (m), 119.81, 122.48, 123.85,
123.96 (q, Jcrt = 271 Hz), 128.42 (q, Jer? = 30 Hz), 131.73, 133.09, 133.99, 148.21,
160.91 (q, Jes! = 50 Hz)

F NMR (376 MHz, DMSO-ds): & -61.84

1B NMR (128 MHz, DMSO-ds): & -6.83

Synthesis of N,N,N,2-tetramethylanilinium tetrakis(3,5-bis-(trifluoromethyl)phenyl)
borate, 187f
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Prepared according to General Procedure E.

Amount of N,N,N,2-tetramethylanilinium iodide: 0.277 g, 1.00 mmol, 1 eq.
Amount of tetrakis(3,5-bis(trifluoromethyl)phenyl) borate: 0.886 g, 1 mmol, 1 eqg.
Product yield: 0.902 g, 0.89 mmol, 89%

Melting point: 132-134 °C
IR: vmax 1610, 1490, 1355, 1276, 1136, 1112, 1088 cm™*

'H NMR (400 MHz, DMSO-de): § 2.73 (s, 3H, Ar-CHa), & 3.68 (s, 9H, N(CHa)3), &
7.47 (m, 3H, ArH anilinium), 8 7.62 (s, 8H, ArH BArF), 6 7.70 (s, 4H, ArH BATrF),
7.85 (m, 1H, ArH anilinium)

13C NMR (101 MHz, DMSO-ds): & 22.48, 56.46, 117.44 (m), 121.11, 123.84 (q, Jc&*
= 274 Hz), 127.99, 128.44 (q, Jcr = 31 Hz), 130.09, 130.32, 134.00, 135.57, 145.19,
160.94 (g, Jea! = 50.5 Hz)

F NMR (376 MHz, DMSO-ds): 5 -61.91
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1B NMR (128 MHz, DMSO-d¢): & -6.83

Investigating Solid State Stability of N,N,N-trimethylanilinium Salts Using Thermal
Gravimetric Analysis

The relevant aryl-substituted N,N,N-trimethylanilinium salt (approx. 10 mg) was
loaded into the TGA instrument. The sample was heated from 40-140 °C at a rate of 5
°Cmin then 140-300 °C at a rate of 10 °Cmin* under an atmosphere of either argon

or air.

TGA analysis under argon was performed for salts 174a-c, and 175a-187a. The TGA
traces of temperature vs percentage of original mass are reported below. A table is also
given which reports the onset and peak degradation temperatures for each of the
N,N,N-trimethylanilinium salts tested. The peak temperature is the temperature at
which mass-loss is the fastest. The calculate the onset temperature, a straight line fitted
to the steepest part of each TGA trace and extrapolated back to find the temperature at
which mass = 100%.

100

80

Mass (%)

40

20

100 150 200 250 300
Temperature (°C)
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Anilinium salt Onset (°C) Peak (°C)

174a 184 184
174b 221 229
174c 179 179
175a 199 210
176a 180 182
177a 195 198
178a 227 242
179a 204 229
180a 214 225
181a 248 261
182a 205 212
183a 191 210
184a 204 227
185a 230 235
186a 209 223
187a 187 203

TGA analysis under air was performed for salts 174a-c, 175a, 176a, 177a, 180a, 183a,
1844, and 187a. The TGA traces of temperature vs percentage of original mass are
reported below. A table is also given which reports the onset and peak degradation

temperatures for each of the N,N,N-trimethylanilinium salts tested.
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Mass (%)
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100 150 200 250 300
Temperature (°C)

Anilinium salt Onset (°C) Peak (°C)

174a 216 234
174b 212 229
174c 174 192
175a 199 207
176a 169,188 173
177a 196, 237 199
180a 220 231
183a 188 198
184a 203 217
187a 200 208

Investigating Solution Phase stability of N,N,N-trimethylanilinium lodide Salts Using
'H NMR Analysis

The relevant aryl substituted N,N,N-trimethylanilinium iodide (36.0 umol) and 1,2,4,5-
tetramethylbenzene internal standard (4.8 mg, 36.0 umol) were dissolved in DMSO-

ds (0.6 mL, 0.714 g), to give an anilinium concentration of 0.06 M and internal
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standard concentration of 0.01 M. The solution was transferred to an NMR tube and a
'H NMR spectrum was recorded as t = 0 min. The solution was heated to 120 °C for
20 min in the NMR tube (using a DrySyn NMR heating block), then submerged in an
ice bath to halt the degradation. A *H NMR spectrum was recorded of the degradation

mixture and taken as t = 20 min.

The concentration of N,N,N-trimethylanilinium salt in solution was calculated via
comparison of the integration of its selected aromatic protons against the aromatic
protons of the internal standard appearing at 8 6.90 ppm. Each experiment was carried

out in triplicate.

The thermal stability of N,N,N-trimethylanilinium iodide salts 174a-188a in DMSO-
ds was investigated in this manner. The degradation data is reported below as the

percentage of anilinium salt degraded after heating at 120 °C for 20 min.
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Degradation (%)

Ar.“”f“”m Average Degradation (%0) Error
lodide Runl Run2 Run3 (%0)
174a 14.33 14.16 17.99 15.50 2.16
175a 50.14 66.03 52.07 56.08 8.67
176a 7830 8055  89.30 82.78 5.81
177a 69.11 64.60 77.09 70.27 6.33
178a 10.22 14.27 11.74 12.08 2.04
179a 3146  40.75 18.85 30.36 10.99
180a 30.16 42.58 44.29 39.01 5.45
181a 13.87 14.90 16.56 15.11 1.42
182a 17.77 17.24 13.84 16.28 2.14
183a 44.37 52.55 41.45 46.12 5.75
184a 47.13 25.63 50.13 40.96 11.92
185a 6.64 6.01 5.00 5.88 0.83
186a 8.68 12.85 13.92 11.81 2.77
187a 59.76 66.59 87.43 71.26 14.41
188a 78.75 79.12 79.05 78.97 0.17

Investigating Solution Phase stability of N,N,N-trimethylanilinium Halide Salts Using
'H NMR Analysis

The relevant unsubstituted N,N,N-trimethylanilinium halide (36.0 umol) and 1,2,4,5-

tetramethylbenzene internal standard (4.8 mg, 36.0 pmol) were dissolved in DMSO-

ds (0.6 mL, 0.714 g), to give an anilinium concentration of 0.06 M and internal

standard concentration of 0.06 M. The solution was transferred to an NMR tube and a

'H NMR spectrum was recorded as t = 0 min. The solution was heated to 120 °C for
20 min in the NMR tube, then submerged in an ice bath to halt the degradation. A *H

NMR spectrum was recorded of the degradation mixture and taken as t = 20 min.
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The concentration of the N,N,N-trimethylanilinium cation in solution was calculated
via comparison of the integration of its meta-protons at & ~8.0 ppm against the
aromatic protons of the internal standard appearing at 6 6.90 ppm. Each experiment

was carried out in duplicate.

The thermal stability of N,N,N-trimethylanilinium chloride, bromide, and iodide salts
174a-174c was in DMSO-ds was investigated in this manner. The degradation data is

reported below as the percentage of anilinium salt degraded after heating at 120 °C for

120 °C, DMSO-dg "
- > Decomposition
20 min

X=Cl, Brorl

cl
100 ©

20 min.

Degradation (%)

Anilinium  Degradation (%)

halid Average Degradation (%) Error (%)
alige Runl Run?2

174a 26.01 20.47 23.25 2.77
174b 39.45 43.92 41.69 2.23
174c 87.48 83.15 85.32 2.16
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Investigating the Effect of Halide Additives on N,N,N-trimethylanilinium lodide
Stability Using *H NMR Analysis

N,N,N-trimethylanilinium iodide (9.5 mg, 36 umol, 1 eq.), the relevant halide salt (36
umol, 1 eq.), and 1,2,4,5-tetramethylbenzene internal standard (4.8 mg, 36 umol) was
dissolved in DMSO-ds (0.6 mL, 0.7140 g), to give an anilinium, additive, and internal
standard concentration each of 0.06 M. The solution was transferred to an NMR tube
and a 'H NMR spectrum was recorded as t = 0 min. The solution was heated to 120
°C for 20 min in the NMR tube, then submerged in an ice bath to halt the degradation.

A H NMR spectrum was recorded of the degradation mixture and taken as t = 20 min.

The concentration of N,N,N-trimethylanilinium iodide in solution was calculated via
comparison of the integration of its meta-protons at 6 8.0 ppm against the aromatic

protons of the internal standard appearing at 6 6.90 ppm.

The thermal stability of N,N,N-trimethylanilinium DMSO-ds with lithium chloride,
potassium  chloride, tetrabutylammonium chloride, lithium fluoride, and
tetrabutylammonium fluoride was investigated in this manner. The degradation data is
reported below as the percentage of anilinium salt degraded after heating at 120 °C for

20 min.
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- > Decomposition
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. Degradation (%)
Halide Average Degradation (%0) Error

additive Runl Run2 Run3 (%0)
None 20.81 21.15 22.21 21.38 0.60
LiCl 66.38 70.95 70.99 69.44 2.16
KCI 24.17 24.81 23.09 24.03 0.71
TBACI 93.76 95.36 N/A 94.56 0.80
LiF 11.63 19.84 N/A 15.73 4.10
TBAF 84.73 99.85 N/A 92.29 7.56

Investigating the Effect of Water on the Degradation of N,N,N-trimethylanilinium
lodide Using *H NMR Analysis

Stock solutions of maleic acid (7.0 mg, 36 umol) in DMSO-ds (1.19 g, 1.0 mL), and
maleic acid (4.2 mg, 36 pmol) in D20 (1.11 g, 1 mL) were prepared.

To N,N,N-trimethylanilinium iodide (9.5 mg, 36 pmol) and tetrabutylammonium
fluoride (10.0 mg, 36 umol), either 0.6 mL DMSO-ds stock solution, 0.6 mL D20 stock
solution, or 0.3 mL of each stock solution, were added. The solution was transferred
to an NMR tube and a *H NMR spectrum was recorded. The solution was heated to 90
°C for 20 min, then the NMR tube was placed in ice to halt the degradation. A *H NMR

spectrum was recorded of the degradation mixture.

The concentration of the anilinium salt was calculated via the integration of its
aromatic protons against the olefinic protons of the internal standard. The degradation
data is reported below as a percentage of anilinium salt degraded after heating at 90
°C for 20 min.
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The relevant aryl substituted N,N,N-trimethylanilinium iodide (60.0 umol) and maleic
acid internal standard (4.2 mg, 36.0 pumol) were dissolved in DMSO-ds, 1:9
D20:DMSO-ds, or 1:4 D20:DMSO-ds (0.6 mL), to give an anilinium concentration of
0.1 M and internal standard concentration of 0.06 M. The solution was transferred to
an NMR tube and a *H NMR spectrum was recorded as t = 0 min. The solution was
heated to 90 °C for 120 min in the NMR tube, then submerged in an ice bath to halt

the degradation. A *H NMR spectrum was recorded of the degradation mixture and
taken as t = 120 min.

The concentration of N,N,N-trimethylanilinium salt in solution was calculated via
comparison of the integration of its selected aromatic protons against the aromatic

protons of the internal standard appearing at 6 6.27 ppm.
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The thermal stability of N,N,N-trimethylanilinium iodide salts 174a, 176a and 187a
in DMSO-ds with 0, 10 and 20% D20 was investigated in this manner. The
degradation data is reported below as the percentage of anilinium salt degraded after
heating at 90 °C for 120 min.
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Degradation (%o)
Anilinium iodide

0% D20 10% D20 20% D20
174a 4 3 1
176a 55 25 7
187a 16 7 3

Investigating the Effect of Non-nucleophilic Counter lons N,N,N-trimethylanilinium
Salt Stability Using *H NMR Analysis

The relevant  N,N,N-trimethylanilinium salt (36.0 umol) and 1,2,4,5-
tetramethylbenzene internal standard (4.8 mg, 36.0 pumol) were dissolved in DMSO-
ds (0.6 mL, 0.714 g), to give an anilinium concentration of 0.06 M and internal

standard concentration of 0.06 M. The solution was transferred to an NMR tube and a
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'H NMR spectrum was recorded as t = 0 min. The solution was heated to 120 °C for 1
h in the NMR tube, then submerged in an ice bath to halt the degradation. A *H NMR
spectrum was recorded of the degradation mixture and takenast =1 h.

The concentration of N,N,N-trimethylanilinium salt in solution was calculated via
comparison of the integration of its selected aromatic protons against the aromatic

protons of the internal standard appearing at 3 6.90 ppm.

The thermal stability of N,N,N-trimethylanilinium salts 174a,d.e,f, 175a,d.e,f;
176a,d,e,f; 177a,d,e,f; and 187a,d,e,f in DMSO-ds was investigated in this manner.
The degradation data is reported below as the percentage of anilinium salt degraded
after heating at 120 °C for 1 h.
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175d 44.4

176d 5.95
177d 6.80
187d 5.96
174e 10.0
175e 20.0
176e 13.8
177e 12.8
187e 3.03
174f 0.0
175f 10.3
176f 1.9
177f 3.2
187f 0.3

Determination of T1 Relaxation Times for N,N,N-trimethylanilinium lodides in
DMSO-ds

In order to gain reliable kinetic degradation data, it was necessary to calculate the T1
relaxation times for protons of interest on the N,N,N-trimethylanilinium salts
investigated. A sample of 0.1 M of each N,N,N-trimethylanilinium iodide in DMSO-
ds was prepared and subjected to a T1 inversion recovery (T1IR) sequence. The T1IR
experiment uses a 180°-t-90° pulse sequence which simultaneously inverts and
measures peaks with a varied delay time (1) to create a pseudo-2D NMR spectrum.
Processing the spectrum on Bruker Topspin 4.0.7 allows the user to create a plot of T

vs area for each peak of interest, an exemplar plot is shown below.
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The following equation is fitted to the data where Mz is the magnetisation at t = t s,

and Mo is the magnetisation at t = 0 s (maximum magnetisation).
-
M, =M, (1-eTI)

Fitting the data to this equation is used to calculate T1, which corresponds to the time
when magnetisation reaches 1 — 1/e (~63%) of its maximum value. Kinetic
experiments were carried out with a delay time (D1) of at least 5x the longest
calculated T1 time on each substrate. This ensured full relaxation of each nucleus,

giving accurate peak area integrations for quantitative interpretation of spectra.

The calculated T1 relaxation times are displayed next to the relevant proton
environment for each of the N,N,N-trimethylanilinium iodides investigated below.
Values denoted with an asterix represent proton signals that were too close to be
integrated separately; therefore, the value will represent that T1 of proton with the

longest relaxation time.
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Investigating Aryl Substitution Effect on the Degradation of N,N,N-trimethylanilinium
lodides in DMSO-ds Using *H NMR Spectroscopy

The relevant aryl-substituted N,N,N-trimethylanilinium iodide (60.0 pmol) and
1,2,4,5-tetramethylbenzene internal standard (4.8 mg, 36 pumol) was dissolved in
DMSO-ds (0.6 mL, 0.714 g), to give an anilinium concentration of 0.1 M, and an
internal standard concentration of 0.06 M, then transferred to an NMR tube. A 'H
NMR spectrum (4 scans, 25 s relaxation time) was recorded every 5 min whilst the

sample was heated to 80 °C in the NMR spectrometer probe.

The concentration of the anilinium salt, aniline, methyl iodide, trimethylsulfoxonium-
ds cation (TMSO-ds), and dimethylsulfoxide-ds (DMSO-ds) was calculated against the
internal standard at each time point. The anilinium and aniline concentration was
calculated from aromatic protons, N-methyl protons, and aryl-substituent protons

where available.

An exemplar stacked spectrum is shown below for the degradation of 3a, regions of
the x-axis that do not contain any peaks have been omitted for clarity. Analysis of the

stacked spectra, allows conversion of peak areas to species concentrations. A plot of
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Increasing time

concentration vs time for 176a is also shown below. Data points are colour coded to

correspond to the proton environment from which the concentration was calculated.
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The degradation of a selection of N,N,N-trimethylanilinium iodides in DMSO-ds at 80
°C was monitored using this technique. Salts 174a-178a, 180a, 182a-184a, 187a, and
188a were chosen to represent a range of anilinium degradation rates, as identified
from the earlier single time point heating experiments. Below are the concentration vs
time graphs constructed for each of the anilinium salts tested. Though the discrepancy
between concentration calculated via integration of Ar-H vs N-(CH3)s protons was
observed in all cases, only the concentration of N,N,N-trimethylanilinium (blue) and
N,N-dimethylaniline (orange) calculated via aromatic protons are shown in the

following graphs for clarity.
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A graph compiling the anilinium degradation curves for each salt investigated is shown

below.

0.12

el174a
e 175a

176a
e 177a
e 178a
¢ 180a
¢ 182a
* 183a
* 184a
e 187a

O T T T T 1 ® 188a
0 10000 20000 30000 40000 50000
Time /s

o

o

N
Il

According to the proposed degradation pathway, three separate reversible reactions
were identified to occur in the degradation mixtures: iodide-led anilinium degradation,
DMSO-led anilinium degradation, and reaction between methyl iodide and DMSO.
The three reactions shown below have been assigned rate constants ki, k-1, kz, k-2, ks,
and k-s. Using COPASI v4.22 values for each rate constant in this reaction model were
estimated. The modelling was programmed in such a way that priority would be given
to correlating simulated data to the obtained anilinium concentration vs time curve. A

summary of the rate constants also provided.
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Step 1
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Step 2
0 k3 O o
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Rl = /g\ ks /S\\I
Step 3
Salt  ki(sY) ki(Mis1) kp(Mis?) ko(Mis?) ks(Mis?h)  ka(s?)
174a 1.11E-05 1.80E-95 1.60E-315 1.63E+07 1.81E-05 1.82E-04
175a 4.47E-05 1.95E-03 3.74E-208 1.36E-172 1.94E-162 0.00E+00
176a 7.95E-05 5.46E-04 1.71E-283 1.30E-13 5.53E-06  5.27E-05
177a 6.41E-05 7.94E-276 6.96E-134 1.10E+08  2.95E-06  5.84E-23
178a 9.45E-06 1.69E-02  2.85e-315 1.56E-02 1.79E-316 0.00E+00
180a 1.85E-05 6.06E-03  1.58E-315 1.13E-306 6.34E-314 7.78E-04
182a 4.46E-06 5.00E-259 1.82E-180  3.43E-02 1.66E-05 7.47E-212
183a 2.53E-05 0.00E+00 4.74E-302 1.71E-02 7.70E-06  1.14E-04
184a 3.09E-05 1.36E-145 4.75E-48 3.46E-02 6.39E-06  7.05E-05
187a 1.89E-05 1.12E-85 9.96E-134 7.70E+11 1.59E-05 3.10E+11
188a 8.08E-05 3.09E-81 1.23E-44  8.66E+09  4.40E-06 1.79E-04

Investigating the Thermal Degradation of Trimethylsulfoxonium lodide in DMSO-ds

Trimethylsulfoxonium iodide (13.2 mg, 60 umol) and 1,2,4,5-tetramethylbenzene
internal standard (4.8 mg, 36 pmol) were dissolved in DMSO-ds (0.6 mL, 0.7140 g),
to give trimethylsulfoxonium iodide concentration of 0.10 M, and an internal standard
concentration of 0.06 M, then transferred to an NMR tube. A *H NMR spectrum (4

scans, 25 s relaxation time) was taken every 5 min whilst the sample was heated to 80

°C in the NMR spectrometer probe.

The concentration of the trimethylsulfoxonium salt and methyl iodide were calculated

via their CHs protons at each time point against the internal standard. A graph showing

the concentration of the trimethylsulfoxonium cation and methyl iodide vs time is

given.
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To investigate whether or not the degradation of trimethylsulfoxonium iodide was
reversible, an analogous experiment was performed where methyl iodide was heated
in DMSO-ds. For this reaction methyl iodide (8.79 mg, 62 pumol) and 1,2,4,5-
tetramethylbenzene internal standard (4.8 mg, 36 umol) were dissolved in DMSO-ds
(0.6 mL, 0.7140 g), to give methyl iodide concentration of 0.10 M, and an internal
standard concentration of 0.06 M, then transferred to an NMR tube. A *H NMR
spectrum (4 scans, 25 s relaxation time) was taken every 5 min whilst the sample was

heated to 80 °C in the NMR spectrometer probe.

The concentration of the trimethylsulfoxonium salt and methyl iodide were calculated
via their CHs protons at each time point against the internal standard. A graph showing
the concentration of the trimethylsulfoxonium cation and methyl iodide vs time is

given.
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Effect of Light Conditions on the degradation of N,N,N-trimethylanilinium lodides in
DMSO-ds

The relevant N,N,N-trimethylanilinium iodide (60 umol) and 1,2,4,5-
tetramethylbenzene internal standard (4.8 mg, 36 umol) was dissolved in DMSO-d6
(0.6 mL, 0.714 g), to give an anilinium concentration of 0.1 M, and internal standard
concentration of 0.06 M. The solution was transferred to an NMR tube and a *H NMR
spectrum was recorded. The solution was heated to 80 °C in a water bath for 1 h either
in darkness, exposed to ambient light, simulated sunlight (reptile lamp), or a UV lamp;
then the NMR tube was placed in ice to halt the degradation. A *H NMR spectrum was

recorded of the degradation mixture.

The concentration of the anilinium salt was calculated via the integration of its
aromatic protons against those of the internal standard. Each experiment was
performed in triplicate. 174a and 176a were investigated under these conditions, the

degradation data are given below.

Anilinium Lighting Degradation (%) Averagg Error

lodide  Conditions “RunT Runz Rung ooracation o
(%)

174a Darkness 311 0.16 0.63 1.30 1.29
174a Ambient 2.17 1.69 1.34 1.73 0.34
174a Sunlight 1.39 2.39 0.74 151 1.51
174a uv 1.78 2.22 2.07 2.02 0.19
176a Darkness 22.03 19.84 19.90 20.59 1.02
176a uv 18.20 20.85 17.43 18.82 1.47
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Investigating the Possibility of Trimethylamine Displacement from lodide Counterion

To investigate the possibility that the iodide counter ion could displace the -NMes*
moiety of N,N,N-trimethylanilinium salts to form trimethylamine and an aryl iodide,

the formation of aryl iodide was probed in a degradation experiment.

176a (17.5 mg, 60.0 umol) and 4-iodobenzaldehyde (1.4 mg, 6.0 umol), and 1,2,4,5-
tetramethylbenzene (4.8 mg, 36 umol) were dissolved in DMSO-ds (0.6 mL, 0.714 g),
to give an anilinium concentration of 0.1 M, a 4-iodobenzaldehyde concentration of
0.01 M, and internal standard concentration of 0.06 M. The solution was transferred
to an NMR tube and a *H NMR spectrum was recorded as t = 0 min. The solution was
heated to 120 °C for 20 min in the NMR tube, then submerged in an ice bath to halt
the degradation. A *H NMR spectrum was recorded of the degradation mixture and

taken as t = 20 min.

The concentration of N,N,N-trimethylanilinium salt and 4-iodobenzaldehyde in
solution were calculated against the internal standard. The concentration of 176a and
4-iodobenzaldehyde at t = 0 and t = 20 min are shown reported in the table below. On
89.4 £ 0.8 % of 3a degraded over the time course, whilst there was a 0.3 £ 0.3 %
calculated decrease in the concentration of 4-iodobenzaldhyde. This shows that there

was no detectable change in the increase of the proposed iodide displacement product.

Concentration (M) Average Concentration
Analyte (min) Run  Run  Run Concentration 9
1 2 3 (M) (%)
0 0.098 0.105 0.105 0.103
176a -89.4+0.8
20 0.009 0.012 0.012 0.011
0 0.011 0.011 o0.011 0.011
4-1-benzaldehyde -0.3+0.3
20 0.011 0.010 0.011 0.011
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Investigating Temperature Effect on the Degradation of 176a in DMSO-ds Using H
NMR Spectroscopy

3a (17.5 mg, 60.0 umol) and 1,2,4,5-tetramethylbenzene internal standard (4.8 mg, 36
umol) were dissolved in DMSO-ds (0.6 mL, 0.714 g), to give an anilinium
concentration of 0.10 M, and an internal standard concentration of 0.06 M, then
transferred to an NMR tube. A *H NMR spectrum (4 scans, 25 s relaxation time) was
recorded every 5 min whilst the sample was heated to 50, 60, 70, 75, or 80 °C in the
NMR spectrometer probe.

The concentration of the anilinium (blue) and aniline (orange) was calculated against
the internal standard at each time point. The concentration vs time curves are shown

all on one graph and graphs for each temperature studied are shown below.
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Rate constants were determined for each step of the proposed degradation pathway at

each temperature studied, estimated value are shown below.

TCC) ki(sh) ki(MisD) ko(Mls!) ko(Mls?!) ks(Mls?) ka(sh)
50 1.17E-06 5.82E-295 1.53E-208 3.96E-181 1.67E-223 1.79E-114
60 6.28E-06 3.87E-130 7.12E-91 3.69E-229 3.94E-07 7.95E-153
70 2.21E-05 1.16E-236 1.59E-170 3.27E-03 4.03E+11 1.27E+14
75  4.06E-05 2.38E-236 3.26E-170 8.66E-03 2.46E+11 1.75E+14
80 7.42E-05 0.00E+00 1.63E-170 5.50E-03 9.48E+11 3.10E+14

Investigating the Effect Concentration on the Degradation of 3a in DMSO-ds Using

'H NMR Spectroscopy

174a and 1,2,4,5-tetramethylbenzene internal standard (4.8 mg, 36 pmol) were

dissolved in DMSO-ds (0.6 mL, 0.714 g), to give an anilinium concentration of 0.025,
0.05, 0.10, 0.15, 0.20, or 0.25 M, and an internal standard concentration of 0.06 M,

then transferred to an NMR tube. A *H NMR spectrum (4 scans, 25 s relaxation time)

was recorded every 5 min whilst the sample was heated to 80 °C in the NMR

spectrometer probe.
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The concentration of the anilinium (blue) and aniline (orange) was calculated against
the internal standard at each time point. The concentration vs time graphs for each
temperature studied are shown below.
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Rate constants were determined for each step of the proposed degradation pathway, at

each concentration, estimated value are shown below.

[174]o (M)  ki(sh) ka(MishH) ke(MIshH ko(Mish) ks(Mis?h)  ksa(s?)
0.025 2.61E-05 0.00E+00 1.13E-170 5.53E-03 8.65E+11 1.98E+14
0.05 455E-05 8.34E-08 4.78E-171 4.06E-03 7.08E+11 1.75E+14
0.1 7.42E-05 0.00E+00 1.63E-170 5.50E-03 9.48E+11 3.10E+14
0.15 8.58E-05 9.05E-08 1.47E-171 1.64E-03 6.61E+11 5.62E+13
0.2 1.16E-04 8.86E-08 1.24E-171 1.86E-03 1.14E+12 7.87E+13
0.25 1.38E-04 8.77E-08 6.29E-172 1.84E-03 8.93E+11 6.65E+13

Methylation of 4-Bu-phenol using N,N,N-trimethylanilinium Salts in Toluene

4-'Bu-phenol (0.300 g, 2 mmol, 1 eq.), the relevant N,N,N-trimethylanilinium salt (2.4
mmol, 1.2 eq.), potassium carbonate (1.106 g, 8 mmol, 4 eq.), and Toluene (3 mL)
were added to an Asynt DrySyn Octo reaction carousel tube equipped with a stirrer

bar. The reaction mixture was heated to 80 °C with stirring for 3 h.

After cooling, an aliquot of the supernatant was taken and the conversion of 4-'Bu-
phenol to 4-'Bu-anisole was calculated via *H NMR analysis of the crude reaction

mixture. Each experiment was conducted in triplicate.

N,N,N-trimethylanilinium salts 174a-c, 174e, 175a-180a, 182a-184a, and 187a were
all screened for their ability to methylate 4-'Bu-phenol in this manner. A chart showing
the average conversion to the anisole product of each anilinium salt tested is shown
below. A table showing the values for each of the three runs, the average and the error

is also provided.
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O X
R
1.2 eq.

K2CO3 (4 eq)
80 °C, 3 h, Toluene / =" e
100 - ‘
J +’C| c N

Conversion (%)

O .
174c 183a 184a 176a 174b 180a 174a 179a 175a 174e 187a 178a 177a 182a

Anilinium Conversion (%)

| Average Conversion (%) Error (%)
salt Runl Run2 Run3

174a 16 26 38 26.67 11.02
174b 53 41 23 39.00 15.10
174c 61 67 79 69.00 9.17
174e 38 24 14 25.33 12.06
175a 25 25 29 26.33 2.31
176a 37 48 48 44.33 6.35
177a 19 25 19 21.00 3.46
178a 31 30 12 24.33 10.69
179a 36 31 13 26.67 12.10
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182a
183a
184a
187a

33
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72
79
22
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28.00
20.00
62.33
51.67
25.00

4.36
4.58
25.89
24.99
6.08

An investigation into the effect of temperature on the ability of a selection of N,N,N-

trimethylanilinium salts to methylate 4-'Bu-phenol in toluene was then investigated.

The experimental procedure was identical to the procedure mentioned above, with the

exception that the reaction was carried out at either 30 or 50 °C. Anilinium salts 174a,

174c, 176a, and 187a were screened for their methylating ability at these temperatures.

A graph showing the conversion to the anisole product for each salt at each temperature

is shown below. A table containing the conversion to anisole at 30 and 50 °C is also

provided.
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Conversion (%)
Anilinium salt

30°C 50 °C 80 °C

174a 0 3 27
174a 0 5 69
176a 0 5 44
187a 0 5 25

Methylation of 4-Bu-phenol using N,N,N-trimethylanilinium Salts in DMSO

4-'Bu-phenol (0.150 g, 1 mmol, 1 eq), the relevant N,N,N-trimethylanilinium salt (1.2
mmol, 1.2 eq), potassium carbonate (0.553 g, 4 mmol, 4 eq), and DMSO (2.5 mL)
were added to a 25 mL round bottom flask equipped with a stir bar. The reaction

mixture was heated to 80 °C with stirring for 3 h in the sealed round bottom flask.

After cooling, an aliquot of the supernatant was taken and the conversion of 4-'Bu-
phenol to 4-'Bu-anisole was calculated via *H NMR analysis of the crude reaction

mixture. Each experiment was performed in triplicate

N,N,N-trimethylanilinium salts 174a-c, 174e, 175a-180a, 182a-184a, 187a, and 188a
were all screened for their ability to methylate 4-'Bu-phenol in this manner. A chart
showing the average conversion to the anisole product is shown below. A table

containing conversions for each run, the average and the error is also provided.
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Anilinium Conversion (%)

salt ST RN e Average Conversion (%o) E(';/I;c)’r
174a 27.00 63.43 37.35 42.59 15.33
174b 86.49 65.72  64.90 72.37 9.99
174c 6790 6159 96.61 75.37 15.24
174d 52.63 46.91  43.69 47.74 3.70
175a 23.30 27.32  28.68 26.43 2.28
176a 5.85 6.69 8.87 7.14 1.27
177a 25.55 22.24  20.44 22.74 2.12
178a 48.52 31.09 62.09 47.24 12.69
179a 3426 4887 36.63 39.92 6.40
180a 66.50 98.39 97.48 87.46 14.82
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182a 64.12 62.45 64.63 63.73 0.93

183a 34.57 3427 36.84 35.22 1.15
184a 100.00  97.07 100.00 99.02 1.38
187a 72,57 100.00 82.32 84.96 11.35
188a 90.87 76.30  94.35 87.17 7.82

Methylation of phenols in DMSO using 3-Br-N,N,N-trimethylanilinium iodide

General procedure F - Methylation of nucleophiles in DMSO using 11a

1.2 eq.
@ K,CO3 (4 eq.) @
R > R
DMSO, 3 h, 80 °C

The relevant nucleophile (1 mmol, 1 eq.), 3-Br-N,N,N-trimethylanilinium iodide
(184a, 0.4104 g, 1.2 mmol, 1.2 eq.) or 2,N,N,N-tetramethylanilinium iodide (187a,
0.3326 g 1.2 mmol, 1.2 eq.), potassium carbonate (0.553 g, 4 mmol, 4 eq.), and DMSO
(2 mL) were added to a 25 mL round bottom flask equipped with a stir bar. The
reaction mixture was heated to 80 °C with stirring for 3 h in the sealed round bottom
flask. After cooling, the reaction was diluted with water (10 mL) and extracted with
dichloromethane (3 x 15 mL). The organic layers were then combined, washed with
1M HCI (3 x 20 mL), dried over MgSQa, and filtered. The solvent was then removed
in vacuo to give the crude methylated product. Column chromatography on silica gel

was used to deliver the methylated product.

A range of phenolic substrates, thiophenol, and benzoic acid were subjected to these

conditions. Details for the synthesis of each substrate are given below.
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Synthesis of 4-1Bu-anisole 20082

Me .
(0]

Prepared according to General Procedure F

Amount of 4-'Bu-phenol: 0.1502 g, 1.00 mmol

Product yield using 184a: 0.1608 g, 0.979 mmol, 98%

Product yield using 187a: 0.1411 g, 0.859 mmol, 86%

IR: vmax 2959, 2361, 1612, 1514, 1464, 1364, 1298, 1246, 1183, 1036, 827, 793 cm™

IH NMR (400 MHz, CDCl3): & 1.33 (s, 9H, C(CHa)3),  3.82 (s, 3H, OCHs), § 6.87
(m, 2H, ArH), § 7.33 (m, 2H, ArH)

13C NMR (101 MHz, CDCls): 8 30.98, 33.54, 54.70, 112.84, 125.71, 142.83, 156.79
Synthesis of 4-1-anisole 201183

Me.
®~o

|
Prepared according to General Procedure F
Amount of 4-1-phenol: 0.2340 g, 1.00 mmol
Product yield using 184a: 0.1615 g, 0.691 mmol, 69%
Melting point: 47-48 °C
IR: vimax 2361, 1584, 1481, 1285, 1238, 1172, 1026, 997, 831, 808, 583 cm*

IH NMR (400 MHz, CDCls): § 3.79 (s, 3H, OCHa), § 6.71 (m, 2H, ArH), § 7.58 (m,
2H, ArH)

13C NMR (101 MHz, CDCls): & 54.88, 82.33, 115.94, 137.73, 158.99
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Synthesis of 4-F-anisole 20284

Me .
(0]

F
Prepared according to General Procedure F
Amount of 4-F-phenol: 0.1122 g, 1.00 mmol
Product yield using 184a: 0.0877 g, 0.696 mmol, 70%

IR: vmax 3055, 3001, 2953, 2934, 2837, 2355, 2335, 1721, 1668, 1601, 1296, 1250,
1210, 1120, 1034, 887, 723cm™

IH NMR (400 MHz, CDCl3): § 3.81 (s, 3H, OCHs), & 6.86 (m, 2H, ArH), § 7.00 (m,
2H, ArH)

13C NMR (101 MHz, CDCly): § 55.23, 114.25 (d, Jce® = 7.51 Hz), 115.25 (d, Jcr? =
22.89), 155.37, 157.91 (d, Jer* = 234.30)

19F NMR (376 MHz, CDCls): § -124.40

Synthesis of 4-trifluoromethoxy-anisole 2038

Me
(@]

OCF3
Prepared according to General Procedure F
Amount of 4-trifluoromethoxy-phenol: 0.1781 g, 1.00 mmol
Product yield using 184a: 0.0403 g, 0.210 mmol, 21%

IR: vmax 2361, 1584, 1481, 1285, 1238, 1172, 1026, 997, 831, 808, 583 cm™*
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'H NMR (400 MHz, CDCl3): & 3.83 (s, 3H, OCHs), & 6.92 (m, 2H, ArH), 5 7.18 (m,
2H, ArH)

13C NMR (101 MHz, CDCls): § 54.97, 114.11, 120.19 (q, Jcr! = 255.7 Hz), 121.86,
142.23, 157.63

1F NMR (376 MHz, CDCls): § -58.53

Synthesis of 2,6-diphenylanisole 2048

_Me
(0]

OYNH

Prepared according to General Procedure F

Amount of 4-acetamidophenol: 0.1548 g, 1.01 mmol
Product yield using 184a: 0.1279 g, 0.774 mmol, 77%
Melting point: 129-131 °C

IR: vmax 2359, 1650, 1609, 1560, 1056, 1437, 1370, 1327, 1257, 1225, 1171, 835, 806,
683 cm’?

IH NMR (400 MHz, CDCls): § 2.12 (s, 3H, CHs), 5 3.78 (s, 3H, OCHs), & 6.83 (d,
2H, ArH, J = 8.77 Hz), § 7.39 (d, 2H, ArH, J = 8.77 Hz), § 7.99 (broad s, 1H, NH)

13C NMR (101 MHz, CDCls): 5 23.88, 54.98, 113.66, 121.39, 130.42, 155.98, 167.59

Synthesis of 2,6-diphenylanisole 205

Me .
(@]

Ph\©/Ph
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Prepared according to General Procedure F
Amount of 2,6-diphenylphenol: 0.2460 g, 1.00 mmol
Product yield using 184a: 0.2411 g, 0.926 mmol, 93%

IR: vmax 1497, 1462, 1441, 1406, 1227, 1177, 1084, 1028, 1005, 804, 762, 748, 696,
611, 582 cm™

IH NMR (400 MHz, CDCls): & 3.34 (s, 3H, OCHz), 8 7.39 (dd, 1H, ArH, J = 7.00,
8.14 Hz), 8 7.52 (m, 4H, ArH), 5 7.60 (m, 4H, ArH), 5 7.80 (m, 4H, ArH)

13C NMR (101 MHz, CDCls): & 60.07, 123.90, 126.78, 127.84, 129.00, 130.03,
135.42, 138.39, 154.63

Synthesis of 1,2,3-trimethoxybenzene 20687

Me ..
°o

Me0\©/OMe

Prepared according to General Procedure F

Amount of 2,6-methoxyphenol: 0.1542 g, 1.00 mmol
Product yield using 184a: 0.1395 g, 0.831 mmol, 83%
Melting point: 41-42 °C

IR: vmax 2940, 2835, 2359, 1593, 1498, 1475, 1435, 1296, 1254, 1229, 1172, 1103,
1094, 1001, 901, 777, 739, 696 cm™*

IH NMR (400 MHz, CDCls): & 3.85 (s, 3H, O-CHz) 5 3.89 (s, 6H, O-CH3), § 6.61 (d,
2H, ArH, J = 8.39 Hz), § 7.02 (t, 1H, ArH, J = 8.39 Hz)

13C NMR (101 MHz, CDCls): § 55.58, 60.33, 104.75, 123.12, 137.68, 153.05
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Synthesis of 2,6-dimethylanisole 20788

Me L
(0]

1

Prepared according to General Procedure F

Amount of 2,6-methylphenol: 0.1222 g, 1.00 mmol

Product yield using 184a: 0.1185 g, 0.870 mmol, 87%

IR: vmax 2943, 1475, 1416, 1263, 1213, 1170, 1091, 1018, 811, 769 cm™*

IH NMR (400 MHz, CDCls): & 3.80 (s, 6H, Ar-CHa) § 3.81 (s, 3H, O-CHa), § 6.53
(d, 2H, ArH, J = 8.43 Hz), § 6.93 (t, 1H, ArH, J = 8.43 Hz)

13C NMR (101 MHz, CDCls): 8 55.45, 60.16, 104.73, 123.11, 137.61, 152.97

Synthesis of 2-methylanisole 208'8°

Me
(0]

of

Prepared according to General Procedure F
Amount of 2-methylphenol: 0.1082 g, 1.00 mmol
Product yield using 184a: 0.0541 g, 0.442 mmol, 44%

IR: vmax 2999, 2941, 2916, 2833, 2357, 1601, 1585, 1489, 1460, 1435, 1288, 1260,
1190, 1165, 1151, 1043, 897, 843 cm™

IH NMR (400 MHz, CDCls): § 2.32 (s, 3H, Ar-CHa) § 3.90 (s, 3H, O-CH3), & 6.93
(m, 2H, ArH), 5 7.23 (m, 2H, ArH)

13C NMR (101 MHz, CDCls): 5 15.74,54.73,109.44, 119.81, 126.12, 126.34, 130.15,
157.28
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Synthesis of 2-methoxynaphthalene 209'%

,M
o e

Prepared according to General Procedure F

Amount of 2-naphthol: 0.1444 g, 1.00 mmol

Product yield using 184a: 0.1525 g, 0.964 mmol, 96%
Melting point: 69-70 °C

IR: vmax 2361, 1628, 1589, 1473, 1439, 1389, 1258, 1213, 1169, 1115, 949, 897, 835,
816, 741, 698, 621 cm™

IH NMR (400 MHz, CDCls): & 3.90 (s, 3H, O-CHs), § 7.14 (d, 1H, ArH, J = 2.57
Hz), § 7.18 (dd, 1H, ArH, J = 8.86 Hz), § 7.35 (ddd, 1H, ArH, J = 8.15, 6.83, 1.24), 5
7.46 (ddd, 1H, ArH, J=8.15, 6.86, 1.24), 5 7.72 (m, 3H, ArH)

13C NMR (101 MHz, CDCls): & 54.82, 105.37, 118.31, 123.18, 126.34, 127.26,
128.57, 128.99, 134.19, 157.20

Synthesis of estrone 3-methyl ether 210!

O

Me
(0]

Prepared according to General Procedure F

Amount of a-estrone: 0.2704 g, 1.00 mmol

Product yield using 184a: 0.2432 g, 0.856 mmol, 86%
Product yield using 187a: 0.2400 g, 0.844 mmol, 84%

Melting point: 169-170 °C
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IR: vmax 2913, 2361, 1736, 1503, 1452, 1316, 1236, 1165, 1107, 910, 245, 822, 575

cm?

IH NMR (400 MHz, CDCls): § 0.93 (s, 3H, C-CH3), 8 1.38-1.72 (m, 6H), & 1.93-2.58
(m, 7H), § 2.93 (m, 2H), & 3.80 (s, 3H, O-CHs), § 6.67 (d, 1H, ArH, J = 2.78 Hz), §
6.75 (dd, 1H, ArH, J = 2.78, 8.59 Hz), 5 7.22 (d, 1H, ArH, J = 8.59 Hz)

13C NMR (101 MHz, CDCls): § 13.39, 21.12, 25.48, 26.10, 29.21, 31.14, 35.37,
37.91, 43.48, 47.48, 49.92, 54.68, 111.08, 113.41, 125.83, 131.51, 137.22, 157.13,
220.19

Synthesis of 7-methoxycoumarin 2111%2

m
Me
°o o0 o

Prepared according to General Procedure F

Amount of 7-hydroxycoumarin: 0.1619 g, 1.00 mmol
Product yield using 184a: 0.174 g, 0.986 mmol, 99%
Product yield using 187a: 0.109 g, 0.616 mmol, 62%
Melting point: 115-116 °C

IR: vmax 2361, 1701, 1611, 1504, 1398, 1350, 1281, 1231, 1123, 1024, 980, 891, 826,
750, 615 cm™

'H NMR (400 MHz, CDCls): § 3.79 (s, 3H, O-CHs), & 6.16 (d, 1H, C=C-H, J = 9.49
Hz), § 6.69 (d, 1H, ArH, J = 2.47 Hz), § 6.76 (dd, 1H, ArH, J = 8.60, 2.47 Hz), § 7.30
(d, 1H, ArH, J = 8.60 Hz), 8 7.58 (d, 1H, C=C-H, J = 9.49 Hz)

13C NMR (101 MHz, CDCls): & 55.18, 100.25, 111.88, 111.95, 112.37, 128.30,
142.96, 155.27, 160.56, 162.26
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Synthesis of thioanisole 21219

_Me
S

C

Prepared according to General Procedure F
Amount of thiophenol: 0.1100 g, 1.00 mmol
Product yield: 0.0958 g, 0.773 mmol, 77%

IR: vmax 3057, 2918, 2359, 1582, 1479, 1439, 1315, 1088, 1024, 966, 893, 135, 669

cm?

IH NMR (400 MHz, CDCls): § 2.54 (s, 3H, S-CHa), § 7.20 (m, 1H, ArH), § 7.35 (m,
4H, ArH)

13C NMR (101 MHz, CDCls): 8 15.39, 124.56, 126.18, 128.36, 138.01

Synthesis of methylbenzoate 213%

M
©)J\O e

Prepared according to General Procedure F
Amount of benzoic acid: 0.1222 g, 1.00 mmol
Product yield: 0.1085 g, 0.797 mmol, 80%

IR: vmax2951, 2361, 1719, 1600, 1452, 1435, 1315, 1273, 1176, 1109, 1023, 964, 822,
708 cm

IH NMR (400 MHz, CDCls): 8 3.90 (s, 3H, O-CHa), § 7.43 (m, 2H, ArH), & 7.53 (m,
1H, ArH), § 8.05 (m, 2H, ArH)

13C NMR (101 MHz, CDCls): 8 51.50, 127.82, 129.03, 129.66, 132.36, 166.51
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Comparison of 184a to Common Methylating Reagents

4-'Bu-phenol (0.150 g, 1 mmol, 1 eq), potassium carbonate (0.553 g, 4 mmol, 4 eq),
and DMSO (2.5 mL) were added to a 25 mL round bottom flask equipped with a stirrer
bar. The relevant methylating reagent (1.2 mmol, 1.2 eq) was added via syringe or as
a solid. The reaction mixture was heated to 40 or 80 °C with stirring for 3 h in the

sealed round bottom flask.

After cooling, the reaction was diluted with water (10 mL) and extracted with
dichloromethane (3 x 15 mL). The organic layers were then combined, washed with
1M HCI (3 x 20 mL), dried over MgSOQg4, and filtered. The solvent was then removed
in vacuo to give the crude methylated product. Column chromatography on silica gel
was used to deliver the anisole product. The yield of anisole for under each of the

methylation conditions is given below.

Methylating reagent (1.2 eq)

; C T, 3h, DMSO / = Me

194 195
Methylating reagent T (°C) Yield (mg, %)
184a 80 161, 98
Methyl iodide 40 115, 70
Methyl iodide 80 129, 79
Methyl triflate 80 4.0, 2
Dimethyl carbonate 80 0.0,0

Comparison of Selectivity Methylating 2’4 -dihydroxyacetophenone with 184a and
Methyl lodide

2’,4’-dihydroxyacetophenone (0.076 g, 0.50 mmol, 1 eq.), potassium carbonate (0.276
g, 2.0 mmol, 4 eq.), 184a or methyl iodide (1.2 eg.), and DMSO (1 mL) were added to
a 25 mL round bottom flask equipped with a stirrer bar. The reaction mixture was
heated to 80 °C with stirring for 3 h in the sealed round bottom flask.
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After cooling, the reaction was diluted with 1M HCI (10 mL) and extracted with
dichloromethane (3 x 15 mL). The organic layers were then combined, washed with
1M HCI (2 x 10 mL), dried over MgSQa, and filtered. The solvent was then removed
in vacuo to give the methylation product mixture. Column chromatography on silica
gel (eluted with 10% ethyl acetate in petroleum ether) was used to isolate and

characterise the methylation products.

The yield of monomethylated products 215a and 215b, and dimethylated product 215¢

are given in a table below.

Methylating
reagent (1.2 eq )
/(;f‘\ KoCO3 (4 eq.) /(;fj\ /(:fj\ /(;ﬁ‘\
on 80°C.3h, PMSO HO OMe MeO OH MeO

215a 215b 215¢

Methylating reagent 215a (mg, %) 215b (mg, %) 215c¢ (mg, %)

184a 0,0 30.8, 37 23.4, 26
Methyl iodide 0,0 47.3,57 18.0, 20

Ho/©foj:

IH NMR (400 MHz, CDCls): § 2.59 (3H, s, C(O)CHz), & 5.89 (s, 1H, OH), § 6.41 (m,
2H, ArH), § 7.66 (dd, 1H, ArH, J = 8.46, 0.56 Hz), & 12.71 (s, 1H, OH)

13C NMR (101 MHz, CDCls): § 25.71, 102.99, 107.27, 113.81, 132.59, 162.17,
164.58, 202.29

O

Meo/©fot

'H NMR (400 MHz, CDCl3): § 2.58 (3H, s, C(O)CHs), & 3.86 (3H, s, OCHz), & 6.45
(2H, m, ArH), & 7.65 (d, 1H, ArH, J = 8.66 Hz), 5 12.76 (s, 1H, OH)
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13C NMR (101 MHz, CDCls): § 25.70, 55.06, 100.34, 107.12, 113.41, 131.78, 164.77,
165.62, 202.05

0]

Meo/©foj;

e

IH NMR (400 MHz, CDCls): § 2.59 (s, 3H, C(O)CHs), 5 3.88 (s, 3H, OCHs3), 5 3.91
(s, 3H, OCH3), 5 6.48 (d, 1H, ArH, J = 2.30 Hz), & 6.54 (dd, 1H, ArH, J = 8.71, 2.31
Hz), 5 7.85 (d, 1H, J = 8.71 Hz, ArH)

13C NMR (101 MHz, CDCl3): § 31.32, 54.94, 55.02, 97.83, 104.53, 120.07, 132.19,
160.57, 164.02, 197.24

Reaction Optimisation for the Methylation of Phenols using 11a in NMP

Based on the standard conditions used to methylate phenols with 11a in DMSO, a brief
screen of conditions was carried out for the reaction in NMP. The general procedure

was as follows.

4-'Bu-phenol (0.150 g, 1 mmol, 1 eq.), 184a (1.2 mmol, 1.2 eq.), potassium carbonate
(0.553 g, 4 mmol, 4 eq.), and NMP (x mL) were added to a 25 mL round bottom flask
equipped with a stir bar. The reaction mixture was heated to z °C with stirring for y h

in the sealed round bottom flask.

After cooling, the reaction was diluted with water (10 mL) and extracted with
dichloromethane (3 x 15 mL). The organic layers were then combined, washed with
1M HCI (3 x 20 mL), dried over MgSQg4, and filtered. The solvent was then removed
in vacuo to give the crude methylated product. Column chromatography on silica gel
was used to deliver the anisole product. The yield of anisole for under each of the

methylation conditions is given below.
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o\ ©
O,...
OH 0
Br 1.2 eq.
K,CO; (4 eq.
R_@ 2CO3 (4eq) .
NMP (x mL),y h,z°C

Entry X (mL) y (h) z (°C) Yield (mg, %)
1 2 3 80 145, 88
2 2 3 50 102, 62
3 5 3 80 136, 83
4 2 8 80 158, 96

Methylation of Phenols using 184a in NMP

4-'Bu-phenol, o-estrone, and 4-hydroxycoumarin were converted to their

corresponding methyl ethers in NMP using the following general procedure.

The relevant nucleophile (1 mmol, 1 eq), 184a (0.4104 g, 1.2 mmol, 1.2 eq.),
potassium carbonate (0.553 g, 4 mmol, 4 eq.), and NMP (2 mL) were added to a 25
mL round bottom flask equipped with a stir bar. The reaction mixture was heated to
80 °C with stirring for 8 h in the sealed round bottom flask. After cooling, the reaction
was diluted with water (10 mL) and extracted with dichloromethane (3 x 15 mL). The
organic layers were then combined, washed with 1M HCI (3 x 20 mL), dried over
MgSOs, and filtered. The solvent was then removed in vacuo to give the crude
methylated product. Column chromatography on silica gel was used to deliver the

methylated product.

The yield of each anisole product is shown in the scheme below. For brevity, readers
are directed to Methylation of phenols in DMSO using 3-Br-N,N,N-trimethylanilinium

iodide section for spectroscopic data and nucleophile stoichiometries.
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|
N
ol ©

fj
_Me
OH Br 1.2 eq @
K2003 (4 eq)
R > R
NMP, 8 h, 80 °C

Me
0 0
m
Me..
Mesg °o o0 o
200: 96% 210: 88% 211: 94%

Determination of T1 Relaxation Times for N,N,N-trimethylanilinium lodides in

DMSO-ds

In order to gain quantitative ‘°F NMR data to follow the degradation of 188a in NMP,
the T1 times of each °F were determined using the procedure described in section X.
The calculated T1 relaxation times for 188a, 4-trifluoromethyl-N,N-dimethylaniline,

and o,0,a-trifluorotoluene are shown below.

|
NN ~n
@N N
I@
CFj3 CFj3 CF3
1.82s 2.38s 124 s

Monitoring the Degradation of 188a in NMP Using °F NMR Spectroscopy

188a (19.9 mg, 60.0 umol) and a,a,a-trifluorotoluene internal standard (8.8 mg, 60
umol) were dissolved in NMP (0.6 mL, 0.618 g), to give an anilinium and internal
standard concentration of 0.1 M, then transferred to an NMR tube. A F NMR
spectrum (4 scans, 25 s relaxation time) was recorded every 5 min whilst the sample

was heated to 80 °C in the NMR spectrometer probe.

The concentration of the anilinium salt and aniline was calculated against the internal

standard at each time point.
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A plot of concentration vs time for 188a and 4-trifluoromethyl-N,N-dimethylaniline
is shown below. Data points are colour coded to correspond to the fluorine

environment from which the concentration was calculated.

0.1 {
HaC
-O-®
0.08 HaC
= 0.06
X
0.04
&Gt
0.02 HiC-N—(  —CF}
- CHs
0
0 10000 20000 30000 40000 50000 60000

Time/s

Assuming no reaction between the solvent and 188a, the degradation would consist
only of the following reversible step, which has been assigned rate constants ki and k-
1. Using COPASI v4.22 values for each rate constant in this reaction model were
estimated. The modelling was programmed in such a way that priority would be given
to correlating simulated data to the obtained anilinium concentration vs time curve.
The estimated rate constant for this reaction were k1 = 4.44 x 10 s and k1 = 4.78 x
104 M1st,

k_1 + H3C_|

CF; CFs
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Synthesis of trimethylsulfoxonium hexafluorophosphate, 216d

9@ PF?
/?\
Trimethylsulfoxonium iodide (0.6602 g, 3 mmol, 1 eq.) was dissolved in the minimum
amount of deionised water to achieve dissolution. Potassium hexafluorophosphate
(0.5522 g, 3 mmol, 1 eq.) was added and the resulting mixture was stirred at room
temperature for 3 h causing a white precipitation to form. The solid was collected via
vacuum filtration and washed with deionised water (3 x 5 mL), then dried in a vacuum

oven overnight to give a white powder (0.5671 g, 79%).

Melting point: Decomposed at 256 °C

IR: vmax 3003, 2914, 2359, 1412, 1233, 1040, 845, 822 cm™*

IH NMR (400 MHz, DMSO-d6): & 3.83 (s, 9H, S-(CH3)3)

13C NMR (101 MHz, DMSO-d6): & 38.95

19F NMR (376 MHz, DMSO-d6): & -70.09 (d, PFg’, J = 711 Hz)

3P NMR (162 MHz, DMSO-d6): 5 -146.39 (hep, J = 711 Hz)

Synthesis of trimethylsulfoxonium tetrakis(3,5-bis-(trifluoromethyl)phenyl) borate,
216f

O o
_S® BAF
I
The trimethylsulfoxonium iodide (0.3756 g, 1.707 mmol, 1 eq.) and sodium
tetrakis(3,5-bis(trifluoromethyl)phenyl borate (1 eq.) were stirred in a 1:1 biphasic
mixture of deionised water and dichloromethane. The organic layer was collected and

dried over sodium sulfate. The solvent was removed in vacuo to give a white powder.
Melting point: Decomposed at 237 °C

IR: vmax 2631, 2331, 1609, 1352, 1271 1144, 1113, 1028, 885, 837, 726, 710, 669 cm
1
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'H NMR (400 MHz, DMSO-d6): 6 3.83 (s, 9H, S-(CH3)3), § 7.62 (m, 8H, ArH BArF),
0 7.69 (s, 4H, ArH BATrF)

13C NMR (101 MHz, DMSO-d6): & 38.91, 117.66, 123.97 (q, Jcrt = 271.9 Hz),
128.43 (Jcr? = 30 Hz), 134.02, 147.21, 160.89 (g, Jcat = 49 Hz)

19F NMR (376 MHz, DMSO-d6): & -61.75

1B NMR (MHz, DMSO-d6): 5 -6.82

General procedure for methylation of 4-'Bu-phenol for mechanistic experiments

4-'Bu-phenol (0.1502 g, 1 mmol, 1 eq.), methylating reagent (1.2 mmol, 1.2 eq.),
potassium carbonate (0.553 g, 4 mmol, 4 eq.), and solvent (2 mL) were added to a 25
mL round bottom flask equipped with a stir bar. The reaction mixture was heated to
80 °C with stirring for 3 h open to air. After cooling, the reaction was diluted with
water (10 mL) and extracted with dichloromethane (3 x 15 mL). The organic layers
were then combined, washed with 1M HCI (3 x 20 mL), dried over MgSQOs, and
filtered. The solvent was then removed in vacuo to give the crude methylated product.

Column chromatography on silica gel was used to deliver 17 as a brown oil.

Entry Methylating reagent  Solvent Yield 17 (mg, %)

1 184d DMSO 73.9, 45
2 184f DMSO 82.1,50
3 216a DMSO 125, 76
4 216d DMSO 93.6, 57
5 216f DMSO 87.0, 53
6 184a NMP 14.5, 88
7 184d NMP 18.1, 11
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Chapter 2 — Clavulanic Acid Production on the Manufacturing Scale
2.1 Introduction

This chapter-specific introduction aims to provide a brief account of the chemistry of
antibiotics from their initial discovery through to modern day developments; particular
focus will be made upon B-lactam containing compounds such as penicillins and
cephalosporins. The pertinent issue of antibiotic resistance will be highlighted, leading

to a discussion of the B-lactamase inhibitor, clavulanic acid.
2.1.1 Introduction to Antibiotics

Antibiotics are a type of pharmacological agent used in treating bacterial infections.'*
Differences between bacterial cells and cells belonging to the host organism are
exploited in order to kill bacteria without causing damage to the mammalian host cells.
Bactericidal antibiotics are capable of killing bacteria whilst bacteriostatic antibiotics
work by preventing the growth of bacteria and thus aid, rather than replace the immune
system in clearing a bacterial infection. Some antibiotic drugs are capable of killing a
wide range of bacteria, these are known as broad spectrum antibiotics; conversely,
antibiotics that are active against a small variety of bacteria are known as narrow

spectrum antibiotics.%:1%

Though the terms aforementioned can be used to categorise antibiotics into two
separate classes, a more common method of classifying antibiotics is via their chemical
structure; each of these classifications having different modes of action and being
active against different bacterial species. Four of the antibiotic classes with the largest
market shares are given with their general structure in Figure 1. The B-lactam
containing cephalosporins and penicillins are the two most widely prescribed
antibiotics. Fluoroquinolones and tetracyclines are both used less commonly than -
lactam antibiotics, but they represent a significant portion of the antibiotic market
share nonetheless. Macrolides are 12-16 membered lactone rings with one or more
deoxy sugar attached via glycosidic linkages. Aminoglycosides are glycosides
modified with amino groups. Both macrolides and aminoglycosides are amongst the

highest revenue antibiotic classifications but due to the immense variability within
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each classification, neither type can be depicted effectively with a single structural

motif.1%

Although there is a vast range of antibiotic types available, this project focuses
specifically on penicillin and B-lactam compounds. The discovery of penicillin is
widely regarded as one of the biggest breakthroughs in modern medicine and its

discovery in 1928 revolutionised the medical field.'*°
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Figure 1. General chemical structure of fluoroquinolones, penicillins, cephalosporins
and tetracyclines,196.200-202

The Discovery of Penicillin

Germ theory was first proposed by Girolamo Fracastoro in 1546 and it suggested that
disease could be caused by microorganisms such as bacteria, fungi and viruses. The
theory started to gain acceptance throughout the 19" century but it was not until a
series of pioneering experiments carried out by Robert Koch and Louis Pasteur that
the necessary compelling evidence was collated.??®1%"203 The acceptance of germ
theory by the scientific community inspired a wealth of bacteriological research which
led to the identification of bacteria responsible for a variety of diseases that were

prevalent at the time such as cholera, tuberculosis, and anthrax.2%

One of the first practical applications of germ theory was work carried out the by the

surgeon Joseph Lister at the Glasgow Royal Infirmary. After becoming aware of the
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work carried out by Pasteur, Lister sought to develop antiseptic techniques that could
be used on surgical wards to reduce the chances of patient infection and disease.
Phenol, then known as carbolic acid, was applied to patient wounds and was used to
clean surgical equipment before usage. The rate of death caused by infection saw a
large decrease after Joseph Lister started to employ these antiseptic techniques on his
ward. Whilst phenol is effective at killing bacteria, it also has a range of undesirable
side effects on human patients such as corrosiveness through protein-degeneration,
killing white blood cells resulting in a diminished immune system, and causing

damage to the central nervous system.?%

During this period of intensive bacteriological research, scientists began to search for
a so called “magic bullet”. The term “magic bullet” was coined by the German
biochemist Paul Ehrlich; in this context it refers to a drug that can kill a desired
bacterium (one responsible for a particular disease) without causing any harm to the
patient hosting the bacteria.?®® A particular strain of bacteria named Treponema
pallidum was discovered to be the cause of the disease syphilis (one which was
particularly prevalent during this era). Ehrlich was investigating the effects of various
chemical compounds on Treponema pallidum with the aim of finding a
chemotherapeutic agent capable of killing the bacteria and thus eradicating syphilis.
In 1909, an arsenic containing compound arsphenamine, later marketed as Salvarsan,
was found to be an effective candidate and was the most efficacious cure for syphilis
up until the early 1940s. At the time, it was believed to exist as an As=As double
bonded dimer but a recent study by Lloyd et al. showed through mass spectrometry

that it actually exists primarily as the As single bonded trimer and pentamer (Figure
2).196,197,207

a) b) c)
//As-R Il? Il?
R-As As As R= OH
2 R-as  AsR
,AS As. \ /
R R AsAs NH,
R R

Figure 2. Salvarsan was believed to exist as the As=As double bonded dimer (a)
during its time of use; a 2005 mass spectrometry study showed that it actually exists
primarily as a mixture of the As-As single bonded trimer (b) and pentamer (c).2%’

208



In 1921, a scientist named Alexander Fleming who was a bacteriologist working in St.
Mary’s hospital in London, discovered a substance in his own mucus that had
bactericidal properties.?®® He named this substance lysozyme due to its lytic properties
and his belief (which would later prove to be correct) that lysozyme was an enzyme of
some kind.?%® Further research showed that lysozyme was found in various other
human secretions; although it had antibacterial properties, it was not effective in killing
any of the bacteria that were known to be harmful so it had no practical applications

and the scientific community took little notice of the discovery.?0-11

Fleming, upon returning from a vacation in 1928, was washing up old cell cultures
when he noticed that one of the plates had been contaminated with spots of mould. He
noticed that, around the perimeter of these mould contaminations, the colonies of
Staphylococci that were intentionally grown on the plate were translucent and smaller
than everywhere else on the plate. From this observation, he deduced that the mould
was producing a substance capable of killing the bacteria in the petri dish.'%%?% The
mould in question was Penicillium notatum and the chemical responsible for the
bactericidal properties of its secretion was named penicillin. The findings of this
research were published in 1929 by Alexander Fleming; however, the therapeutic
potential of penicillin was not immediately recognised.?®® Fleming and his co-workers
attempted to isolate penicillin from the mould’s secretion but had limited success due
to the instability of penicillin and the small quantities produced by the mould. For
many years, penicillin remained little more than a curiosity with its main application
being the isolation of penicillin-sensitive bacteria from penicillin-insensitive

bacteria 209,211,212

In order to try and progress his research, Fleming passed on some of his cultures to
Howard Florey and Ernst Chain at the University of Oxford.*"1% |n 1939, the group
started to produce penicillin on a larger scale, via fermentation of Penicillin notatum,
with the intention to carry out animal experiments and clinical trials. Norman Heatley,
a biochemist in the group, developed a novel method of extracting penicillin from the
fermentation filtrate via liquid-liquid extraction (Figure 3). Penicillin-containing
aqueous fermentation filtrate was acidified to pH 2 with phosphoric acid immediately
before being extracted into amyl-acetate; the penicillin is then reported to have been

transferred back into phosphate-buffer solution or water via a counter-current
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extraction process.?'® The initial clinical trials showed that penicillin was capable of
preventing death from an otherwise lethal dose of Streptococci in mice.?!* Similar
promising results were observed in human patients but clinical trials were hindered by

low drug supplies.?*®

Fermentation

Penicillum notatum is fermented for 5 days at 24 °C

Forward Extraction

Fermentation broth is acidified to pH 2 using phosphoric acid, then extracted into amyl
acetate

Back Extraction

The penicillin containing amyl acetate is extracted into an aqueous phosphate buffered
solution at pH 7.2

Figure 3. Flow diagram of the penicillin extraction process developed by Heatley.?*®

Once the potential of penicillin as a chemotherapeutic agent was recognised, and with
the high demand for antibacterial agents arising from the war, intensive efforts were
put in to producing penicillin on a large scale. Part of this research was carried out at
the Northern Regional Research Laboratory in Illinois, USA. By using corn-steep
liquor (a by-product from their milling process) and penicillin precursors in the
fermentation medium, a ten-fold increase in yield was observed versus that which was
obtained with the fermentation medium used by Heatley et al.*® A vast number of
other Penicillium strains were also tested in order to find strains that were more
productive than Penicillium notatum. Eventually, the strain Penicillium chrysogenum
was discovered inside a mouldy cantaloupe from a food market in Illinois which was
capable of producing penicillin titres of 60-150 ug/mL (compared to ca. 1.2 pg/mL
from Penicillium notatum).?!®2” Through exposure to high energy radiation and

multiple rounds of mutagenesis, the yields of penicillin were increased further still;

210



strains currently used in industry are capable of producing titres of up to 50,000

].lg/mL.Zﬂ_ZZl

With clinical trials showing promising results for penicillin, in conjunction with
increasingly efficient methods of producing penicillin and governmental subsidies,
pharmaceutical industries started to invest their efforts into producing penicillin on a
commercial scale. The first commercial penicillin production plant was opened by
Pfizer in 1944 producing 1.66 trillion units of penicillin in its first year of operation,
the rate of production continued to rise exponentially over the following few years and
in 1946 penicillin became available to the general public as a prescription drug.%%218
When penicillin was first discovered, the antibiotic market was virtually non-existent;
since then the drug market has seen vast amount of growth and has evolved beyond
recognition. Despite the turbulent nature of the pharmaceutical industry, penicillin

remains an important and competitive drug type worldwide.

The Structure of Penicillin

Fermentation was, and is still today, the most efficient way of producing penicillin;
however, during early research efforts, fermentation methods still gave relatively low
yields and limited techniques were available to isolate penicillin from the fermentation
broth.?!® These factors led scientists working in the area to try and determine the
chemical structure of penicillin in hopes that a more fruitful total synthesis could then
be devised.??? The task was very difficult due to the limited, low purity samples of
penicillin available, as well as the limited number of analytical techniques compared

to those available in the 21% century.

Information about the structure of penicillin came from a series of systematic
retrosynthetic disconnections and tests for particular functional groups.??222 It was
found that the addition of acid to aqueous penicillin solutions would liberate CO2 gas
and the penicillin yielded its nitrogen atoms as ammonium chloride and an amino acid,
this amino acid was isolated in its crystalline form and named penicillamine (Figure
4).224225 The presence of sulfur was detected in penicillin through a sodium fusion test,
and a geminal dimethyl group was predicted then later proven via synthesis. Mercuric

chloride was used to identify the presence of a thiazolidine ring.22226:227
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Figure 4. Structure of penicillamine.??®

The information that was obtained about penicillin led to the proposal of two different
thiazolidine-containing structures from different people within the team working on
this project. Robert Robinson deduced that the structure of penicillin was an

oxazolone-thiazolidine (Figure 5).2%

Figure 5. Oxazolone-thiazolidine structure of penicillin proposed by Robinson.?22226

Through electrometric titration studies, Edward Abraham noticed a lack of a weak
basic group that would be expected from the nitrogen atom on the thiazolidine ring
proposed by Robinson. This data led Abraham to propose a structure for penicillin that
included a B-lactam moiety fused to a thiazolidine ring (Figure 6); the B-lactam
functional group had not previously been found in a naturally occurring product and
the structure was not well received by his senior colleague, Robinson. Despite conflict
within the group, both structures had a significant amount of support within the field,

neither Abraham nor Robinson was able to prove their prediction to be the correct
0ne.196'222’226

CO,H

Figure 6. p-Lactam containing structure of penicillin proposed by Abraham 222226

Dorothy Hodgkin was a pioneer of X-ray crystallography working at the University of

Oxford. She had, during the 1940s, been gaining recognition for her work on
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elucidating the structure of Sterol. Hodgkin gathered X-ray diffraction data and
interpreted it to solve the three-dimensional crystal structure of penicillin.??® The
technique was still in its infancy and the task of determining the structure via
crystallography was one that required a lot of patience and ingenuity from Hodgkin.
By comparing the diffraction patterns of sodium, potassium, and rubidium salts of
penicillin, Hodgkin was able to conclusively prove the structure of the molecule.?2%2%0
The structure proposed by Abraham which includes the conformationally strained -
lactam motif (Figure 6) was shown to be correct. The 3D structural model presented
by Hodgkin was crafted from wire and corks. Modern digital representations of the

structure have also been generated (Figure 8, vide infra).

Rather than referring to one particular structure, the term penicillin can be used to
classify a range of molecules. Penicillins all contain the same B-lactam-thiazolidine
bicyclic core structure and vary only by the side chain appended to the B-lactam ring.
There are five natural penicillin structures known, the two most common amongst
these are penicillin G and penicillin V. The core structure with a simple primary amine
in place of the side chain is called 6-aminopenicillanic acid (6-APA) and is
commercially important as it is a precursor to semi-synthetic penicillins (Figure 7).
The structure that was elucidated by Hodgkin was that of benzylpenicillin which is

more commonly referred to as penicillin G.?29.231.2%2

6-APA R=H

o

H
H
RN =.s Penicilin G R = -C(O)CH,Ph
NJ/ Penicilin VR = -C(O)CH,OPh
S /
O,H

Figure 7. Generic structure of penicillin molecules with side chain groups for
penicillin G, penicillin V and 6-APA shown 231232

The B-lactam moiety in the structure of penicillin plays an important role in defining
the characteristics of the molecule as a whole. Lactams can be described as cyclic
amides; amides tend to be resistant to nucleophilic addition and hydrolysis due to a
resonance stabilisation energy obtained from delocalisation of nitrogen’s lone pair of
electrons over the carbonyl group. In order to maximise this resonance stabilisation

energy, amides will typically adopt a planar geometry. Penicillins are unstable over a
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range of conditions, and crystallography has shown that the amide group within the

penicillin core is not planar (Figure 8).2%

The lack of planarity arises from the conformation of the fused B-lactam and
thiazolidine rings. The strain introduced to the B-lactam ring by the thiazolidine means
that the lactam nitrogen has more sp? character than sp? character.?*23° The extent to
which electrons can delocalise across the N-C(O) bond is reduced and thus the amide
bond no longer has as much w-bonding character as would be observed in a linear (i.e.
acyclic) analogue. The lower C-N bond order in the B-lactam ring means that the C=0
bond behaves more like a ketone carbonyl than an amide carbonyl, and thus is more
electrophilic than would be expected of an amide carbonyl. The reduced ability of
bridgehead nitrogen atoms to donate electron density across amide bond was
demonstrated by Tani and Stoltz through the analysis of 2-quinuclidonium salts.?3® It
has been estimated that a B-lactam fused to a thiazolidine is more reactive than a lone
B-lactam by approximately two orders of magnitude. The lone B-lactamis, in turn more
reactive than a linear amide by a further two orders of magnitude.?” Aside from the
lack of stabilisation through resonance, there is also an inherent instability associated
with small rings arising from torsional and angular ring strain.?*® The susceptibility of
the B-lactam moiety to nucleophilic addition contributes to the instability of penicillins
but, concurrently, it is also instrumental to its mode of action, and will be discussed

later in this introduction.

Figure 8. Conformational structure of 6-APA in its zwitterionic form determined by
X-ray crystallography which displays the non-planar nature of the B-lactam arising
from the fused ring system.?
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The Synthesis of Penicillin

Once the chemical structure of penicillin was confirmed, intensive efforts were made
to devise a total synthesis of the antibiotic. The desire to come up with a synthesis was
driven by the potential for a more efficient and controllable production method than
fermentation. More importantly, synthetic efforts towards penicillin were driven by
harnessing the ability to create analogues of the naturally occurring penicillins. Though
the structure of penicillin was confirmed by Hodgkin in 1945, it wasn’t until 1957 that
a synthesis was successfully formulated by J. C. Sheehan at Massachusetts Institute of

Technology.9623°

The major synthetic challenge faced when making penicillin V was the incorporation
of a B-lactam ring. The sensitivity of this functional group to a range of conditions
required the ring to be formed during the last step of the synthesis.?*® Methods of
making amide bonds prior to the work carried out by Sheehan required harsh
conditions that were disruptive to the rest of the molecule.?*! In the research leading
up to this synthesis, it was discovered by Sheehan that aliphatic carbodiimides such as
dicyclohexylcarbodiimide (DCC) were effective as coupling reagents between
carboxylic acids and amines under mild conditions.?%2#? It was hypothesised that the
treatment of a suitably functionalised thiazolidine precursor with an amide coupling

reagent would afford the B-lactam-containing penicillin V target.

In the original total synthesis of penicillin V (Figure 9), the thiazolidine ring was
formed by reacting racemic tert-butyl phthalimidomalonaldehydate (1) with D-
penicilloic acid (2), a good yield was achieved by isomerising the undesired products
and recrystallizing them. The required stereoisomer (3) was deprotected with
hydrazine then subsequently reacted with phenoxyacetyl chloride to attach the
phenoxyl side chain which is characteristic of penicillin V. The tert-butyl ester (5) was
deprotected with HCI to afford a penicilloic acid (6) in high yield then DCC was used
to perform an intramolecular cyclisation to form the B-lactam ring and complete the

synthesis of penicillin V (7).23%243
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Figure 9. Reaction scheme for the total synthesis of penicillin \V designed by J. C.
Sheehan. %243

The total synthesis of penicillin is not as efficient as fermentation methods so it is not
used to produce penicillin industrially. Although the synthesis itself is not industrially
applicable, the research efforts spanning over a decade facilitated the development of
new synthetic technologies such as amide coupling reagents which are widely used in
both an academic and industrial setting.?#224* Furthermore, the total synthesis of
penicillin created the potential for synthetic analogues of naturally occurring
penicillins to be discovered. Penicillins with different side chains were created to
combat problems with instability or antibiotic resistance.?*> New penicillin products
are often made by semi-synthetic means; penicillin G or V are produced by

fermentation, their respective side chains are then cleaved via chemical or enzymatic
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means to form 6-APA.2%! The use of penicillin acylase enzymes tends to be preferred
in the process of manufacturing semi-synthetic penicillins as they are environmentally
and economically favoured.?*>246 6-APA is then N-acylated with the desired side
chain, this was classically carried out through formation of a mixed anhydride but

modern industrial methods use an enzymatic process.?#7:248

Penicillin is known to degrade rapidly in acidic conditions which is attributed, in part,
to the ability of the side chain carbonyl to act as a nucleophile, opening the B-lactam
ring.2 By adding electron-withdrawing groups such as phenol or carboxyl
substituents on to the side chain, the electron density on the carbonyl is reduced along
with its nucleophilic tendency.?*? Amoxicillin, ampicillin, and ticarcillin are all semi-
synthetic penicillins with improved pharmacological properties owing to acid

resistance from these modifications (Figure 10).24

HO
NH, O
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Amoxicillin X = OH Ticarcillin

Figure 10. Structures of acid resistant semi-synthetic antibiotics ampicillin,
amoxicillin and ticarcillin. Each contains an electron withdrawing group to reduce
nucleophilicity of the side chain carbonyl.4

A similar approach has been taken to produce P-lactamase resistant antibiotics,
incorporating sterically bulky groups to hinder the approach of nucleophilic residues
of B-lactamase enzymes; methicillin, flucoxacillin, and oxacillin were all designed in
this way (Figure 11).245250
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Figure 11. Structures of oxacillin, flucloxacillin and methicillin, semi-synthetic
antibiotics that are active against 3-lactam resistant bacteria due to the incorporation
of a bulky group in their side arm.?°

Cephalosporins are a family of B-lactam antibiotics closely related to penicillins and
are widely used in the antimicrobial industry.?®® The structure of cephalosporins
comprise of a B-lactam ring fused with a dihydrothiazine ring and are adorned with
side chains analogous to penicillins (Figure 12).2%° Cephalosporin C is produced by
Cephalosporium acremonium; an acylase enzyme is used to cleave the side chain to
afford 7-aminocephalosporanic acid (7-ACA).%? 7-ACA is then acylated to and make
semi-synthetic cephalosporin analogues in a strategy similar to that of penicillins via
6-APA.25% The mechanism by which cephalosporins work against bacteria is the same
as penicillin and other B-lactam antibiotics, this will be discussed in the next section

of this introduction.

o}
CO,H

Figure 12. General structure of cephalosporins.?®
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p-Lactam Antibiotic Mechanism of Action

[-Lactam antibiotics target the cell wall in order to kill bacteria. A cell wall is a mesh-
like structure of biopolymers that envelopes the cell to impart structural rigidity and to
prevent osmotic pressure from rupturing the cell.?>#2% The main polymer present in
cell walls is named peptidoglycan which consists of alternating sugars N-
acetylglucosamine and N-acetylmuramic acid, cross-linked by small peptide chains.
Early experiments showing that bacteria adopted filamentous shapes when exposed to
penicillin and that radioactively labelled penicillin G accumulated on the cell wall
made it clear to investigators that bacterial cell walls were the target of B-lactam
antibiotics. 42 |t was not until the later identification of peptidoglycan and
subsequent insights into its biosynthetic pathway that the way in which the antibiotics

disabled the cell wall was fully understood.

The cross-linking between peptidoglycan chains occurs between stem pentapeptides
on neighbouring strands, the process is called transpeptidation and is carried out via
transpeptidase enzymes (TP) which are also known as penicillin binding proteins
(PBP). The cross-linking is essential for the cell wall to have the necessary structural
integrity to withstand the high osmotic pressure a bacterial cell experiences.?® There
is a large number of known PBPs in existence, these are divided into two broad
categories,: High molecular weight (HMW) and low molecular weight (LMW).
Further subclasses A, B and C, are also used to describe PBPs based on domain

organisation; most bacterial species possess at least 2 different classes of PBP.257:2%8

PBPs contain a catalytic serine residue and general lysine base, the serine residue
covalently binds to the p-alanine-p-alanine terminus of a donor pentapeptide strand.
An amino group of an acceptor strand can then attack this acyl-enzyme intermediate
to release the cross-linked peptidoglycan. B-lactam groups are conformationally very
similar to the terminal p-alanine-p-alanine of peptidoglycan stem pentapeptides

(Figure 13), this allows the drugs to access the active site of PBPs.2®
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Figure 13. 3D depiction of penicillin and a D-Ala-D-Ala portion of a peptide chain
highlighting the conformational similarity between the two structures.?32%

The serine residue, upon deprotonation from a lysine base, cleaves the -lactam ring
of the antibiotic open, forming a stable covalently bonded enzyme-drug complex
(Figure 14).2%6.2582% The resulting adduct that is formed has a long lifetime which
means the PBP is not available for transpeptidation and thus, cannot perform its
function. With the inability to cross-link peptidoglycan strands, defects start to arise
across the cell wall; cells will first start to elongate as osmotic pressure rises and then

bulges form along the cell wall until it eventually ruptures and the cell dies.?°

(Sj;,(y NH H

o
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Figure 14. A simplified mechanism showing a serine residue in the active site of

PBP forming a covalent adduct with a penicillin molecule by opening the -lactam
ring.256.258.259

[S-Lactam Antibiotic Resistance

From the moment a drug reaches the market, its lifetime starts to diminish due to
evolved drug resistance.?% Resistance to penicillin was noted within two years of its

commercial use. However, more alarmingly, clinically significant resistance to drugs
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can be apparent just months after their widespread use.?! Antibiotic resistance is a
growing problem in 21% century society and pharmaceutical researchers are under

increasing pressure to combat the global issue.1%:262

One way in which cells can develop resistance to a drug is to prohibit the drug from
entering the cell. Over producing membrane proteins can create a so called efflux
pump that has the ability to pump drugs out of the cell such that their concentration is
too low to take effect.?%2 Similarly, mutations in the structure of the cell can serve to
reduce cell membrane permeability and thus stop drugs from reaching the intended
target.23 Another mechanism of drug resistance is changing the receptor of a drug
target such that the antibiotic is no longer recognised. In the context of B-lactam
antibiotics, mutated forms of PBP have been discovered that have a lower affinity to
the pharmaceutical agent than typically observed.?®* The PBP2’ enzyme is one such
mutated transpeptidase that is present in some antibiotic resistant bacteria, it has a low
binding affinity for all known B-lactam antibiotics and is the molecular basis for the
Methicillin-resistant Staphylococcus aureus (MRSA) phenotype, a widely spread

antibiotic resistant bacteria.?%?

The most prevalent resistance mechanism of -lactam antibiotics and in the context of
this project, the most relevant, is drug inactivation. Through evolutionary processes,
cells often develop methods of modifying drugs to render them inactive before they
can reach their target. Many bacteria produce a type of enzyme named B-lactamase
that have such an effect on B-lactam containing antibiotics.?%® p-Lactamases open the
B-lactam ring of antibiotics using a nucleophilic serine residue, the resulting acyl-
enzyme complex is easily cleaved with a water molecule from the active site to
regenerate the enzyme. The effect of this is that f-lactam antibiotics are catalytically
decomposed before they can reach their PBP targets. There are over 2500 p-lactamases

that have currently been discovered and the number is still increasing.266267

There are three main ways in which antibiotic resistance is combated. Whilst not
eradicating the problem, taking care not abuse antibiotics by unnecessary use can help
to significantly slow down the rate in which resistance spreads.?®® Another method is
to design novel drugs that can circumvent the resistance mechanisms by changing the

drug target.?6°2’% \vancomycin for instance is a synthetic glycopeptide antibiotic used
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as a last resort against antibiotic resistant bacteria (Figure 15). Like [-lactam
antibiotics, vancomycin affects the cell wall transpeptidation; however, rather than
blocking the active site of PBPs, it takes effect by binding to the peptidoglycan
substrate to stop it from reaching the PBP.2"* B-Lactam antibiotics themselves have
also been altered in order to become less prone to B-lactamase facilitated degradation,
this can be a fairly effective approach but, given the highly mutagenic nature of

bacteria, resistance to new drug analogues is normally developed.24%2%
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Figure 15. Structure of vancomycin, a synthetic glycopeptide antibiotic.?3

The final way in which antibiotic resistance can be retarded is by combination therapy
of a working antibiotic with an agent that combats the resistance mechanism. In the
case of B-lactam antibiotics, chemicals that can inhibit the 3-lactamase enzyme allow
the antibiotics to persist for enough time to exhibit their bactericidal properties. There
are 3 different B-lactamase inhibitors currently available on the drug market that are
each co-administered with a different 3-lactam antibiotic (Figure 16). Tazobactam is
administered alongside piperacillin, sulbactam with either ampicillin or cefoperazone,
and clavulanic acid with amoxicillin. Of these combinations, clavulanic acid and

amoxicillin is the most commonly prescribed; it first reached the market with the brand
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name Augmentin under the production of Beechams which, over time became
GlaxoSmithKline.?”? Clavulanic acid is administered in the form of its potassium
clavulanate salt as this has more desirable pharmacological properties than the free

acid.
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Figure 16. Structures of the three B-lactamase inhibitors that are currently available
on the drug market, sulbactam, tazobactam and clavulanic.?”

The Discovery of Clavulanic Acid

Since resistance to P-lactam antibiotics was first observed, scientists set about
discovering analogues of penicillin with a lower susceptibility to B-lactamases. During
a screening experiment of B-lactam producers, Streptomyces clavuligerus was found
to produce clavam metabolites that showed resistance to -lactamases. Clavulanic acid
(CA) was isolated and identified as the molecule responsible for activity against j3-
lactamase.'%2”® Clavam molecules are those which contain a bicyclic p-lactam-
oxazolidine nucleus that can be functionalised in the 2 and 3 positions (Figure 17).27
The chirality of the carbon atom at the ring junction plays an important part in the

biological activity of the clavam molecule.?”

The structure of CA is very similar to that of penicillins varying only in the lack of
acylamino side chain, an oxygen atom in place of sulphur to give an oxazolidine ring
rather than a thiazolidine ring, and the inclusion of a hydroxyethylidene chain (Figure
17).276-2"8 The 5R,3R stereochemistry of clavulanic acid which was determined by X-
ray crystallography is essential for its activity as a B-lactamase inhibitor.27>279.280 5g.

Clavams can exhibit a bactericidal effect by inhibiting bacterial homoserine-O-
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succinyl transferase.?’%2”® Clavulanic acid itself has antibiotic properties against a wide
range of Gram-positive and Gram-negative bacteria; however, its potency is too low
to be of practical use administered alone. Instead, clavulanic acid is co-administered

with a more active antibiotic, namely amoxicillin (vide supra).?6>273281
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Figure 17. The structure of clavulanic acid (left) and the general structures of clavam
compounds (middle) and penicillins (right).2"3274

Historically, there have been multiple attempts to classify the varied family of B-
lactamase enzymes according to substrate, isoelectric focus, inhibitory properties, and
molecular structure.?’"282-285 Each of the classification systems have their merits and
the most useful system in each particular case is dependent on the context. One of the
most widely used classification systems is the Ambler system which categorises [3-
lactamases into two groups: serine enzymes and zinc enzymes.?’” The serine enzymes
all use serine residues to catalyse the antibiotic inactivation; these are separated into
classes A, C, and D depending on their amino acid sequence. The serine hydroxyl
group acts as a nucleophile to facilitate the opening of the B-lactam ring (Figure 18).
Class B enzymes, also known as metallo-B-lactamases (MBLS) contain zinc atoms that

assist the opening of the -lactam ring (Figure 19).
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Figure 18. Simplified mechanism of a serine enzyme catalysing the degradation of a
cephalosporin p-lactam antibiotic.?®

The MBL enzymes are of particular concern because they are able to catalyse the
degradation of all existing classes of B-lactam antibiotic with the exception of
monobactams.?®” Current chemotherapeutic agents such as clavulanic acid do not
exhibit any inhibitory effect on MBLs.?828 There is much structural diversity within
the MBL family and in a similar fashion to serine enzymes, they are broken down into
three subclasses: B1, B2, and B3; the assigned classification is dependent on the amino
acid sequence within each enzyme.?” The active site of an MBL contains either one
or two zinc atoms that are necessary for its activity; the exact catalytic mechanism of
these metallo-enzymes remains somewhat ambiguous and appears to vary between

individual members of the MBL family.?8"289 Though the exact mechanism is not
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known, extensive studies have discovered that zinc atoms in the MBL active site can

serve two key roles to assist in the catalysis of B-lactam antibiotics.

Zinc atoms within an MBL active site carry an effective positive charge and have the
ability to act as Lewis acids. The B-lactam carbonyl oxygen atom has been shown to
coordinate to zinc in the active site, this serves to generate a more electron-deficient
neighbouring carbon and thus increases its susceptibility to nucleophilic attack.?
Furthermore, the coordination of oxygen to zinc helps to stabilise the developing
negative charge on the anionic tetrahedral intermediate that is formed upon

nucleophilic attack (Figure 19).28°
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Figure 19. Facilitation of nucleophilic attack on (3-lactam carbonyl through
coordination of carbonyl oxygen to zinc in the MBL active site.?°

The ligands associated with zinc vary between each enzyme but are typically a
combination of histidine, aspartic acid, cysteine, asparagine, and/or glycine residues,
and one or more water molecule.?®® The pKa of the associated water molecule is
lowered from its coordination to zinc which means it can easily be deprotonated to
form a metal-bound hydroxide species. This coordinated hydroxide ion has the ability
to act as a nucleophile and catalyse the breakdown of B-lactam antibiotics through

addition onto the carbony! (Figure 20).2°

/

] J:?l

N

. N, 0 oy N

| H | ﬁ;( 5 . OH
_Zn™ _Znn — -3z

- \\\OHZ g \\\éH \\

Figure 20. Ligation to zinc lowers the pKa of water molecules allowing the facile
formation of metal-bound hydroxide species, these can then act as nucleophiles to
degrade B-lactam rings.?®°
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The B-lactam functional group of clavulanic acid is responsible for its action as a f3-
lactamase inhibitor; the lactam ring is opened in a mechanism similar to that of
penicillins at the PBP active site. Whereas 3-lactam antibiotics undergo a ring opening
reaction catalysed by B-lactamase followed by a rapid cleavage of the acyl-enzyme
complex to regenerate the enzyme (vide supra), the clavulanic acid acyl-enzyme
complex persists for a longer period of time (Figure 21).282%! The long lifetime of
this complex means that the enzyme is inhibited for enough time that the co-
administered antibiotic can reach the PBP to kill the bacterial cells. Clavulanic acid
can be described as a suicide inhibitor as it is itself degraded in order to inhibit the

enzyme.?%2
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Figure 21. Mechanism of p-lactamase inhibition by clavulanic acid.?%
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2.1.2 The Synthesis of Clavulanic Acid
Total Synthesis of Clavulanic Acid

As with B-lactam antibiotics, there are several challenges which must be overcome in
order to devise a total synthesis of clavulanic acid. To date, there has been only two
reported total syntheses of clavulanic acid, both of which were reported by Peter
Bentley and co-workers at Beechams, and each route affords a racemic mixture of

clavulanic acid.?%2%

The first total synthesis designed by the Bentley group was in 1977 (Figure 22).2%
The first step of the synthesis was the N-alkylation of 4-(methylthio)azetidin-2-one (8)
with dimethyl 2-bromo-3-oxoglutarate and 2 equiv. sodium hydride in
dimethylformamide; the reaction afforded the B-ketodiester (9), which was largely in
the enol form, in 29 % yield. The chlorine derivative of 9 was formed by treating it
with an excess of chlorine in carbon tetrachloride, a base induced cyclization in
dimethylformamide followed by an aqueous work up afforded the racemic bicyclic
diester (10) in 34 % vyield. An alkene isomerisation of the diester was achieved by
irradiating 10 with UV light from a low pressure mercury lamp in benzene; the Z
isomer (11) was gained in a 2:3 mixture. Diisobutyl aluminium hydride was used to
reduce the diester to (x)-methyl clavulanate (12); the reaction yield is reported to be
low but the exact yield is not quoted. It is stated that (x)-methyl clavulanate is
convertible to (x)-clavulanic acid (13) although a procedure and yield for this step was

not reported by the group.?®
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Figure 22. Reaction scheme for the first total synthesis of clavulanic acid designed

by Bentley et al.?%®

A second total synthesis of clavulanic acid was carried out by Bentley et al. in 1979
(Figure 23).2% The synthesis started by acylating the starting material (14) with vinyl
acetyl chloride in THF in the presence of lithium bis(trimethylsilyl)amide to give an
enolic ester (15) in 64% yield. A chlorinolysis using chlorine in carbon tetrachloride
was performed followed by a base catalysed cyclization with triethylamine to afford
the racemic bicyclic diene (16). Treatment of the diene with ozone in ethylacetate
formed the ozonide (17) in 65% yield. The final step was a hydrogenation of the
ozonide using 10% Pd/C to give (x)-methyl clavulanate (18) in 9% vyield. As with the
previous synthesis, the elaboration of (x)-methyl clavulanate to (£)-clavulanic acid is
not directly reported; the racemic methyl clavulanate product was obtained in an
overall yield of 0.86 %.2%
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Figure 23. Reaction scheme for the second total synthesis of clavulanic acid
designed by Bentley et al.?%

Both of the total syntheses designed by Bentley et al. are low yielding and do not
proceed with stereocontrol.?%42% Furthermore, the conditions used for a number of
steps (such as carbon tetrachloride solvent) would not be suitable on a process scale.
Given the large quantities of clavulanic acid prescribed across the globe, it would not

be feasible to meet this demand by synthetic means.

Fermentative Synthesis of Clavulanic Acid

As with most other B-lactam containing antibiotics, fermentation methods are the most
efficient way of producing clavulanic acid on a commercial scale; particularly by the
fed-batch method due to its operational simplicity and superior productivity.?%

Streptomyces clavuligerus is the species of bacterium that is used to produce clavulanic
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acid industrially, though other species of the Streptomyces genus have been shown to
produce CA.?" The biosynthetic pathway for clavulanic acid production via S.
clavuligerus has not been fully characterised but studies have been carried out that

give a reasonably comprehensive insight as to how the metabolite is made in nature.?®

S. clavuligerus does not exclusively produce CA, a range of other primary and
secondary metabolites are formed. These metabolites include, but are not limited to,
penicillin N, cephamycin C and a host of other clavams (5S clavams) that do not
possess the 3R, SR geometry that is essential for B-lactamase inhibitory properties.?®’
The biosynthetic pathway followed to make CA is shared in part with other clavams
produced; however, the biosynthesis of CA is different to that of conventional
antibiotics such as cephalosporins and penicillins.?%82% |t was initially speculated that
the biosynthetic pathway of clavulanic acid was shared with other bicyclic B-lactam
antibiotics such as cephalosporins based on the fact both compounds can be produced
by the same species of bacterium.?®” The conventional B-lactam antibiotics are
produced via the tripeptide precursor o-(L-a-aminoadipyl)-L-cysteinyl-D-valine

(Figure 24), more commonly known as an the Arnstein peptide.>®
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Figure 24. Structure of the 6-(L-a-aminoadipyl)-L-cysteinyl-D-valine, a tripeptide
precursor in the biosynthesis of penicillins and cephalosporins.3®

A lack of evidence for an intermediate analogous to the Arnstein peptide suggested
that CA may be produced via a different pathway to conventional B-lactam
antibiotics.?®? Enzymes known to be responsible for penicillin and cephalosporin
synthesis were shown to have an incompatible substrate-specificity to CA precursors
which further opposed the credibility of a shared pathway. Initial feeding studies

suggested amino acids such as arginine or ornithine condensed with an intermediate in
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a 3C glycolytic pathway in the early stages of CA synthesis; arginine and pyruvate

were eventually determined to be direct precursors of CA.3%2

Metabolites from a mutant S. clavuligerus strain blocked in CA production yielded a
positive Sakaguchi colour test result, thus indicating the presence of one of more
guanidino groups. These metabolites were isolated, structurally determined and then
synthesised with 3C building blocks. The labelled analogues were shown through
feeding experiments to be directly incorporated into CA synthesis, proving their role
as intermediates in the biosynthetic pathway.*® The structure of one of these acyclic
intermediates, N2-(2-carboxyethyl)-arginine (CEA), suggested that the condensation
of pyruvate and arginine take place by a mechanism different to that of a ribosomal
peptide synthetase which is involved with the synthesis of penicillin and cephamycin;

a lack of genetic evidence for a peptide synthetase was used to support this proposal.>°*

An overview of steps from arginine and pyruvate through to clavulanic acid is given
(Figure 25). L-Arginine and pyruvate are condensed to form CEA by the N2-(2-
carboxyethyl)-arginine synthase (CEAS) enzyme, this step is dependent on a thiamin
diphosphate cofactor.®** The B-lactam ring is next formed by the p-lactam synthetase
(BLS) enzyme to make deoxyguanidinoproclavaminate; this step has a stark contrast
from the tripeptide intramolecular condensation to form the -lactam ring in penicillins
and cephalosporins. The structure and reactivity of BLS resembles asparagine
synthetases responsible for producing asparagine in nature; BLS however, has a larger
active site to accommodate the CEA substrate and favours p-lactam formation over

interdomain amide formations. 298301

Deoxyguanidinoproclavaminate is stereoselectively hydroxylated by clavaminate
synthase (CAS) and then proclavaminate amidinohydrolase (PAH) catalyses the
removal of the guanidino group to yield the key intermediate proclavaminate.2%8303
CAS Catalyses a cyclisation reaction of proclavaminate to form the oxazolidine ring
and generate the bicyclic intermediate dihydroclavaminate; the same enzyme then
catalyses a third reaction whereby it desaturates the side chain to vyield
clavaminate.®1:3% Clavaminate is the last common intermediate in 5S clavam and
clavulanic acid synthesis; it can be elaborated on to a range of 5S clavams. In the case

of CA synthesis, a double epimerisation proceeds to form clavaldehyde which has the
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3R, 5R geometry on the B-lactam oxazolidine ring which is essential for B-lactamase
inhibition.

The exact mechanism by which (3S,5S)-clavaminate is converted to (3R,5R)-
clavaldehyde is not fully understood; recent studies have suggested that this proceeds
through an N-glycyl-clavaminic acid intermediate.3%>3% Interestingly, the unstable
clavaldehyde intermediate exhibits B-lactam inhibition which supports the theory this
effect relies on the 3R, 5R stereochemistry.*** The final step of the biosynthetic
pathway is the reduction of clavaldehyde to clavulanic acid via the enzyme clavulanic
acid dehydrogenase (CAD), which uses an NADPH cofactor and is able to reduce the

aldehyde functionality without altering the B-lactam ring.**’

Although the biological synthesis of CA is superior to total synthesis in terms of yield
and efficiency, wild type S. clavuligerus is still not sufficient for production on a global
scale. Competing metabolic pathways such as cephamycin production decrease the
yield of CA and morphological differences in bacteria can lead to inconsistencies
between fermentation batches. In order to circumvent these problems as much as
possible, intensive strain development have been undertaken to impart more desirable
properties on the CA producing S. clavuligerus bacteria. The biology involved with
strain development is currently outside the scope of this project but a brief overview

will be given.?®
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Figure 25. Overview of clavulanic acid biosynthetic pathway.?"32%

S. clavuligerus is capable of making CA, cephamycin C, and a range of other primary
and secondary metabolites.?®® In the industrial production of CA, it is beneficial to
minimise the reactions leading to these other metabolites as they divert the overall flow

of chemicals and energy away from the CA pathway.?®’ D-glyceraldehyde-3-
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phosphate (G3P) is a precursor to clavulanic acid that is involved in the glycolytic
pathway, in wild type S. clavuligerus approximately 80% of the G3P produced
continues in the non-productive glycolytic pathway leaving only 20% to be elaborated
into CA.3% |t has been shown through feeding studies that G3P is a limiting factor in
CA biosynthesis; a targeted approach to increasing the G3P pool in S. clavuligerus
cultures was sought.2%3% Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is
the enzyme responsible for the competing conversion of G3P into 1,3-
biphosphoglycerate; gap genes are essential for GAPDH production in S. clavuligerus.
The glycolytic pathway was genetically engineered by selectively inactivating two gap
genes to stop GAPDH production. The result was an increased G3P pool which was

responsible for an increase in CA titre compared to the wild-type strain by over
100%_297,308,310

Similarly, the production of non-related 5S clavams was eradicated via the deletion of
open reading frames essential for 5S clavam synthesis.®!! The expression of positive
regulatory genes has also been increased via gene modification to increase the
production of CA. Aside from improvements in yield by retarding competing
metabolic pathways and up regulation of CA biosynthesis, certain developments on S.
clavuligerus strains can impart more desirable physical properties onto fermentation
batches that improve the efficiency of the extraction processes subsequent to

fermentation.3%8

Improved strains of S. clavuligerus increase the potential yield of CA but, in order for
that potential to be realised, great care must be taken in the fermentation process.
Consistency and repeatability between fermentation batches is often difficult to obtain
due to morphological differences in bacteria.®'? The production process can be split
into 3 processes; (i) inoculum development, (i) microbiological synthesis, and (iii)
CA recovery.?”® Dormant S. clavuligerus is activated and developed as a preculture
medium to inoculate the fermentation vessel. The production of CA is strongly
dependent on inoculum activity and it has been shown in previous fermentation studies
that the early growth fermentation phase must be optimal in order for the remainder of

the fermentation process to be successful 31
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On an industrial scale, multiple development steps are required to produce enough of
the preculture medium to inoculate the large vessels, this is usually carried out through
multiple discreet stages and it presents difficult challenges in terms of producing
consistent batches between fermentation cycles. Differences in biomass concentration,
cell density, and metabolic activity are usually the key contributory factors to yield
variability so it is necessary for the preculture medium to be monitored before each
fermentation cycle. Chromatographic analysis of the gas given off by the preculture is

used to provide information about the batch and how it can be managed.®'*

Though the quality of the inoculum dictates the production potential of a fermentation
batch, the fermentation media must be controlled to realise that potential. The effect
of different fermentation media substituents on the yield of CA has been studied by
various groups in the past. Since bacteria are responsible for producing CA it is
important to add the correct feedstock to a fermentation batch to maintain an
environment in which they can thrive and are optimal for CA production. Factors such
as pH, temperature, carbon source, nitrogen source, agitation speed, and oxygen
availability have all been shown to affect the outcome of a fermentation.31%315-317 The
optimal conditions for a fermentation batch will also depend on the strain of S.
clavuligerus used; certain strain developments can be made in an attempt to produce
CA under conditions which are cheaper or more preferable. Mutations to the wild-type
S. clavuligerus have made it possible to utilise glucose as a carbon source, similarly
strain screening programmes have been used to identify strains that are productive at

the pH levels at which clavulanic acid degradation is minimal.308314

Since clavulanic acid is known to be unstable in solution, it is essential to extract and
isolate it from the fermentation broth in a timely manner. The details of the extraction
process used by each company are often closely guarded as the industry is competitive
and any small advantage in the process can make a significant difference to operation
costs or product quality. A summary will be given of the extraction process used at
GSK Irvine in order to give context of the conditions that clavulanic acid is found in
throughout the process; however, the detail in which each step is described will be

somewhat limited due to the sensitivity of this information.
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Extraction of Clavulanic Acid

After the fermentation has been carried out to give a suitable titre, the entire broth is
transported to the extraction area. The broth contains the dissolved CA produced from
S. clavuligerus but also a plethora of cell matter, proteins and other substances that
need to be removed from the final product. The multi-stage process is described below

and summarise in Figure 26.

The first stage of the process forces the fermentation broth through stacks of a semi-
permeable membrane under pressure, this is known as ultrafiltration (UF). UF is
designed to remove solid materials and any dissolved molecules that are 1000 Da or
more in molecular weight; the UF filtrate contains CA as the free acid.3!® As the
process progresses it becomes more difficult to push the broth through the membranes,
when flow rate drops below a predefined level diafiltration (DF) is employed. DF is
an operational mode of the UF process whereby water is added to the fermentation
broth to aid separation of microsolutes (those that pass through the UF membrane) and
macrosolutes (those that do not pass through the UF membrane).3!° The employment
of DF allows an efficient separation and helps ensure a high recovery yield of CA;
however, it does also result in large volumes of filtrate to be processed further

downstream.320

Once the required level of UF permeate is collected, it is then subjected to a reverse
osmosis (RO) step. RO processes the mixture through a membrane with appropriate
porosity under pressure; the membrane can pass a small amount clavulanic acid but
the vast majority is retained. The result of this process is the removal of water from
the process liquor to give a concentrated CA solution on the upstream side of the
membrane. The RO concentrate is directed back to RO feed vessel from which it was
delivered and the flow is recycled in this manner until the mixture reaches the required

concentration.??!

The concentrated aqueous CA solution can contain some solutes at this stage that
would become insoluble upon lowering the pH of solution; these are named acid
precipitable solids (APSs). The RO concentrate is passed through a hydrophobic

synthetic acrylic-ester-resin which is a good adsorbent for large uncharged
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compounds; the APSs are adsorbed onto the resin whilst the percolate containing CA

is passed downstream towards the next stage of the process. 3?4323

The process liquor is filtered through to a carbon column to remove further impurities
but in order to do that, CA is first transferred from an aqueous to an organic medium.
The post-resin aqueous sample, which is now free of APSs, is treated with sulfuric
acid to lower its pH, the acidification ensures that all CA in solution is in its protonated
free acid form. The rich aqueous solution is then injected into a counter current
extractor (CCE) where it is rapidly mixed with methyl isobutyl ketone (MiBK); during
mixing a mass transfer of CA from water to MiBK is observed.3?* The disparity of
density between the two immiscible solvents is exploited to separate them; rich MiBK
can then be passed through a column containing activated carbon onto which

impurities, particularly those that are coloured will be adsorbed.

The transfer of CA into MiBK is optimal for carbon column treatment but an aqueous
solution is preferable and as such back extraction takes place. The pH of rich MiBK is
raised using tert-butylamine: the addition of base will serve to deprotonate CA.3%°
Mixing between MiBK and water transfers the clavulanate anions along with tert-
butylammonium (t-BA) cations into the aqueous phase and the two phases are
separated via centrifugal force. The rich aqueous aliquots are further pH adjusted with
nitric acid after back extraction is complete to aid with the removal of an impurity. The
t-BA clavulanate salt is stored as an isolable intermediate as degradation is drastically
slower in the solid state with an absence of moisture.3?® Using organic amines other
than tert-butylamine to isolate clavulanate has been demonstrated to leave amine traces
in the final product. Addition of acetone to the aqueous t-BA clavulanate solution with
cooling causes the salt to precipitate as a slurry which is then washed, dried and kegged

for storage until product is required.

Potassium clavulanate is the form in which the B-lactamase inhibitor is administered
hence the final stage of this process is to convert t-BA clavulanate to potassium
clavulanate. To a solution of t-BA clavulanate in isopropyl alcohol (IPA) and water,
potassium 2-ethylhexanoate (KEH) is added; a salt metathesis reaction occurs to yield

insoluble potassium clavulanate and soluble t-BA 2-ethylhexanoate.®” The potassium
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clavulanate is filtered and dried and then blended with an excipient for future

processing, or amoxicillin for the production of Augmentin.

Fermentation

Streptomyces clavuligerus
produce clavulanic acid via a
fed-batch fermentation method

Ultrafiltration

ER

Fermentation broth is passed
through UF membrane to remove
solids and large molecules

Carbon Treatment

The clavulanic acid containing
MiBK is passed through a carbon
column to remove impurities

Forward Extraction

AA

%

The resin percolate is acidified
and extracted into MiBK

Back Extraction

o
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The MiBK is treated with t-butyl
ammonia and extracted into water

t-BA Salt Isolation

t-BA clavulanate salt is
precipitated using acetone and
ianlated

Reverse Osmosis

Resin Treatment

RO retentate is passed through
an ion exchange resin to remove
acid precipitable solids

Salt Conversion

t-BA clavulanate is converted to
potassium clavulanate using
notassium ethvlhexanoate

Figure 26. Summary of the clavulanic acid extraction process from fermentation

broth through to the potassium clavulanate final product.

2.1.3 Degradation of Clavulanic Acid

Clavulanic acid, like most other B-lactam containing compounds, is made most
efficiently by fermentation methods. As with other B-lactam containing molecules,
clavulanic acid is prone to degradation under a range of different conditions.>?® The
fused B-lactam oxazolidine ring system leaves the molecule susceptible to nucleophilic
attack which leads to ring opening of the B-lactam analogous to cases with penicillins

and cephalosporins.?®2%:32% Dyring the fermentation and extraction processes of
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clavulanic acid through to the final pure potassium clavulanate, much of the clavulanic
acid and respective clavulanate salts are lost through degradation.?®® In order to
optimise the process such that degradation can be reduced, the degradation pathway

and factors that affect it must be understood.

Early studies into the degradation of clavulanic acid were carried out by Haginaka et
al.®*% The group measured the effect of pH on the degradation rate of potassium
clavulanate. Buffer solutions were made for pH values between the range of 3.15 and
10.10, the ionic strength of the buffer solutions was adjusted to 0.5 M with potassium
chloride salt as necessary. Reverse Phase HPLC (RP-HPLC) with a UV detector set to
230 nm allowed the measurement of intact clavulanate over series of time. Pseudo-
first order rate kinetics were observed for the degradation of potassium clavulanate. It
was observed that ions present in buffer solutions catalysed the degradation, and as
such the degradation rate was measured with a range of buffer concentrations such that
extrapolation to [buffer] = 0 would provide the non-buffer-catalysed degradation rate.
This was carried out at each pH. These studies demonstrated that basic conditions had
a stronger catalytic effect on the degradation of clavulanate than acid conditions; it
was estimated that potassium clavulanate solutions have maximum stability at pH
6.39. Activation energies were calculated using the Arrhenius equation for certain pH

values.

A later study carried out by Bersanetti et al.®¥! investigated the effect of temperature
on the degradation of potassium clavulanate and also clavulanic acid from
fermentation broth. The concentration of clavulanic acid was measured by quenching
the reaction with imidazole then using a UV-Vis spectrophotometer set to a
wavelength of 312 nm to measure absorbance from the CA-imidazole molecule.?’83%2
The effect of temperature on degradation rate was measured in the range of 10-40 °C
at pH 6.2 and 7.0. Pseudo first order kinetics were also used in the study to derive the
degradation rate law, and the Arrhenius relationship was applied to quantify the effect
of temperature on reaction rate. The study found that the rate at which clavulanic acid
degrades is very sensitive to temperature. Comparisons between degradation rate of
potassium clavulanate and clavulanic acid in fermentation media showed that the latter

degraded faster in all experiments due to other compounds present in solution.
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Santos et al.®® carried out some similar kinetic experiments where they studied the
effect of pH and temperature on clavulanic acid degradation in solution. Different
inorganic salts (NaCl, MgSQOa, CaClz, and Na2S0Os) were added to solution to measure
their effect on the rate of degradation. A positive linear relationship was observed
between the concentration of each salt in solution and the rate of clavulanic acid
degradation. However, each species of salt did not give the same catalytic effect so it
was deduced from the relative rates from each salt that the degradation rate could be
described as a function of ionic strength. Plots of clavulanic acid concentration over a
period of time showed that pseudo-first order kinetics could only describe the rate
effectively during the initial stages of its degradation. After a period of time which
varied with reaction conditions, the rate appears to slow down significantly in a second
phase that can no longer be described by simple pseudo-first order kinetics. Although
this notion was not discussed in much detail, the researchers hypothesised that the
biphasic nature of degradation was due to a preliminary equilibrium between CA and

an activated CA form with a higher susceptibility to degradation.

Although the majority of degradation Kinetics experiments have been carried out in
sterile solutions of potassium clavulanate, there have been limited studies of
degradation under fermentation conditions. Mayer and Deckwer®®? investigated the
simultaneous production and decomposition rates of clavulanic acid during
fermentation cultivations of Streptomyces clavuligerus. It was found that during
periods where the bacteria where reproducing rapidly, the clavulanic acid being
produced was degraded faster than periods of stagnant bacteria growth. This was
postulated to have been from re-metabolism by the bacteria and the production of
growth-protecting substances which can include B-lactamase enzymes. Throughout the
range of conditions investigated, degradation rates of clavulanic acid in vivo were
constantly found to be 2- to 10-fold higher than those observed in vitro. Roubos et
al. 3 systematically investigated the effect of individual components in fed-batch
fermentation media on clavulanic acid degradation rates. Whilst many components
from the cultivations were shown to have an effect on the decomposition rate,
magnesium and ammonium ions in solution appeared to have the most pronounced

effect.
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Much of the study of clavulanic acid has revolved around the rate of degradation in
aqueous solutions. Cielecka-Piontek et al.*® investigated the kinetic and
thermodynamic parameters of solid state potassium clavulanate degradation. The rate
of degradation was shown to increase in line with the relative air humidity. Ea, AH*®
and AE* were calculated from the data gathered. Computational analysis was also
carried out to determine the geometry of the molecule along with the HOMO and

LUMO to predict reactive sites of potassium clavulanate in the solid state.

The majority of research into the degradation of clavulanic acid and its clavulanate
salts has focused on the rate of degradation. Hunt et al.3?° carried out studies to identify
some of the products of clavulanic acid degradation. It was found that the degradation
reaction proceeded via different pathways under acidic and neutral conditions (Figure
27). The a-amino ketone (1-amino-4-hydroxybutan-2-one) is a major degradation
product under both acidic and basic conditions. This a-amino ketone can undergo

further condensation reactions in neutral and basic media to form a range of pyrazines.
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Figure 27. Main degradation products of clavulanic acid.3?°

In summary, there has been a number of reports in the literature that investigate the
degradation of clavulanic acid. These reports have studied the rates of clavulanic acid
degradation in a variety of media, and have also made some attempts to understand the

degradation pathway. The knowledge gained from these studies is insightful, but a
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deeper understanding of clavulanic acid degradation, particularly in the context of its

process-scale manufacture, would be very valuable.
Reactivity of Clavulanic Acid Functional Groups

Clavulanic acid has a fused B-lactam-oxazolidine bicyclic core; a carboxylic acid
substituent and hydroxyethylidene side chain are appended to the oxazolidine
functionality.?’® A brief discussion of the reactivity of P-lactams, oxazolidines,
hydroxyethylidene substituents and carboxylic acids (Figure 28) will be discussed in
this section along with their anticipated effect on the overall reactivity of clavulanic

acid.

o 13-

o
B-Lactam Oxazolidine
)JOH
5§ o
Hydroxyethylidene Carboxylic acid

Figure 28. B-Lactam, oxazolidine, hydroxyethylidene and carboxylic acid
functionalities present in clavulanic acid.

B-Lactams are four membered rings in the lactam family; lactams are cyclic amides
and generally show similar reactivity to normal amides. There is an inherent instability
associated with B-lactams owing to their small ring size; therefore, there is often a
thermodynamic driving force for reactions leading to the opening of a B-lactam ring
within a molecule. Although amides are somewhat resistant to hydrolysis in general,
B-lactams (especially those which are substituted) lack the resonance stabilisation that
amides possess due to conformational constraints, this is particularly true of clavulanic
acid that shares a similar folded structure to penicillins (vide supra). Hydrolysis of the

B-lactam ring is a commonly observed reaction which can each be carried out under
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acidic or basic conditions.®*¢3%" In acidic media (Figure 29a) the carbonyl oxygen
atom can be protonated making the carbonyl functionality more electrophilic allowing
water to act as a nucleophile attacking the carbonyl carbon. A proton transfer makes
nitrogen a good leaving group and C=0 double bond reforms with concomitant ring
opening. In basic media (Figure 29b), a hydroxyl ion is sufficiently nucleophilic in
nature to attack the carbonyl carbon forming an anionic tetrahedral intermediate, the
four-membered ring is then opened as the carbonyl bond is restored. Nucleophiles

other than hydroxide can also attack the carbonyl carbon.
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Figure 29. a) General mechanism the acid catalysed hydrolysis of B-lactams. b)
General mechanism for the base catalysed hydrolysis of p-lactams.3%6-33

Oxazolidines are five membered heterocycles containing a nitrogen and oxygen atom
in the 1 and 3 positions (Figure 28). Oxazolidines have basic character and usually
have a high susceptibility to hydrolysis. In acidic media, oxazolidine rings will be
protonated, the ring opens rapidly to form a Schiff base intermediate which is then
slowly hydrolysed to and aldehyde and an amine product.®3®3% The general
mechanism for the acid catalysed hydrolysis of oxazolidines in shown in Figure 30.
Oxazolidine hydrolysis occurs more slowly under basic conditions than in acidic

conditions.*° Oxazolidine and the hydrolysis products can feasibly undergo a range
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of condensation reactions. In addition, reports of polymerisation reactions occurring

in aqueous solutions have been reported.3*°
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Figure 30. General mechanism for the acid catalysed hydrolysis of oxazolidines.3*°

The OH proton of the hydroxyethylidene side chain would be expected to be relatively
acidic. Under basic conditions deprotonation could occur to yield an oxyanion. This
ionic oxygen atom would be relatively unhindered so would be able to act well as a
nucleophile, potentially taking part in the degradation process. Similarly, the
carboxylic acid side chain can exist in solution as an anion and as such this oxygen
could also act as a nucleophile in reactions such as esterifications. Nucleophilic
residues on molecules within solution could react with the acid functionality such as
amidation reactions happening when there is an amine present. It is also possible for
the carboxylic acid moiety to be removed by a decarboxylation reaction,

decarboxylations are particularly prevalent in B-keto acids (Figure 31).34
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Figure 31. The general mechanism for a decarboxylation reaction in p-keto acids.>*°

Based on the reactivity of the functionalities within clavulanic acid and literature
reports, the degradation pathway of clavulanic is proposed (Figure 32). The B-lactam
ring is known to be unstable and is, as a result, the most reactive moiety on clavulanic
acid. In acidic, neutral or basic media, the B-lactam ring would be expected to
hydrolyse as the first step in the degradation pathway. As previously mentioned,

oxazolidines have a proclivity to undergo ring opening reactions; it is expected that
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the oxazolidine C-O bond could be cleaved to give an imine product. The imine
contains a B-keto acid which would be liable to undergo a decarboxylation reaction as
is commonly observed by this functionality (Figure 31). In water, imines are
susceptible to hydrolysis; the hydrolysis would yield 1-amino-4-hydroxybutan-2-one
and 3-oxopropanoic acid. The decarboxylation and imine hydrolysis step could, and
most likely do, occur in either order. Under neutral and basic conditions, two entities
of the a-aminoketone degradants could self-condense and upon oxidation, yield a
pyrazine product. Both the a-aminoketone and pyrazine products have been identified
in previous work. Although the products identified in Figure 32 are thought to be the
major degradants of clavulanic acid, there is the possibility for an array of more

complexed products occurring from intermolecular condensation reactions to form.
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Figure 32. Proposed degradation pathway of clavulanic acid based on literature
reports and reactivities of functional groups.

Reverse Phase HPLC in the Determination of Clavulanic Acid Concentration

In order to quantify the effect that pH exhibits on clavulanic acid degradation, the
investigator requires a reliable method of measuring the concentration of clavulanic
acid in a reaction mixture. Reverse phase high-performance liquid chromatography
(RP-HPLC) coupled with UV detection is commonly used to determine the
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concentration of clavulanic acid in both sterile reaction solutions, and in biological

samples such as urine and human plasma,?/8332:342

RP-HPLC separates mixtures of molecules by exploiting their relative polarities and
is a widely used technique for water soluble analytes.®*® Typically a Cis-alkylsilica-
based sorbent is attached to a support material on the RP-HPLC column wall; through
this column a polar mobile phase containing the compounds to be separated is
eluted.3* The mobile phase is usually an aqueous buffer solution and increasing
proportions of a less polar organic solvent with an ionic modifier (such as acetonitrile
and trifluoroacetic acid) may be used to elute less polar analytes that have an affinity
for the column. Since the stationary phase is non-polar and the mobile phase is polar,
it is expected that the most polar compounds will elute from the column first and the

least polar compounds will elute last.3#

The solution eluted from the column can be analysed using UV spectroscopy. When
the separation from the column is such that no compounds which absorb light at the
selected wavelength elute at the same time as the analyte, then the UV absorbance
from eluting analyte peak can be directly related to the analyte concentration. A
standard sample of verified purity is usually used to calibrate the UV detector response
to the concentration of analyte. Previously reported methods for determining
clavulanic acid concentrations via RP-HPLC have relied on the treatment of clavulanic
acid containing solutions with imidazole giving a stable adduct before
chromatographic analysis (Figure 33).283%2 The motivation behind this pre-column
derivatization of clavulanic acid is that the stable product is retained well on the
column to help with separation in biological samples and also it has a high molar

absorptivity coefficient (¢) at 312 nm.
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Figure 33. Reaction between clavulanic acid and imidazole for RP-HPLC clavulanic
acid assay.2"833%2
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Recent investigations have developed chromatographic procedures which are able to
quantify clavulanic acid in solutions without the requirement for chemical
transformations to the analyte. Reports published by Hoizey et al.>*>3% detail RP-
HPLC methods that are capable of simultaneously determining the amount of

clavulanic acid and amoxicillin in plasma for human patients treated with Augmentin.
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2.2 Proposed Work

The aim of this project is to improve the current understanding of the degradation of
clavulanic acid in aqueous media. The research will focus on two main areas. The first
area will investigate the effect that various parameters have on the rate of clavulanic
acid degradation. Whilst there have been some studies into the kinetics of clavulanic
acid degradation in the past,32>328-331334 mych of the data is based on sterile solutions
of pure clavulanates; the context of this PhD project is industrially based and, as such,
much of the existing data has limited applicability on the manufacturing scale. It is
important to have a good understanding of the factors that affect degradation of
pharmaceutical compounds, especially in a manufacturing setting where financially-

damaging loss of yield can be caused through product degradation.

The kinetic studies that will be carried out will be aimed at reflecting the conditions
that clavulanic acid is found in during the industrial manufacturing process. The main
objective is to improve the scientific understanding of the effect that pH has on the rate
at which clavulanic acid degrades. Throughout the extraction process of clavulanic
acid various pH adjustments are made; this variability in pH throughout the process is

a key part of the rationale behind investigating the pH parameter.

Suitable conditions will be found to monitor the degradation of clavulanic acid under
controlled acidic and basic conditions over a pH range that is relevant to the industrial
manufacturing process for clavulanic acid. These conditions will be used initially to
explore the effect of pH on clavulanic acid degradation rate in sterile solutions of pure
clavulanates obtained as the final product of the production process used at GSK
Irvine. The investigation will then extend to samples containing clavulanic acid that
have been taken from various points in the aforementioned manufacturing process to

identify stages that have higher degradation susceptibility than others.

The second area of research will focus on producing an in-depth mechanistic
understanding of the degradation pathway of clavulanic acid. Clavulanic acid is known
to degrade in solution and some of the degradants have been identified but the
degradation profile has never been fully characterised. By separating, isolating, and

characterising degradation products under different forced conditions such as acid- or
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base-catalysed, the understanding of how clavulanic acid degrades and what factors

affect this degradation will be improved.

The long-term goal of this entire project will be to apply the gained information about
clavulanic acid degradation and use this to optimise the production process (Figure
34).

\)J pH 3.9 Degradation products?
— ~  Degradation rate?

Process optimisation?
CO,X P
X=HorK

Figure 34. Summary of clavulanic acid project aims.
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2.3 Results and Discussion
2.3.1 Understanding the Effect of pH on Clavulanic Acid Degradation
Determination of Suitable Reaction Conditions

Experimental investigations into the stability of clavulanic acid with respect to pH first
required the development of a suitable method to quantitatively monitor degradation.
Given the prevalence of RP-HPLC with UV detection used to determine clavulanic
acid concentration in solutions, this technique would first be explored for its suitability
in this investigation. Validated RP-HPLC conditions are used on site at GSK Irvine to
calculate concentrations of clavulanic acid. One widely used method uses a Cis
stationary phase and a phosphate buffered aqueous-methanol mobile phase with a UV
detector that measures absorbance at 230 nm; this method is referred to as the K313

method.

Agqueous solutions of potassium clavulanate were analysed using the K313 method to
test the suitability of the method and also to determine a suitable starting concentration
for degradation reactions to be carried out at. The concentration of potassium
clavulanate in solution is required to be high enough to give a UV absorbance above
the instrument detection limit. Conversely, if the concentration was too strong the UV
detector would be saturated giving unreliable readings and potentially poor separation
or peak shapes in the chromatograms. The potassium clavulanate used was obtained
from the production process at GSK Irvine, and chromatographic analysis of the
potassium clavulanate was performed to verify its authenticity. A lithium clavulanate
standard of verified purity was used as a standard to quantitatively relate the UV

absorbance of a sample to its concentration of potassium clavulanate.

The first potassium clavulanate solution was made with a concentration of 50 mg/mL
and the HPLC for this showed a broad clavulanate peak with some tailing. A weaker
solution of 0.5 mg/mL was made; however, when the area under the curve was
followed as a function of time, it was observed to both decrease and increase. It is
thought that error involved in measuring concentration may have been larger than the
decrease in actual concentration over the time intervals of measurements. 0.5 mg/mL

was therefore, considered too weak to use in this type of reaction. It was found that 0.1
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g of potassium clavulanate in 50 mL water (2 mg/mL) gave a suitable peak size and
shape and that the decrease in peak area could be measured over time. Owing to the
uniform peak shape, and degradation rates that were suitable for monitoring with
HPLC, the 2 mg/mL concentration was used consistently in degradation studies of

potassium clavulanate solutions.

During the preliminary investigation for finding suitable reaction conditions, sulfuric
acid (2 M) and sodium hydroxide (2 M) solutions were used to adjust the pH of the
degradation reactions. A solution of 0.1 g potassium clavulanate in 50 mL deionised
water was first prepared, sulfuric acid or sodium hydroxide was then added to the
clavulanate solution to adjust the pH to the required level. The method used to adjust
pH in these initial experiments had two major drawbacks. It was found that the addition
of a small volume of sulfuric acid or sodium hydroxide solution caused a large change
in the pH of the degradation solution, this made it difficult to alter the pH to a specific
value in an efficient and accurate manner. It was perceived that without a method to
reliably alter the pH of degradation reactions, repeatability of experiments would be

problematic; preliminary experiments proved this to be true.

The second limitation associated with the use of sulfuric acid and sodium hydroxide
to control pH is that the pH of clavulanate solutions changes over time. As the
clavulanic acid degradation process takes place the pH of the reaction solution can rise
or fall; therefore, the reaction will not be held at the pH value that it was initially
adjusted to for the entire process. This phenomenon was investigated by creating three
50 mg/mL potassium clavulanate solutions in deionised water which each had a pH of
6.60; one solution was acidified to pH 4.05 using sulfuric acid, one adjusted to pH 7.02
with sodium hydroxide, and the other to pH 9.00 using sodium hydroxide. The
solutions were each kept in beakers, open to air, at ambient temperature; the pH of
each solution was then measured to two decimal places using a pH meter at time

intervals of 30 min over a period of 4 h.

When the pH had been adjusted to 9.0 with sodium hydroxide, the solution was shown
to become more acidic over time. Conversely, when the potassium clavulanate solution
was adjusted to pH 4.0 via the addition of sulfuric acid, an increase in pH was observed

over time. The solution that started at pH 7.02 rose in pH by 0.42 units over the time
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period studied, but the magnitude of change was smaller than that of the two solutions
which deviated further from neutrality (-1.34 and +1.44 pH units for solutions starting
at pH 9.0 and 4.05, respectively). A plot of pH versus time was constructed (Figure
35). Each of the potassium clavulanate solutions, which were initially colourless,
developed a noticeable orange hue over time after the addition of acid or base. The
change in colour is indicative of clavulanic acid degradation so it is reasonable to
suggest that the change in pH was a consequence of chemical transformations taking
place in solution. The graph shows that for each scenario, the pH shows a faster rate
of change soon after the initial pH adjustment and then slows down as the reaction
progresses. This effect is more pronounced with the pH 9.0 solution; the trend is
consistent with first order kinetics as the rate of clavulanic acid degradation will be
expected to slow down as the starting material is consumed. It should be noted that the
pH of an alkali solution may drop upon exposure to air due to the dissolution of carbon
dioxide and subsequent formation of carbonic acid. A control experiment to account

for this underlying pH shift was not performed.

The reason why the pH rises for a potassium clavulanate solution that is acidic whilst
dropping for an alkali potassium clavulanate solution is not entirely known. The
change in pH does, however, suggest that clavulanic acid degradation under acidic and
basic conditions leads to different product mixtures. The acidic conditions must be

consuming acidic compounds whilst basic conditions consume basic compounds.

In order to control the pH of degradation reactions accurately and to keep pH constant

over the course of the study, it was decided to incorporate the use of buffer solutions.
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Figure 35. Change in pH of potassium clavulanate solutions over time that have
been adjusted to pH 7.02 (green) and pH 9 (blue) with sodium hydroxide and pH 4
(red) with sulfuric acid. Dotted lines are presented solely as a guide to the eye.

Degradation of Clavulanic Acid in Buffered Solutions

With a suitable potassium clavulanate starting concentration and analytical technique
to follow the reaction progress, the use of buffer systems to adjust and maintain the
pH was investigated. The use of buffers when determining the pH profile has been

widely used in the pH profiling of pharmaceutical compounds.

Buffer solutions can consist of a weak acid and its conjugate base, for example acetic
acid and sodium acetate. Conversely, a buffer system can be comprised of a weak base
and its conjugate acid. The dynamic equilibrium between the acidic component and its
conjugate base, or vice versa, serves to make solutions resistant to large changes in pH
upon the addition of acid or base. When choosing an appropriate buffer system, certain

criteria should be fulfilled:

(i) The buffer pKa should be close to middle of the pH range studied; it is
common to use multiple different buffer systems when investigating a wide

range of pH values.

(i) Buffers should not give a significant response to the detection method, i.e.

should not have a strong absorbance at 230 nm in this case.
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(ili)  Buffers should be chemically stable under the conditions in which they are

being used.

As well as the judicious selection of buffer system, it is important to consider
environmental factors such as temperature when using a buffer as this can affect the

pKa of buffer components and hence the pH of the solution.

This project used multiple buffer systems in order to obtain solutions that range in pH
from 3-9. In the range of pH 3-5.95 a citric acid/disodium hydrogenphosphate system
was used, from pH 6-8 a sodium dihydrogenphosphate/disodium hydrogenphosphate
system was used, and for pH 9-10 a glycine/sodium hydroxide buffer system was used.
Whilst buffer solutions are a convenient method of controlling pH, they should be used
with caution as ions in solution have been shown to catalyse the degradation of
clavulanic acid.3?83% To that end, when using buffers to investigate the effect of pH
on stability, the rate of degradation should be calculated for a series of buffer
concentrations at each pH value. A plot of buffer concentration versus degradation rate
can then be produced and extrapolated back to a buffer concentration of zero which
gives the buffer-independent degradation rate (Figure 36). Each buffer solution was

adjusted to an ionic strength (p) of 0.5 M by adding the necessary amount of potassium

chloride.
<R
e
= _ e
5 --
z P
3 .
g -~
& --"
c -~
o _--* 0
SN~ X=
g() y = Non-buffer catalysed degradation
’05)-, rate constant
a)

Buffer concentration (M)

Figure 36. Diagram showing how extrapolation of rate constants at various buffer
strengths can be extrapolated to the non-buffer catalysed degradation rate constant.
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To measure the rate of degradation, potassium clavulanate was dissolved in the buffer
solution of required pH and concentration, the degradation solution was held at 25 °C
for the duration of the experiment via a temperature-controlled auto sample chamber
on the HPLC instrument. A 10 pL aliquot was taken at t=0 and then at intervals of 1 h
for a period of 20 h and the amount of undegraded clavulanate was measured using the
K313 RP-HPLC method. Each data point was repeated in triplicate. Degradation of
potassium clavulanate in aqueous solutions has been shown to observe pseudo-first

order rate kinetics.

By plotting a graph of In[clavulanate] versus time, the inverse of the gradient gives the
pseudo-first order rate constant of degradation at the given pH and buffer
concentration. The graphs and rate constants derived from this method are shown
below for pH 5. Each point on Figure 37-39 is the average of three separate data

points.

Using a 0.025 M citric acid/disodium hydrogenphosphate buffer solution at pH 5, the
pseudo-first order degradation rate constant of clavulanic acid was calculated to be
0.0049 h* (Figure 37). The process was repeated for 0.05 M and 0.1 M buffer
solutions to give rate constants of 0.0056 h™* (Figure 38) and 0.0079 h'* (Figure 39),
respectively. The R? value for each of these plots is 0.993 or above. This strong linear
correlation indicates that the pseudo-first order rate plot used is a good model for the
data obtained. The rate constants obtained increase as the concentration of buffer
solution is increased, as anticipated, indicating significant background reaction
involving the non-innocent buffer system. The observation that CA degradation rate
depends on buffer concentration indicated that acids and bases appear in the overall
degradation rate equation. This is indicative of general acid and base catalysis, as
opposed to specific acid and base catalysis where protonation or deprotonation would

occur rapidly before the rate determining step.
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Figure 37. Pseudo-first order rate plot of potassium clavulanate degradation over

time using a 0.025 M pH 5 buffer solution.
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Figure 38. Pseudo-first order rate plot of potassium clavulanate degradation over
time using a 0.05 M pH 5 buffer solution.
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Figure 39. Pseudo-first order rate plot of potassium clavulanate degradation over
time using a 0.1 M pH 5 buffer solution.

The non-buffer-catalysed rate constant was then calculated by plotting a graph of
degradation rate constant versus buffer concentration for each of the three pH 5 buffers
used (Figure 40). The regression line was extrapolated such that the y-intercept would
give the degradation rate constant when buffer concentration was 0 M. Using this
method, the non-buffer catalysed degradation rate constant at pH 5 was calculated to
be 0.0038 h'™.,
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Figure 40. Plot of degradation rate constants calculated at buffer concentrations of
0.025 M, 0.05 M and 0.1 M at pH 5 to find non-buffer catalysed rate constant.
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The graphs constructed to calculate the non-buffer catalysed rate constants generally
showed a strong linear dependence of degradation rate on buffer concentration. The
process carried out with pH 5 buffers was repeated for pH 3, 4, 6, 7, 8 and 9. It was
initially planned to investigate pH 10 also but degradation rates were too fast to be
determined accurately with this method. Since pH 10 is not relevant to the extraction
process used on plant, it was decided that it would be an inefficient use of resources to
pursue investigations at this pH. The rate constants obtained over the studied pH range
are summarised in Table 1. A graph of non-buffer-catalysed degradation rate versus
pH was produced to show the pH profile of clavulanic acid stability (Figure 41). This
graph shows that the most stable pH of clavulanic acid solutions is around 5. The shape
of the curve is indicative of different degradation mechanisms under acidic, neutral,
and basic conditions. The gradient of the pH profile is 0.73 in the acidic region and
0.70 in the basic region, the reason these numbers deviate from the expected value of

1.0 for acid and base catalysed reactions is unknown.

Table 1. Degradation rate constants calculated for pH range 3-9.

Rate constant at

Rate constant

Rate constant

Non-buffer

Concentration vs

pH 0.025 M/ b At 0,05 M/ A0 M /hi catalysed rate rate constant

constant /h’! slope /htM?
3 0.1130 £ 0.0044  0.1456 +0.0056 0.1563 +0.0042 0.1077 £ 0.0178 0.5250
4 0.0263 £ 0.0010 0.0303 £0.0022 0.0433 +0.0019 0.0198 + 0.0016 0.2311
5 0.0049 £ 0.0001  0.0056 +0.0002 0.0079 +0.0001 0.0038 + 0.0003 0.0410
6 0.0132 £ 0.0005 0.0152 +£0.0009 0.0200 +0.0005 0.0108 + 0.0003 0.0914
7 0.0148 £ 0.0009  0.0185+0.0008 0.0346 +0.0008 0.0140 + 0.0004 0.0267
8 0.0177 £0.0005 0.0239 +0.0006 0.0458 + 0.0006 0.0147 + 0.0011 0.0580
9 0.1314+0.0081 0.3935+0.0079 1.0278 +0.0046 0.0813 + 0.0085 0.5691
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Figure 41. A graph showing the rate constants of clavulanate degradation over the
pH range of 3-9. The dotted line is present solely as a guide to the eye.

Since the pH intervals studied vary by intervals of 1, the graph obtained does not show
the exact pH at which clavulanic acid is most stable. The pH range 5-6 was investigated
in more detail. The process used to obtain the data was the same as described for pH
3-9 with the exception that clavulanate concentration was measured in time intervals
of 2 h rather than every 1 h. The data obtained from these experiments in summarised
in Table 2 and Figure 42, it is also shown amongst the data over the entire pH 3-9
range in Figure 43.

The data obtained in this pH region showed that potassium clavulanate is most stable
at pH 5.9. The curve shows a steady decrease in stability as pH increases from 5 t0 5.9
but towards pH 6 the increase in degradation rate is more dramatic. The buffer used to
keep the pH at 6 was the sodium dihydrogen phosphate/disodium hydrogenphosphate
system, whilst pH 5-5.95 all used the citric acid/disodium hydrogenphosphate system.
It is possible that the difference in buffer system was contributing to the large jump in

rate from one pH to another.
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Table 2. Degradation rates calculated for pH range 5.1-5.95.

Non-buffer
Rate at 0.025 M/ Rateat0.05M/ Rateat0.1M/
pH catalysed rate /h
h1 h1 h1
1
5.1 0.0056 0.0058 0.0086 0.0042
53 0.0039 0.0052 0.0072 0.0029
55 0.0038 0.0046 0.0069 0.0027
5.7 0.0033 0.0050 0.0075 0.0021
5.8 0.0033 0.0053 0.0081 0.0019
59 0.0036 0.0054 0.0094 0.0016
5.95 0.0038 0.006 0.0100 0.0018
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Figure 42. A graph showing the rate of clavulanate degradation over the pH range of
5-6.
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Figure 43. A graph showing the rate constants of clavulanate degradation over the
pH range of 3-9. The dotted line is present solely as a guide to the eye.

To investigate this further, the citric acid buffer system was also used to calculate the
non-buffer catalysed rate constant at pH 6. The value obtained with the citric acid
buffer was 0.0017 h™* compared to the 0.0108 h** calculated with the phosphate buffer;
the reason for the large difference in calculated rate constant with each buffer system

was unknown and was subject to further investigation.

To study the effect that the buffer system has on clavulanic acid degradation an
additional buffer system was used. A citric acid/trisodium citrate system was chosen
for its ability to buffer solutions over a large pH range. The citric acid/citrate pair can
buffer effectively at pH 6 which was where the discrepancy in the degradation rate

between the citric acid/phosphate and phosphate/phosphate buffers was observed.

Using the same method as has previously described, the degradation rate of clavulanic
acid was measured at pH using a citric acid/ trisodium citrate buffer at concentrations
of 0.025 M, 0.05 M and 0.1 M (Figure 44-46). The individual rates were then plotted
against the buffer concentration as per the standard procedure (Figure 47) and
extrapolated back to calculate a non-buffer catalysed degradation rate of 0.0018 h.
This value is in good agreement with the value of 0.0017 h** which was determined

using the citric acid/disodium hydrogenphosphate buffer system. The degradation rate
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was calculated with this method at pH 5.0, 5.5, 6.0, 6.5, 7.0, and 7.5; the results are
summarised in Table 3 and Figure 48. An explanation for why different rates are
calculated with each buffer remained elusive, but it is unlikely that the buffers react

directly with the substrate.
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Figure 44. Pseudo-first order rate plot of potassium clavulanate degradation over
time using a 0.025 M pH 6 citric acid/ trisodium citrate buffer solution.

4.61 1 pH 6, 0.05 M
4605 9.

iy

o
L
.

y = -0.0028x + 4.6049
.- R2=0.9988

4.595

4.59

4.585

In(%clavulanate)
[

4.58

4.575

457 T T T
0 2 4 6 8 10 12
Time/h

Figure 45. Pseudo-first order rate plot of potassium clavulanate degradation over
time using a 0.05 M pH 6 citric acid/ trisodium citrate buffer solution.
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Figure 46. Pseudo-first order rate plot of potassium clavulanate degradation over
time using a 0.1 M pH 6 citric acid/ trisodium citrate buffer solution.
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Figure 47. Plot of degradation rate constants calculated with a pH 6 citric
acid/trisodium citrate buffer system at concentrations of 0.025 M, 0.05 M and 0.1 M
to estimate the non-buffer-catalysed rate constant.
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Table 3. Degradation rates calculated for pH range 5.0-7.5 using a citric
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acid/trisodium citrate buffer system.

Rate at 0.025 M/ Rateat0.05M/ Rateat0.1M/ Non-buffer
ht ht ht catalysed rate /h!
0.0061 0.0073 0.0107 0.0045
0.0029 0.0039 0.0057 0.0020
0.0022 0.0028 0.0036 0.0018
0.0018 0.0022 0.0028 0.0015
0.0021 0.0024 0.0028 0.0019
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Figure 48. A graph showing the rate of clavulanate degradation over the pH range of
5-7.5 calculated with a citric acid/trisodium citrate buffer system. The dotted line is

present solely as a guide to the eye.
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The overall graph showing the degradation rate constant with respect to pH was
reconstructed using the data obtained with the citric acid/trisodium citrate buffer in the
pH range 5-7.5 and the previously obtained data outside of this range (Figure 49). The
shape of the graph shows that clavulanic acid has a reasonably low susceptibility to
degradation in the pH range 5.5-7.5 under the conditions measured. As the pH deviates

from this stable region, the rate of degradation is shown to increase rapidly.
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Figure 49. A graph showing the rate of clavulanate degradation over the pH range of
3-9 calculated with citric acid/disodium hydrogenphosphate (red), citric acid/
trisodium citrate (blue), sodium hydrogenphosphate/disodium hydrogenphosphate
(green) and glycine/sodium hydroxide (purple) buffer systems.

2.3.2 Degradation of Clavulanic Acid in Manufacturing Plant Samples

The context of this project is in an industrial setting at a global manufacturing supply
site. In terms of developing a method for monitoring degradation and gaining a general

knowledge of how pH affects clavulanic acid degradation, using buffered potassium
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clavulanate solutions provided an informative starting point. However, the effect of
pH on the degradation of clavulanic acid in samples taken directly from the
manufacturing process was also to be investigated. Various stages of the extraction
process were selected for sampling. A flow chart is given outlining the stages of the
complete clavulanate manufacturing process (Figure 50), though a more descriptive

overview is given in Extraction of clavulanic acid.

Fermentation

Streptomyces clavuligerus produce clavulanic acid via a fed-batch fermentation method.

Ultrafiltration

Fermentation broth is passed through UF membranes which removes molecules >1000 Da .The filtrate contains
clavulanic acid.

Reverse Osmosis

The UF filtrate is concentrated via reverse osmosis.

Resin Treatment

The RO retentate is passed through a XAD ion exchange resin column which removes acid precipitable solids.

Forward Extraction

The XAD percolate is acidified and extracted into MiBK.

Carbon Treatment

The clavulanic acid containing MiBK is passed through a carbon column to remove impurities.

Back Extraction

The MiBK is treated with t-Butyl ammonia and extracted back into water.

Intermediate Isolation

The t-BA clavulanate salt is precipitated using acetone and isolated.

Salt Conversion

The t-BA clavulanate is dissolved in water and isopropyl alcohol. Potassium ethyl hexanoate is used to produce
potassium clavulanate.

Figure 50. A flow chart giving an overview of the industrial manufacturing process
of clavulanic acid from fermentation through to isolation as its final potassium salt.
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Samples were taken from four different parts of the clavulanic extraction stream.
Ultrafiltration (UF) was taken as the first sampling point; this stage simply passes the
fermentation broth through membranes. The sample was taken directly after passing
through the membrane stack. The concentration of clavulanic acid in UF flow is
approximately 7-9 g/L (~0.04 M). Reverse osmosis (RO) was the second sampling
point studied; this step of the process concentrates the UF filtrate by removing water
through a RO membrane. The RO samples were taken from a vessel in which the
concentrate is stored before transfer to the next stage of the extraction process; the
concentration of clavulanic acid is not typically homogeneous throughout this vessel
so the samples were taken at the point when they were the concentration of clavulanic
acid was expected to be the most concentrated. The concentration of clavulanic acid
in RO concentrate is approximately 40-45 g/L (~0.2 M). The third stage investigated
ion exchange resin (XAD), the samples were taken directly from the percolate that had
passed through the XAD column; the clavulanic concentration in XAD percolate is the
same as RO concentrate (~0.2 M). The final point of the process to be studied was the
back extraction (BE) step; this step transfers clavulanic acid from an organic MiBK
phase back into an aqueous phase. The stage cycles the MiBK with the same tank of
water until a predetermined concentration of clavulanic acid in the water is reached,
the sample was taken as close to the maximum concentration as possible. The

concentration of clavulanic acid in BE samples is around 200-230 g/L (~1.1 M).

For plant samples, it would not be possible to use buffer solutions to control pH
effectively as diluting samples would influence the rate of degradation and the most
accurate degradation rate of clavulanic acid in each sample was desired. Furthermore,
pH adjustment via the direct addition of an acid or base, rather than using a buffer
system, is more representative of the method of pH control used in the manufacturing
process. Therefore, the pH of plant samples was adjusted to the required level through
the addition of sulfuric acid or sodium hydroxide solutions. A smaller pH range of 3-
7 (relative to earlier studies spanning pH 3-9) was investigated with samples from the
manufacturing process as it reflects the pH range that would be expected throughout
the process. pH adjusted solutions were stored in a water bath at 25 °C to control the
temperature whilst the degradation process took place. Aliquots were taken
immediately after the pH was adjusted and then subsequently at time intervals of 2 h
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over a period of 8 h; aliquots were diluted appropriately for analysis depending on the
stage of the process from which they were taken. The K313 reverse phase HPLC

method was used to determine clavulanate concentration.

The natural log of clavulanic acid concentration was plotted against time in the same
way that potassium clavulanate was in section 2.3.1. The plots were shown to be linear
over the time period investigated. The rate constants determined for each of the plant

samples are summarised in Table 4.

Table 4. Degradation rate constants calculated for pH range 3-7 for UF, RO, XAD
and BE samples.

Degradation Degradation Degradation rate Degradation
pH rate constantin rate constantin constantin XAD rate constant in

UF samples/h* RO samples/h samples / ht BE samples / h!

3 0.0326 0.0982 0.1042 0.0884
4 0.0158 0.0342 0.0283 0.0462
5 0.0084 0.0142 0.0126 0.0204
6 0.005 0.0194 0.0186 0.0127
7 0.0046 0.0294 0.0369 0.0174

The samples that were taken from the UF stage of the manufacturing process gave the
lowest overall pseudo-first order rate constants for clavulanic acid degradation. UF
filtrate most closely resembles the fermentation broth from the stages in the process
studied, as a result it is expected to contain the most impurities that could potentially
serve to catalyse the degradation of clavulanic acid. The stability of clavulanic acid
appears to increase when the pH of a UF sample is higher. From the pH values
investigated, the one that gives the slowest degradation of clavulanic acid is pH 7,
however, the difference between 7 and 6 is marginal. The pH versus degradation rate

constant plot for UF samples is shown below (Figure 51).
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Figure 51. pH versus CA degradation rate constant plot for UF stage of manufacture.

Samples taken from the RO stage are similar to those from the UF stage in terms of
chemical makeup. The RO samples are however, more concentrated than the UF
samples. Comparatively, the rates of degradation in RO samples are higher for each
pH measured. The pH versus degradation rate plot (Figure 52) does show a slightly
different trend for RO than UF. It was found the most stable pH region for the RO
concentrate was around pH 5. The magnitude of change in degradation rate between
each pH was also higher for RO than for UF (refer to Figure 55 for a comparison of
all sample points).
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Figure 52. pH versus CA degradation rate constant plot for RO stage of manufacture.
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The XAD column percolate is very similar to the RO concentrate since the step simply
involves passing the batch through a XAD resin column to removes APSs from
solution. Consequently, it would be expected that the degradation rates between the
samples taken from each of the two stages would be comparable. The results
demonstrated that that was the case; the XAD percolate was also shown to be the most
stable around pH 5 (Figure 53). When the pH deviated further from the most stable
value (at pH 3 and 7) the degradation rates from the XAD percolate were calculated to
be slightly higher. The XAD columns remove acid precipitable solids from the process
stream; it is possible that some of the compounds removed in this stage had a
stabilising effect on clavulanic acid in solution. Alternatively, the accelerated
degradation rate of the XAD percolate in comparison to the RO concentrate could be
a result of clavulanic acid degradants being present in solution since clavulanic acid
will have existed in solution for a longer period of time in XAD samples than RO
samples. It was shown in a study by Brethauer et al.3* that clavulanic acid degradants

are capable of catalysing the degradation of clavulanic acid.
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Figure 53. pH versus clavulanic acid degradation rate constant plot for XAD stage of
manufacture.
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Out of the four stages of the extraction process examined during this part of the project,
the rich aqueous stream from the back-extraction step has the most concentrated
clavulanic acid content, so faster degradation rates might be expected. However, a
range of clavulanic degradants remain in the organic MiBK phase so the catalytic
potential of these degradants will be reduced. The most stable pH for the back-
extraction step was shown to be in the region of pH 6 showing only a slight increase

in degradation rate as the pH is raised towards 7 (Figure 54).
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Figure 54. pH versus clavulanic acid degradation rate constant plot for BE stage of
manufacture.

The pH profiles obtained for each stage of the manufacturing process have been
superimposed onto a single plot to allow for a direct visual comparison (Figure 55).
The plot makes it clear that the pH range of 5-6 is, in general, the most stable pH region
for clavulanic acid. These data agree with the degradation studies carried out with
potassium clavulanate in buffered solutions, suggesting that potassium clavulanate
experiments are a good way of modelling the effect that pH has on other plant samples.
The results do, however, show that chemicals in solution other than clavulanic acid
itself appear to have an effect on the magnitude of the CA degradation rate, so the

simplified potassium clavulanate model must be used with caution.
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Figure 55. pH versus clavulanic acid degradation plots for UF, RO, XAD and BE
stages overlaid on a single graph. Dotted lines in each data series are included solely
as a guide to the eye.

Effect of Temperature and pH on the Degradation Rate of Clavulanic Acid in Reverse

Osmosis Samples

The investigations up until this point have demonstrated that pH has a pronounced
effect on the rate of clavulanic acid degradation in both sterile clavulanate solutions
and in samples taken from various stages of its industrial manufacture. It is known
that, as the temperature of a clavulanic acid-containing solution increases, the rate at
which clavulanic acid degrades also increases. The following part of the project aimed
to increase the understanding of how temperature affects clavulanic acid degradation.
Furthermore, an appreciation for how temperature effects degradation rate over a range
of pH values would be valuable as both parameters could feasibly be varied
unintentionally in the manufacturing process, resulting in myriad process safety

concerns.
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The initial temperature-focussed experiments looked at samples taken from the RO
stage of the production process. The rate of clavulanic acid degradation was
determined in RO samples at integer pH values between 3-7 each at temperatures of
5, 10, 20, 25, 30, and 40 °C. The samples were pH-adjusted with either sulfuric acid
or sodium hydroxide solution. Reactions at 5 °C and 10 °C were temperature controlled
by containing the sample in a jacketed vessel for the duration of the study.
Investigations carried out at 20, 25, 30 and 40 °C used a water bath to maintain the
desired temperature throughout the course of the experiment. All experiments were
carried out in triplicate using RP-HPLC to measure degradation. The results of these

experiments are given in Table 5.

2-D plots were created of pH vs degradation rate at each individual temperature, and
of temperature vs degradation rate at each individual pH. In order to aid the
visualisation of the effect that pH and temperature simultaneously have on the
degradation rate of clavulanic acid in RO samples, a 3-D surface plot was generated
(Figure 56). At each temperature investigated, the pH vs degradation rate shows a

similar trend with the most stable pH appearing to be around 5.

Table 5. Degradation rate constants of clavulanic acid in RO samples 5 °C, 10 °C, 20
°C, 25 °C, 30 °C and 40 °C in the pH range 3-9.

pH 3 pH 4 pH 5 pH 6 pH 7
5°C 0.0291h*  0.0117h*  0.0009h?  0.0034h*  0.0039 h?
10 °C 0.0276 ht 0.0126 ht 0.0056 ht 0.0092 ht 0.0112 ht
20 °C 0.0879 h't 0.0224 ht 0.0079 ht 0.0112 ht 0.0270 ht
25°C 0.0982 ht 0.0342 h't 0.0142 ht 0.0145 ht 0.0294 h't
30 °C 0.1536 h*  0.0456 h?  0.0349h'  0.0260h*  0.0436 h?
40 °C 0.2494 h't 0.0723 h't 0.0484 ht 0.0811 ht 0.1151 ht
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Figure 56. Surface plot showing the effect of pH and temperature on the rate of
clavulanic acid degradation in RO broth.

As anticipated, the rate of degradation increased as the temperature is increases;
however, the extent to which the rate is affected by temperature appears to be
dependent on the pH of solution. At the stable pH region, around pH 5, degradation
rate at 5 °C is 0.0009 h'tand at 40 °C it is 0.0484 h. Outside of this stable pH region,
the temperature sensitivity is more drastic, particularly at pH 3 where the rate has the
steepest temperature dependence. These data are useful for identifying areas of the
process where clavulanic acid could be susceptible to degradation. It demonstrates that
the solution temperature is important to consider for stages of the process where the
pH is outside of the stable region, for example, upon the addition of sulfuric acid for
extraction into MiBK. In contrast, in the range pH 5-6, such as the RO concentrate
vessels, the temperature is less important to control. These vessels are outdoors and as

such are not prone to high temperatures; this would suggest that attempting to control
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the temperature of broth in these vessels would outweigh the benefits in terms of

degradation rate.
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2.3.3 Understanding the Aqueous Degradation Pathways of Clavulanic Acid
Introduction

The previous section has focussed on the rate at which clavulanic degrades under
varying pH. Together with a knowledge of how quickly clavulanic acid degrades under
varied pH, it is useful to understand its degradation pathway. Some of degradation
products of clavulanic acid have previously been described but the full pathway is not
currently understood. It is also known that the degradation products are different when
the degradation procedure takes place under acidic or basic conditions. Having a more
comprehensive understanding of the degradation pathway may be useful to highlight
ways in which the degradation process could be retarded and potentially even halted.
Ultimately it may be possible identify development opportunities to improve the

efficiency of the extraction process.

This section aims to provide an overview of methods that are useful in elucidating the
pathway by which a drug compound degrades. The experimental efforts that have been
carried out during this PhD towards identifying clavulanic acid degradants will then

be discussed.

Identifying Drug Degradation Pathways

Understanding the degradation pathway is essential when designing a drug especially
for factors such as formulation and drug storage. To this end, stress tests are carried
out which subject drugs to extreme conditions to force the degradation. Stress tests are
a minimum requirement from the United States Food and Drug Administration (FDA)
and the International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH), to ensure an appropriate knowledge for drug
design.3* In addition to identifying conditions under which drugs are susceptible to
degradation, the forced stability tests also serve as a platform to identify drug
degradation products. Liquid chromatography mass spectrometry (LCMS) is widely

used for identifying the degradation products.3#8349

A theoretical degradation map is produced based on the potential degradation

pathways that could be observed for the drug molecule of interest. This map considers
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the functionalities within the molecule and how these might be expected to behave in
a range of different reaction types such as hydrolysis, oxidation and photodegradation.
Existing literature from congeners and structurally similar drugs are used along with
computational chemistry to aid the prediction of how a drug might degrade.3*834°
Molecular ions that are identified can then be correlated back to the proposed
degradation map to give an insight what degradants are being formed. In some cases,
MS/MS is used to provide evidence for the structure of a degradant identified by
LCMS. Although the LCMS technique can provide information about the degradation
products, identifying the products alone is not always sufficient. Multiple proposed
pathways may lead to a common product and in some cases the occurrence of one

degradation pathway could potentially set off another.3*

Knowledge of the actual degradation pathway followed can give an insight as to what
factors could be modified to improve the stability of a drug. Mass spectrometry
remains key in elucidating the degradation pathway of a drug, particularly in
conjunction with isotopic labelling. When investigating the hydrolysis of a drug, for
example, the hydrolysis could be performed in both normal water (**OHz) and
isotopically-enriched water (*®0OHz), a disparity in the masses generated from
degradation in the two experiments can be used as evidence for the incorporation of
water.3%%1 Hydrogen/deuterium isotopes can be exploited to identify labile drug
protons through the rate of ion exchange.3*° Furthermore, mechanistic insights can be
gained through the measurement of kinetic isotope effects.®! Isotopic effects can be
detected high resolution mass spectrometry (HRMS) or NMR spectroscopy when
nuclei are spin active. The kinetics of degradation in non-isotopically-enriched
experiments can also provide mechanistic insights to the degradation profile of a

drug.349'352

This Work

The objective for this part of the report is to improve the understanding of the
degradation pathway(s) of clavulanic acid. Attempts will be made to identify
degradation products of clavulanic acid under acidic, neutral and basic conditions.

Understanding the degradation pathway(s) will be helpful to identify ways in which
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the efficiency of the clavulanic extraction process may be improved. Strong acid or
base, such as hydrochloric acid or sodium hydroxide, respectively, will be used to force
the degradation of clavulanic acid in solution. Attempts will then be made to separate
degradation mixture components from solution and identify the chemicals playing a

part in the degradation process.

Results and Discussion

In addition to degradation rate studies (vide supra), efforts were also made to isolate
and identify individual products from clavulanate degradation mixtures. The
motivation for identifying degradation products was to improve the understanding of
the degradation pathway of clavulanates under different conditions. Working with
clavulanic acid and its clavulanates presents a number of practical complexities to be
considered. The clavulanate starting materials have poor solubility in most solvents
other than water: ethylacetate, diethylether, dichloromethane, and chloroform were all
shown not to solvate either potassium clavulanate or t-BA clavulanate. The solubility
of the clavulanates in methanol, dimethyl sulfoxide (DMSQO) and combinations thereof
was reasonable, albeit lower than the solubility in water. Furthermore, clavulanic acid
is in aqueous media for the majority of the industrial manufacturing process.
Therefore, in terms of data that would be relevant to this process, the degradations

would have to be carried out in water.

A further difficulty faced is the readiness with which clavulanic acid degrades. The
samples would need to be sufficiently degraded for degradation products to be present
in a suitable concentration for analysis; however, the rate at which the starting material
and degradants are consumed would need to be slow enough for separation and
identification to be carried out during the process. The third major difficulty that has
been identified is the fact the degradation products may not have chromophores for
easy detection (e.g. by UV-vis). The a-amino ketone degradation product that is
already known (1-amino-4-hydroxybutan-2-one), for example, would not be expected
to strongly absorb UV radiation (Figure 57). It is plausible that other small molecule

degradants are generated that will not be observed via UV detection methods.
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Figure 57. Structural motif of 1-amino-4-hydroxybutan-2-one, a known clavulanic
acid degradant with a lack of chromophore for UV detection.

Thin Layer Chromatography

Either potassium or t-BA clavulanate were subjected to 2 M hydrochloric acid or 2 M
sodium hydroxide in order to force the degradation of clavulanic acid in these
experiments; therefore, all degradation experiments were carried out in aqueous media.
Preliminary experiments dissolved 40 mg potassium clavulanate in 5 mL water and 1
mL 2 M HCI or 2 M NaOH were added to force the degradation process. Upon addition
of acid to a solution of potassium clavulanate, the solution turned from colourless to
light orange, effervescence was observed and a significant increase in temperature
could be felt through the walls of the reaction vessel. Within 1-2 hours, the mixture
became dark orange/brown in colour and appeared more viscous; when left for a longer
period of time (ca. 10 h), a dark brown solution with a syrup-like consistency was
obtained. When sodium hydroxide is added instead of acid, the solution immediately
turned an intense yellow colour, over time this colour darkens to an orange and then
eventually dark brown; the solution does not effervesce in the same way as the
analogous experiment under acidic conditions. The difference in observations for each
of the reaction conditions supports the fact that different degradation pathways are

followed for acid- and base-catalysed degradations.

Thin layer chromatography (TLC) was initially trialled as a means of monitoring the
clavulanic acid degradation. It was anticipated that TLC would give information about
the amount of degradation products present and an insight to the ease with which
degradants can be separated using a normal-phase chromatographic system. Ethyl
acetate-cyclohexane (1:1) and methanol-dichloromethane (1:9) solvent mixtures were
both trialled as a mobile phase. UV was first used to visualise any spots that eluted up
the TLC plate; however, no spots were visible other than the original spot on the base

line. As previously mentioned, the degradation products may not have exploitable
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chromophores so it was deemed possible that there was adequate chromatographic
separation but, ultimately, components could not be observed this method.
Consequently, potassium permanganate and vanillin stains were both used to visualise
any spots on TLC plates. Once again, neither method of developing the TLC plates
showed any spots that had moved from the baseline. It is thought that the components
in the mixture were very polar and as such showed a strong affinity for the stationary
silica phase and thus did not elute up the TLC plates; another possibility to consider is
that volatile degradation products could be produced that evaporate from the plate.
Although there was the possibility that none of these methods detected any spots that
had moved up the plate, it was thought to be more plausible that there was no

separation seen via TLC.

TLC was shown to be of limited value for reasons aforementioned; it did however,
suggest that reversed phase chromatography could be more suited to separating out
degradants. Reversed phase HPLC was shown to be useful in the kinetic investigations
into the effect of pH on clavulanic acid degradation (vide supra), so as a preliminary
experiment, the RP-HPLC K313 method was used to obtain a chromatogram of both

an acid and base degraded sample of potassium clavulanate.

Chromatograms using the reversed-phase HPLC K313 method have shown that
degradation mixtures have different components depending on whether acid or base is
used to catalyse degradation (Figure 58). Aside from the confirmation of different
products, the method also showed that RP-HPLC was able to show some separation of
the components in solution. The HPLC chromatograms obtained are useful for
determining concentration of components with known elution times; however, in terms
of identifying degradants, other means of using reversed phase chromatography were

investigated.
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Figure 58. K313 HPLC chromatograms of acid-degraded (red) and base degraded
(blue) samples of potassium clavulanate. The common peak at 6.00 minutes is due to
undegraded clavulanate.

Liquid Chromatography Mass Spectrometry

LCMS has been used in attempts to gain an insight as to the chemical make-up of
clavulanic acid degradation products. LCMS uses a reversed phase column whose
elutents are analysed with an electron spray ionisation mass spectrometry detector
(ESI-MS). Conveniently, for the reversed phase method, water can be used as the
analyte matrix; this meant that samples could be taken directly from degradation
reaction mixtures and analysed quickly and efficiently. LCMS data was obtained for
potassium clavulanate in water (Figure 59) and t-BA clavulanate (Figure 60) in water
as a reference point. Using the high pH modifier, clavulanic acid is seen to elute at
0.44 min. The clavulanate ion has a molecular mass of 199 gmol, the spectra obtained
for both potassium and t-BA clavulanate show [M+H]" ion at 200 m/z and the [M-H]
ion at 198 m/z. With the knowledge that the clavulanate ion could be identified via
LCMS, the technique was then used to try and identify degradants in acid and base

degraded samples.

The LCMS instrument employed has 3 different reversed-phase methods, each with a
different eluent modifier: a trifluoroacetic acid modifier, known as the TFA method; a
formic acid modifier, known as the formic method; and an ammonium bicarbonate
modifier, known as the high pH method. A sample of 40 mg potassium clavulanate
was dissolved in 2 mL 2 M HCI and an aliquot was analysed with the LCMS

instrument on the TFA, formic and high pH method. The formic method showed the
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best separation of peaks. A similar experiment was carried out using potassium
clavulanate in 2 mL 2 M NaOH, and again the formic method provided the best peak
separation. The formic method was used in all subsequent LCMS analysis of degraded
samples. Unfortunately, although the formic method showed the best separation, the
resolution was generally poor and peaks did not have clear masses associated with
them. An example of an LCMS analysis carried on an acid degraded sample (Figure
61) and a base degraded sample (Figure 62) are shown; both samples were taken
immediately after the addition of acid or base, as over time the samples gave a complex

mixture which was difficult to extract valuable data from.
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Figure 59. The LCMS spectrum data obtained for potassium clavulanate in water via
the formic method. The peak at 0.44 min corresponds to the clavulanate ion.
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Figure 60. The LCMS spectrum data obtained for t-BA clavulanate in water via the
formic method. The peak at 0.44 min corresponds to the clavulanate ion.
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Figure 61. The UV spectrum obtained from an LCMS analysis of a HCI degraded t-
BA clavulanate sample via the formic method.
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Figure 62. The UV spectrum obtained from an LCMS analysis of a NaOH degraded

t-BA clavulanate sample via the formic method.

Although the data obtained from the LCMS were difficult to draw solid conclusions
from as to the identity of the degradation products, it was thought that it may be useful
to see if any of the peaks could be observed to shrink or grow over time. An instrument
named AmigoChem was used to do this. The instrument allows a series of experiments
to be set up simultaneously in separate reaction chambers. At predetermined time
intervals, the instrument draws a 4 pL aliquot of the reaction mixture and dilutes it
with a diluent of choice, which, in this case, was water. At the end of the run, the

samples can then be analysed by the desired method.

Four reactions were set up on the AmigoChem instrument; potassium clavulanate and
t-BA clavulanate were each degraded in HCI or NaOH and samples were taken every
2 h for a total period of 24 h. The samples were then analysed via LCMS at the end of
the reaction time via the formic method. In the case of t-BA clavulanate with HCI, the
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area under each of the peaks appeared to change relative to one another (Figure 63);
however, the resolution was too poor, precluding accurate analysis of individual peak
areas. Furthermore, the peaks could not be assigned a mass from the mass spectra with
any certainty. For samples of both potassium clavulanate and t-BA clavulanate that
were degraded with NaOH, the peaks were small and poorly separated throughout, and

as such, no valuable data could be obtained.
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Figure 63 a) LCMS UV spectrum for HCI degraded t-BA clavulanate immediately
after HCI addition. b) LCMS UV spectrum for HCI degraded t-BA clavulanate 16 h
after addition of HCI.

One possible reason for the base-degraded sample giving poor LCMS results is that
the rate of degradation was rapid on the timescale of offline sampling. It is feasible
that the concentration of sodium hydroxide, and thus the pH, was too high, such that
the clavulanate was degraded before the first sample was taken. Another potential issue
is that after an aliquot was taken from the reaction, it was diluted with water and held
at room temperature until further analysis. Clavulanic acid degradation shows first
order kinetics so would be slowed down due to the dilution; however, it would not be
halted entirely. Given the data showing potassium clavulanate degrades rapidly at high
pH (vide supra), it is possible that the degradation reaction continued after sampling
such that upon analysis, the degradation process was complete for all reactions.
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Another factor may be that of the four reactions, three contain metal ions (Na* or K%);
these ions could have a deleterious effect on the mass spectra. There are no metal ions
present in the t-BA clavulanate and HCI reaction. Finally, there is the possibility that

some degradants do not contain chromophores so were not picked up in the UV trace.

As the resolution of LCMS spectra was generally poor in acid- and base-degraded
samples, a collaboration with a specialist from the purification team at GSK Stevenage
was established. A screen of various reversed-phase columns, eluents, and physical
parameters was used in attempt to find conditions that could be used to separate
clavulanic acid degradant mixtures with an appropriate resolution. Unfortunately,
similar issues were encountered with poor resolution of peaks and a lack of confidence
in assigning masses to peaks. With LCMS techniques returning data that was not
conclusive in terms of identifying the degradation products, efforts were made to

isolate components from degradation mixtures for identification.

In addition to the use of LCMS, mass directed automated purification (MDAP) was
used in an attempt to isolate compounds. The technique utilises a reversed-phase
automated column with a mass spectrometry analyser; upon detection of
predetermined masses, the eluting material is collected into fractions. The potential
use of MDAP was limited as the mass of products needs to be computed into the
instrument and it was unknown what the expected masses would be. Unfortunately,
this technique did not yield any results that were more useful than standard LCMS

analysis.

Column Chromatography

Given that product separation had been observed through HPLC experiments, it was
considered that using reversed phase flash column chromatography may be able to
separate components from a reaction mixture on a slightly larger scale where the
elutents could be collected for later analysis. A CombiFlash rf automated column
system was used in the following experiments equipped with a Cis reversed phase
column; the mobile phase consisted of water and acetonitrile, each of which had a

formic acid modifier.
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Potassium clavulanate was dissolved in a small volume (approximately 1 mL) of 2 M
HCI and allowed to degrade until a dark orange colour was observed. LCMS was also
used to check that the clavulanate had been consumed. This was then loaded onto the
Cis column, a solvent gradient was used from 0-100% acetonitrile over an 18-minute
period and UV detection was used at 213 nm, 248 nm and 268 nm. Unfortunately, the
contents of the sample eluted from the column with poor separation. The peaks were
indistinguishable and as such the fractions were shown by LCMS to be mixed. The
same experiment was carried out with NaOH degraded potassium clavulanate and HCI
or NaOH degraded t-BA clavulanate; the t-BA clavulanate and HCI combination
showed the best separation from UV trace so this reaction was used in subsequent

attempts to improve the resolution of the chromatogram.

The chromatograms followed a similar pattern whereby a number of peaks would elute
along with the initial aqueous solvent, suggesting the degraded compounds had a high
polarity. When the acetonitrile gradient started, a number of other components would
then elute in quick succession. Numerous parameters were varied to improve the
separation of compounds. The volume of reaction solution was kept as low as possible
to allow for a smaller loading volume on the column. The flow rate of the eluent was
decreased to improve the separation of peaks. The eluent gradient was also altered; it
was found that using 0% acetonitrile for the initial 10 min of a column run would allow
for a slight separation of the early eluting peaks. A gradient was then used from 0-30%
acetonitrile over the course of 15 min which gave some separation of the second band
of eluting peaks. The instrument was programmed to automatically collect fractions
when peaks were detected from the UV trace. Fractions were analysed via LCMS and
typically showed multiple m/z peaks in the mass spectra suggesting either that the
separation was not very efficient, or that compounds continued to degrade between the
time of collection an analysis. Nonetheless, some fractions showed potential from their
LCMS spectra to be an isolated compound. A range of techniques was used in the
attempt to remove water from the fractions to allow the analysis of the isolate

degradants.

The first technique to remove water from fractions which appeared to have a
reasonable purity of unknown degradants was rotary evaporation. Water is difficult to

remove via evaporation so the rotary evaporator water bath was heated to 40 °C.
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However, the application of heat to the solution appeared to have caused further
degradation of its components, this was confirmed by LCMS which now showed a
mixture of products. Removal of water was carried out via rotary evaporation
nonetheless and completed on a high vacuum drying line. The result was a brown solid
that had a plastic-like texture. This solid was recalcitrant towards dissolution in water,
DMSO and chloroform; the insolubility in water supports the argument that the solute

had degraded further during the evaporation process.

As the application of heat was thought to have promoted the further degradation of the
isolated degradant itself, techniques that avoided the use of harsh conditions to remove
solvent were explored. A blowdown apparatus was used to remove water from a
fraction obtained from the CombiFlash that LCMS suggested contained a single
compound. The apparatus blows a stream of nitrogen across the surface of sample to
aid with evaporation of solvent; the process is slower than rotary evaporation but
removes the requirement to apply heat. The blowdown apparatus yielded a solid that
appeared to be similar to that which was yielded from rotary evaporation; neither
sample was soluble to analysis via NMR or LCMS. Although heat was not applied,
the process was slow which allowed time for degradation of components in solution;
furthermore, towards the end of the evaporation process, the solution would have been

at a high concentration which could feasibly have promoted further degradation.

Freeze drying was explored as a potential method of removing water from fractions as
the sample is kept at low temperature throughout. Acetonitrile had to first be removed
completely so that the sample could be frozen; this was carried out via rotary
evaporation at room temperature. Dry ice was then used to freeze the aqueous sample
in a round bottomed flask and the sample was freeze dried overnight. The contents of
the flask were a liquid when checked the next morning; likely causes for this were that
the sample thawed out overnight due to a bad vacuum or incomplete removal of
acetonitrile prior to freeze drying. The liquid was analysed via LCMS and multiple
peaks were observed suggestion degradation had taken place. It was evident from these
experiments that the removal of water was problematic. Two ways of circumventing
this problem were proposed: (i) extracting compounds into a more volatile organic
solvent and (ii) removing the need to isolate components at all by studying the

degradation via NMR.
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Fractions collected later in the reversed phase column are expected to be lower in
polarity than the earlier elutents. It is possible that any compounds in these fractions
could have a preference to be in a less polar organic solvent than earlier fractions.
Attempts were made to perform a liquid-liquid extraction into ethyl acetate,
diethylether and dichloromethane. The organic solvent could then be removed more
easily via rotary evaporation. Analysis via TLC and LCMS both showed no
compounds in the organic layer; the organic layers were dried to completeness. No
visible product was yielded in any case but CDCls was added to the round bottomed
flask and a *H NMR spectrum was recorded in case small amount of product were left

in the vessel. The NMR spectra did not show any products.

Despite not isolating any compounds suitable for analysis, the organic layer did take
on a slight orange colour from the aqueous fraction when the separation was carried
out. This suggests that there is mass transfer from the aqueous to the organic phase,
albeit presumably limited. There was the potential that the quantity of degradants that
had been extracted into the organic phase was too minimal to detect.

In response to the unsuccessful attempts to transfer the contents of reversed phase
column fractions from water into an organic solvent, an alternative approach was
investigated. A degradation reaction was carried out of potassium clavulanate with
HClI as previously described and allowed to proceed for 1 h. The reaction mixture itself
was extracted with ethyl acetate (3 x 15 mL). The colourless ethyl acetate became a
pale orange colour when shaken with the degradation mixture. The organic layers were
then collected and concentrated via rotary evaporation until the solution volume was

reduced to approximately 2 mL.

The sample components were then attempted to be separated through a silica column
on the CombiFlash instrument using a cyclohexane-ethyl acetate solvent mixture. The
column did not show product peaks. TLC was used to check all fractions but no
compounds were identified. It is possible that the products were transferred into the
organic phase but did not contain any chromophores to be identified with, the
concentration of non-polar degradants was too low to be detected, or that there was no

significant transfer into the organic phase at all.

289



Gas chromatography (GC) has been demonstrated to be a useful technique for
identifying components in chemical mixtures, especially small organic compounds.
Thus, the technique would be useful if any of the clavulanic acid degradants are
volatile. Water is not a suitable solvent for GC, and as such, a sample of potassium
clavulanate was taken up in a methanol-DMSO 1:1 mixture. A blank sample of solvent
was injected, followed by the sample containing potassium clavulanate. There was no
visible peak for the clavulanate analyte, indicating that it may not be easily volatised.
Due to limitations in instrument access, the potential of this technique was not pursued

further.

Nuclear Magnetic Resonance Spectroscopy

It was also attempted to use 'H NMR spectroscopy to identify components from
degradation mixtures. To avoid the necessity of removing water from the reaction
mixture, a sample of potassium clavulanate was dissolved in deuterated water (D20)
directly in an NMR tube. *H and *3C NMR spectra as were obtained for both potassium
clavulanate (Figure 64a-d) and t-BA clavulanate (Figure 65a-d). 2D Spectra: COSY,
HMBC, HSQC and ROESY, were obtained also and were used to aid the NMR

assignment.

t-BA clavulanate *H and *C NMR spectra contain peaks that correspond to acetone.*

The acetone is an artefact of the precipitation stage in the manufacturing process.

'H NMR spectroscopy was used in attempt to follow the degradation of potassium
clavulanate over time. The NMR tube was heated to 60 °C and its *H NMR spectrum
was recorded at 12 h and 36 h. Though there was an appearance of peaks on the
baseline of the spectrum, none of these peaks had an area comparable to those
belonging to clavulanic acid, even at 36 h (Figure 66). The lack of identifying peaks

is likely due to an incomplete degradation process.
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Figure 64 a) Potassium clavulanate with protons assigned letters b) potassium
clavulanate with carbons assigned numbers c) *H NMR spectrum of potassium
clavulanate in D20. d) *3C NMR spectrum of potassium clavulanate in D20.
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Figure 65 a) t-BA clavulanate with protons assigned letters b) t-BA clavulanate with
carbons assigned numbers c) *H NMR spectrum of t-BA clavulanate in D20. d) *C

NMR spectrum of t-BA clavulanate in D20.
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2.4 Conclusions

From the work carried out, the following conclusions have been made:

1. A suitable method has been developed for monitoring the degradation of
clavulanic acid. The method uses reversed phase HPLC with a UV detector
at 230 nm to detect the quantity of clavulanic acid in solution which is then
mapped over time. Buffer solutions were used to control the pH of
degradation mixtures for the Kinetic studies. For each pH, three
concentrations of buffer could be used in order to calculate the non-buffer

catalysed degradation rate.

2. Using the developed method, the degradation rates of potassium
clavulanate were determined in the pH range 3-9. The results showed that
between pH 5-6, the rate of potassium clavulanate degradation was the
lowest. The shape of the graph suggests that degradation mechanisms are
different in different pH regions but possibility of buffers influencing the
shape of this curve remains to be eliminated.

3. Degradation rates of clavulanic acid in samples from the ultrafiltration,
reverse osmosis, back extraction and XAD resin treatment stages of the
industrial manufacturing process were calculated in the pH range 3-7. The
most stable pH range appears to vary between different stages of the
extraction process. Out of the stages investigated, the ultrafiltration filtrate
has the lowest susceptibility to clavulanic acid degradation over the pH
range studied.

4.  Temperature was shown to affect the rate of clavulanic acid degradation

in reverse osmosis samples. When the pH of broth was outside of the stable
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pH 5-6 region, the degradation rate was particularly susceptible to change

upon an increase in temperature.

The attempts to identify clavulanic acid degradants have been unsuccessful
so far. The experiments have demonstrated that normal phase
chromatography is not appropriate for separating degradation components.
Separating aqueous mixtures of degradants has proven difficult owing to
the high polarity of degradants and an apparent lack of chromophores with
which degradants can be identified. Furthermore, removing these
compounds from water is not a trivial process. The chemical composition
of samples appears to change during the process, potentially due to further

degradation.
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2.5 Future Work
Kinetics of Clavulanic Acid Degradation

Building on the studies investigating the effect of temperature and pH on the rate of
clavulanic acid degradation in RO broth, similar experiments could be carried out with
other plant samples to identify areas where degradation is likely to occur. Conditions
could be developed to replicate relevant parts of the plant process in the laboratory in
order to carry out experiments looking at the effect of pH and temperature on the
extraction efficiency. Identifying conditions where degradation is low and extraction
efficiency is high may present opportunities for optimisation of the manufacturing

process.

Understanding the Degradation Pathway(s) of Clavulanic Acid

Investigations into understanding the degradation pathway of clavulanic acid were
largely unsuccessful. The NMR spectroscopy experiments could be continued as they
allow the direct detection degradants in water and, unlike UV detection methods, do
no not require chromophores on the degradation products. Initially, the degradation of
potassium clavulanate in D20 would be investigated using heat to force the
degradation process if necessary. An NMR spectrometer of suitable frequency would
be used to obtain both one-dimensional and two-dimensional spectra in the attempt to
elucidate the structure of degradants. Deuterated acid and base, such as DCI and
NaOD, could also be used to compare the degradation products formed under acidic
and basic conditions. Depending on the success of these experiments, carrying out the
reaction in a biphasic system with deuterated organic solvent and water could be

considered to identify non-polar degradants.

In addition to NMR experiments, a reactive species such as an acyl chloride could be
used to modify degradants in such a way that a chromophore would be present for
identification via conventional spectroscopic methods. Using a reagent with a suitably
non-polar substituent may also allow for better retention on a column for purification
purposes. If modifying degradation products is unsuccessful, the starting material

could be appended with a substituent such a silyl protecting group on the hydroxyl
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group of the adipyl side chain such that it would be included in the degradation

products.
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2.6 Experimental
2.6.1 General Considerations
Solvents and Reagents

Potassium clavulanate and t-BA clavulanate were obtained from the manufacturing
process carried out at GSK Irvine. LCMS and NMR analysis was carried out on both

clavulanate starting materials to verify their authenticity.

Potassium clavulanate

O}\o@ k®

IH NMR (400 MHz, D,0): & 3.11 (dd, 1H, CHz), & 3.54 (dd, 1H, CHz), & 4.17 (m,
2H, CH>), 3 4.91 (m, 2H, CH and =CH-) § 5.70 (s, 1H, CH).

13C (101 MHz, 298 K, D20): & 45.4, 56.0, 63.3, 87.4, 97.6, 155.5, 174.4, 179.5
LDI-MS: [M7] 198.03.

t-BA clavulanate.

(0] OH
el
(@] - @

IH NMR (400 MHz, D20): & 1.32 (s, 9H, -(CHa)s),  3.09 (dd, 1H, CHo), § 3.51 (dd,
1H, CH2), § 4.14 (m, 2H, CH2), 5 4.88 (m, 2H, CH and =CH-) § 5.68 (s, 1H, CH).

13C (101 MHz, 298 K, D;0): 8 26.7, 45.4, 52.0, 55.9, 63.1, 87.2, 97.6, 155.5, 174.3,
179.5

LDI-MS [M-] 198.03.

Deionised water was purified using a VWR Puranity TU 6 instrument with UV lamp.
All other chemicals and solvents were purchased from commercial suppliers and used

as received.

298



AmigoChem

An AmigoChem Integrity 10 reaction block was used. Samples were analysed via
LCMS.

Flash Column Chromatography

Flash column chromatography was carried out using a Teledyne CombiFlash Rf+
apparatus. RediSep Cis cartridges were used for reversed phase experiments whilst

RediSep silica cartridges were used for normal phase experiments.

Reversed Phase High Performance Liquid Chromatography

All HPLC experiments were carried out on an Agilent 1100 Series HPLC system,
results were stored and processed using Empower 3 Chromatography Data Software

from Waters.

K313 HPLC Method

The K313 HPLC method was carried out on an Agilent 1100 Series HPLC system with
K313 eluent (5.2.3.2) and a 25 cm x 0.5 cm C18 hypersil ODS column. 10 pL
injections were made from a heat adjustable auto-sample chamber. The eluent was
passed through the column at a rate of 1 mLmin via an isocratic pump with each
analysis taking 10 min. A VWD was set to 230 nm.

Preparation of K313 Eluent

To Sodium dihydrogenphosphate (31.2 g, 26.0 mmol), deionised water (2 L) was
added, phosphoric acid (85 w/w%) was added to adjust pH to 2.5. Phosphate solution
(1.8 L) was mixed with HPLC grade methanol (0.2 L) and the resultant solution
filtered.
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Lithium Clavulanate Standard

Refrigerated lithium clavulanate (0.0500 g, 0.244 mmol) was measured and transferred
into a 100 mL volumetric flask. Deionised water was added to make up a 100 mL
standard solution. A 10 pL aliquot was sampled and ran through the K313 HPLC
method; the standard sample was ran in triplicate to calibrate the UV detector response

to clavulanate.

Liquid Chromatography Mass Spectrometry

A Waters Acquity UPLC instrument with a BEH column (50.0 mm x 2.10 mm with
1.70 um packing diameter) equipped with a Waters Micromass ZQ mass spectrometer
using alternate scan positive and negative electrospray ionisation, was used for LCMS
analysis. A UV detector with a wavelength spectrum of 210-350 nm was equipped for

detection of analytes. Three modifiers were used in LCMS experiments.

High pH LCMS

40.0 °C, 1.00 mL/min flow rate, using a mobile phase gradient of 10.0 mM aqueous
ammonium bicarbonate solution, adjusted to pH 10.0 with 0.880 M aqueous ammonia
and acetonitrile. Gradient conditions began at 1% acetonitrile, and increased linearly
to 97% acetonitrile over 1.50 min, before remaining at this concentration for 0.40 min,

and rising to 100% over 0.10 min.

Formic LCMS

40.0 °C, 1.00 mL/min flow rate, using a gradient with mobile phases of water
containing 0.1% volume (v/v) of formic acid and acetonitrile with 0.1% formic acid
(v/v). Gradient conditions were initially 1% of the acetonitrile mixture, increasing
linearly to 97% over 1.50 min, and remaining at 97.0% for 0.40 min, before increasing
to 100% over 0.10 min.
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Mass Directed Auto Purification

MDAP was carried out with a Waters ZQ mass spectrometer using alternate scan
positive and negative electrospray ionisation. A UV detector with a wavelength
spectrum of 210-350 nm was equipped for detection of analytes. Three modifiers were
used in LCMS experiments. A Sunfire Cis column (100 mm x 19.0 mm with 5.00 um
packing diameter) was used with a 20.0 mL/min flow rate and a mobile phase gradient

of water with 0.1% formic acid (v/v) and acetonitrile with 0.1% formic acid (v/v).

Nuclear Magnetic Resonance Spectroscopy

All *H NMR spectra were obtained on a Bruker AV-400 spectrometer operating at 400
MHz. 3C NMR spectra were obtained on the same instrument operating at 101 MHz.
All spectra were recorded in deuterated solvents at ambient temperatures using
standard pulse methods. Chemical shifts are reported in ppm with respect to TMS or
residual solvent peak, and multiplicities are denoted as: singlet (s), doublet (d), triplet

(), quartet (), quintet (quin), or multiplet (m).

pH Measurements

All pH measurements were made using Mettler-Toledo pH meter calibrated with pH
4.01 and pH 7.0 buffers.

Thin Layer Chromatography

TLC was carried out in a glass TLC chamber using precoated polyester-back silica
plates (0.2 mm particle size). UV light Amax 254 nm or 365 nm was used to visualise
spots; when necessary, vanillin or potassium permanganate dip were used to develop
TLC plates.
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2.6.2 Experimental Procedures
Determination of Suitable Conditions for HPLC

To a volumetric flask (50 mL) potassium clavulanate was added. Deionised water was
used to make potassium clavulanate solution up to a total volume of 50 mL. The
solution was adjusted to pH 4.0 or pH 8.0 using sulfuric acid (50 v/v%) or sodium
hydroxide (50 v/v%) and monitored via the K313 HPLC method over a period of 8 h.

Following the above procedure, data are presented as (a) quantity of potassium

clavulanate, (b) Final concentration of potassium clavulanate solution

Entryl (a) 2.5g, 10.5 mmol, (b) 50 mg/mL.
Entry2 (a) 25 mg, 0.105 mmol, (b) 0.5 mg/mL.

Entry3  (a) 100 mg, 0.422 mmol, (b) 2 mg/mL.

Monitoring pH Change Over Time

To a volumetric flask (50 mL) potassium clavulanate (2.5 g, 10.5 mmol) was added,
deionised water was used to create a potassium clavulanate solution (50 mg/mL).
Sulfuric acid (50 v/v%) or sodium hydroxide (50 v/v%) were used to adjust the pH to
4.0, 7.02 or 9.0. An electric pH meter was used to measure the pH in time intervals of

30 min over a period of 4 h.

General Method for Preparing 0.025 M Citric acid/Disodium hydrogenphosphate

Buffer Solutions

To a volumetric flask citric acid solution and disodium hydrogenphosphate solution
were added. Deionised water was used to create a buffer solution of the desired
volume. The pH was measured with an electronic pH meter and adjusted to the desired

level as required. Potassium chloride was added to adjust p to 0.5 M.
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Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of citric acid added, (d) quantity of

disodium hydrogenphosphate added, (e) quantity of potassium chloride added.

Entryl1 (a) 3.0, (b) 200 mL, (c) 5 mL of 1 M solution, 5 mmol, (d) 14.2 mL of a
0.2 M solution, 2.8 mmol, (e) 7.0 g, 93.9 mmol.

Entry2 (a) 4.0, (b) 200 mL, (c) 5 mL of 1 M solution, 5 mmol, (d) 34.9 mL of a
0.2 M solution, 6.98 mmol, (e) 6.24 g, 83.7 mmol.

Entry3 (a) 5.0, (b) 200 mL, (c) 5 mL of 1 M solution, 5 mmol, (d) 56.6 mL of a
0.2 M solution, 11.3 mmol, (e) 5.19 g, 69.9 mmol.

Entry4 (a) 5.1, (b) 100 mL, (c) 2.1 mL of 0.5 M solution, 1.1 mmol, (d) 12.5 mL
of a 0.2 M solution, 2.5 mmol, (e) 3.22 g, 43.2 mmol.

Entry5 (a) 5.3, (b) 100 mL, (c) 2.0 mL of 0.5 M solution, 1.0 mmol, (d) 12.5 mL
of a 0.2 M solution, 2.5 mmol, (e) 3.21 g, 43.1 mmol.

Entry6 (a) 5.5, (b) 100 mL, (c) 1.8 mL of 0.5 M solution, 0.9 mmol, (d) 12.5 mL
of a 0.2 M solution, 2.5 mmol, (e) 3.20 g, 42.9 mmol.

Entry 7 (a) 5.7, (b) 100 mL, (c) 1.6 mL of 0.5 M solution, 0.82 mmol, (d) 12.5 mL
of a 0.2 M solution, 2.5 mmol, (e) 3.19 g, 42.8 mmol.

Entry8 (a) 5.8, (b) 100 mL, (c) 1.56 mL of 0.5 M solution, 0.8 mmol, (d) 12.5 mL
of a 0.2 M solution, 2.5 mmol, (e) 3.18 g, 42.7 mmol.

Entry9 (a)5.9, (b) 100 mL, (c) 1.5 mL of 0.5 M solution, 0.75 mmol, (d) 12.5 mL
of a 0.2 M solution, 2.5 mmol, (e) 3.18 g, 42.7 mmol.

Entry 10 (a) 5.95, (b) 100 mL, (c) 1.44 mL of 0.5 M solution, 0.72 mmol, (d) 12.5
mL of a 0.2 M solution, 2.5 mmol, (e) 3.18 g, 42.7 mmol.

General Method for Preparing 0.025 M Sodium dihydrogenphosphate/Disodium
hydrogenphosphate Buffer Solutions
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To a volumetric flask sodium dihydrogenphosphate solution and disodium
hydrogenphosphate solution were added. Deionised water was used to create a buffer
solution of the desired volume. The pH was measured with an electronic pH meter and
adjusted to the desired level as required. Potassium chloride was added to adjust p to
0.5 M.

Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of sodium dihydrogenphosphate
added, (d) quantity of disodium hydrogenphosphate added, (e) quantity of potassium
chloride added.

Entryl (a) 6.0, (b) 200 mL, (c) 19.7 mL of 0.2 M solution, 3.94 mmol, (d) 5.3
mL of a 0.2 M solution, 1.1 mmol, (¢) 6.92 g, 92.8 mmol.

Entry2 (a) 7.0, (b) 200 mL, (c) 6.7 mL of 0.2 M solution, 1.3 mmol, (d) 18.3 mL
of a 0.2 M solution, 3.65 mmol, (e) 6.54 g, 87.7 mmol.

Entry3 (a) 8.0, (b) 200 mL, (c) 0.87 mL of 0.2 M solution, 0.17 mmol, (d) 24.1
mL of a 0.2 M solution, 4.83 mmol, (e) 6.36 g, 85.3 mmol.

Preparation of 0.025 M pH 9 Buffer Solution

To a 200 mL volumetric flask glycine solution (0.5 M, 10 mL, 5 mmol) and sodium
hydroxide (0.1 M, 13.8 mL, 5 mmol) were added, deionised water was added to make
a 200 mL solution. The pH was measured using an electric pH meter and adjusted to
9.0 as necessary. Potassium chloride (7.35 g. 98.6 mmol) was then added to adjust p
to 0.5 M.

General Method for Preparing 0.025 M Citric acid/Trisodium citrate Buffer Solutions

To a volumetric flask citric acid solution and trisodium citrate solution were added.

Deionised water was used to create a buffer solution of the desired volume. The pH

304



was measured with an electronic pH meter and adjusted to the desired level as required.

Potassium chloride was added to adjust p to 0.5 M.

Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of citric acid added, (d) quantity of

trisodium citrate added, (e) quantity of potassium chloride added.

Entryl (a) 5.0, (b) 200 mL, (c) 6.7 mL of 0.2 M solution, 1.3 mmol, (d) 18.3 mL
of a 0.2 M solution, 3.67 mmol, (e) 6.08 g, 81.6 mmol.

Entry2 (a) 5.5, (b) 200 mL, (c) 3.7 mL of 0.2 M solution, 0.73 mmol, (d) 21.4 mL
of a 0.2 M solution, 4.27 mmol, (e) 5.70 g, 76.5 mmol.

Entry3  (a) 6.0, (b) 200 mL, (c) 1.5 mL of 0.2 M solution, 0.31 mmol, (d) 23.5 mL
of a 0.2 M solution, 4.69 mmol, (e) 5.42 g, 72.7 mmol.

Entry4  (a) 6.5, (b) 200 mL, (c) 10.9 mL of 0.01 M solution, 0.109 mmol, (d) 24.5
mL of a 0.2 M solution, 4.89 mmol, (e) 5.29 g, 71.0 mmol.

Entry5 (a) 7.0, (b) 200 mL, (c) 3.6 mL of 0.01 M solution, 0.036 mmol, (d) 24.8
mL of a 0.2 M solution, 4.96 mmol, (e) 5.24 g, 70.3 mmol.

Entry6 (a) 7.5, (b) 200 mL, (c) 1.2 mL of 0.01 M solution, 0.012 mmol, (d) 24.1
mL of a 0.2 M solution, 4.83 mmol, (e) 5.23 g, 70.2 mmol.

Entry 7  (a) 8.0, (b) 200 mL, (c) 0.4 mL of 0.01 M solution, 0.004 mmol, (d) 25.0
mL of a 0.2 M solution, 5.22 mmol, (e) 5.22 g, 70.0 mmol.

General Method for Preparing 0.05 M Citric acid/Disodium hydrogenphosphate
Buffer Solutions

To a volumetric flask citric acid solution and disodium hydrogenphosphate solution
were added. Deionised water was used to create a buffer solution of the desired
volume. The pH was measured with an electronic pH meter and adjusted to the desired

level as required. Potassium chloride was added to adjust p to 0.5 M.

305



Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of citric acid added, (d) quantity of

disodium hydrogenphosphate added, (e) quantity of potassium chloride added.

Entryl1 (a) 3.0, (b) 200 mL, (c) 10 mL of 1 M solution, 10 mmol, (d) 30.6 mL of
a 0.2 M solution, 6.12 mmol, (e) 6.49 g, 87.1 mmol.

Entry2 (a) 4.0, (b) 200 mL, (c) 10 mL of 1 M solution, 10 mmol, (d) 70.1 mL of
a 0.2 M solution, 14.0 mmol, (e) 5.02 g, 67.3 mmol.

Entry3 (a) 5.0, (b) 200 mL, (c) 10 mL of 1 M solution, 10 mmol, (d) 113 mL of
a 0.2 M solution, 22.6 mmol, (e) 2.93 g, 39.3 mmol.

Entry4 (a) 5.1, (b) 100 mL, (c) 4.3 mL of 0.5 M solution, 2.1 mmol, (d) 25 mL of
a 0.2 M solution, 5.0 mmol, (e) 2.71 g, 36.4 mmol.

Entry5 (a) 5.3, (b) 100 mL, (c) 3.9 mL of 0.5 M solution, 2.0 mmol, (d) 25 mL of
a 0.2 M solution, 5.0 mmol, (e) 2.69g, 36.1 mmol.

Entry 6 (a) 5.5, (b) 100 mL, (c) 3.6 mL of 0.5 M solution, 1.8 mmol, (d) 25 mL of
a 0.2 M solution, 5.0 mmol, (e) 2.67 g, 35.8 mmol.

Entry 7 (a) 5.7, (b) 100 mL, (c) 3.3 mL of 0.5 M solution, 1.7 mmol, (d) 25 mL of
a 0.2 M solution, 5.0 mmol, (e) 2.65g, 35.5 mmol.

Entry8 (a) 5.8, (b) 100 mL, (c) 3.1 mL of 0.5 M solution, 1.6 mmol, (d) 25 mL of
a 0.2 M solution, 5.0 mmol, (e) 2.64g, 35.4 mmol.

Entry9 (a)5.9, (b) 100 mL, (c) 3.0 mL of 0.5 M solution, 1.5 mmol, (d) 25 mL of
a 0.2 M solution, 5.0 mmol, (e) 2.63 g, 35.3 mmol.

Entry 10 (a) 5.95, (b) 100 mL, (c) 2.9 mL of 0.5 M solution, 1.5 mmol, (d) 25 mL
of a 0.2 M solution, 5.0 mmol, (e) 2.63 g, 35.3 mmol.

General Method for Preparing 0.05 M Sodium dihydrogenphosphate/Disodium
hydrogenphosphate Buffer Solutions
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To a volumetric flask sodium dihydrogenphosphate solution and disodium
hydrogenphosphate solution were added. Deionised water was used to create a buffer
solution of the desired volume. The pH was measured with an electronic pH meter and
adjusted to the desired level as required. Potassium chloride was added to adjust p to
0.5 M.

Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of sodium dihydrogenphosphate
added, (d) quantity of disodium hydrogenphosphate added, (e) quantity of potassium
chloride added.

Entryl (a) 6.0, (b) 200 mL, (c) 39.3 mL of 0.2 M solution, 7.86 mmol, (d) 10.7
mL of a 0.2 M solution, 2.14 mmol, (e) 6.39 g, 85.7 mmol.

Entry2 (a) 7.0, (b) 200 mL, (c) 13.5 mL of 0.2 M solution, 7.31 mmol, (d) 36.6
mL of a 0.2 M solution, 7.31 mmol, (e) 5.62 g, 75.4 mmol.

Entry3  (a) 8.0, (b) 200 mL, (c) 1.8 mL of 0.2 M solution, 0.36 mmol, (d) 48.3 mL
of a 0.2 M solution, 9.66 mmol, (e) 5.27 g, 70.7 mmol.

Preparation of 0.05 M pH 9 Buffer Solution

To a 200 mL volumetric flask glycine solution (0.5 M, 20 mL, 10 mmol) and sodium
hydroxide (0.1 M, 27.6 mL, 2.8 mmol) were added, deionised water was added to
make a 200 mL solution. The pH was measured using an electric pH meter and
adjusted to 9.0 as necessary. Potassium chloride (7.25 g, 97.2 mmol) was then added
to adjust p to 0.5 M.

General Method for Preparing 0.05 M Citric acid/Trisodium citrate Buffer Solutions

To a volumetric flask citric acid solution and trisodium citrate solution were added.

Deionised water was used to create a buffer solution of the desired volume. The pH
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was measured with an electronic pH meter and adjusted to the desired level as required.

Potassium chloride was added to adjust p to 0.5 M.

Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of citric acid added, (d) quantity of

trisodium citrate added, (e) quantity of potassium chloride added.

Entryl (a) 5.0, (b) 200 mL, (c) 13.3 mL of 0.2 M solution, 2.66 mmol, (d) 36.7
mL of a 0.2 M solution, 7.34 mmol, (e) 4.71 g, 63.2 mmol.

Entry2 (a) 5.5, (b) 200 mL, (c) 7.3 mL of 0.2 M solution, 1.5 mmol, (d) 42.8 mL
of a 0.2 M solution, 8.54 mmol, (e) 3.95 g, 53.0 mmol.

Entry3  (a) 6.0, (b) 200 mL, (c) 3.1 mL of 0.2 M solution, 0.61 mmol, (d) 46.9 mL
of a 0.2 M solution, 9.38 mmol, (e) 3.39 g, 45.5 mmol.

Entry4  (a) 6.5, (b) 200 mL, (c) 21.8 mL of 0.01 M solution, 0.218 mmol, (d) 48.9
mL of a 0.2 M solution, 9.78 mmol, (e) 3.13 g, 42.0 mmol.

Entry5 (a) 7.0, (b) 200 mL, (c) 7.2 mL of 0.01 M solution, 0.072 mmol, (d) 49.6
mL of a 0.2 M solution, 9.93 mmol, (e) 3.03 g, 40.6 mmol.

Entry6 (a) 7.5, (b) 200 mL, (c) 2.3 mL of 0.01 M solution, 0.023 mmol, (d) 49.9
mL of a 0.2 M solution, 9.98 mmol, (e) 3.00 g, 40.3 mmol.

Entry 7  (a) 8.0, (b) 200 mL, (c) 0.7 mL of 0.01 M solution, 0.007 mmol, (d) 50.0
mL of a 0.2 M solution, 10.0 mmol, (e) 2.99 g, 40.1 mmol.

General Method for Preparing 0.1 M Citric acid/Disodium hydrogenphosphate Buffer

Solutions

To a volumetric flask citric acid solution and disodium hydrogenphosphate solution
were added. Deionised water was used to create a buffer solution of the desired
volume. The pH was measured with an electronic pH meter and adjusted to the desired

level as required. Potassium chloride was added to adjust p to 0.5 M.
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Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of citric acid added, (d) quantity of

disodium hydrogenphosphate added, (e) quantity of potassium chloride added.

Entry1 (a) 3.0, (b) 200 mL, (c) 20 mL of 1 M solution, 20 mmol, (d) 63.4 mL of
a 0.2 M solution, 12.7 mmol, (e) 5.47 g, 73.4 mmol.

Entry2 (a) 4.0, (b) 200 mL, (c) 20 mL of 1 M solution, 20 mmol, (d) 140 mL of
a 0.2 M solution, 28.1 mmol, (e) 2.58 g, 34.6 mmol.

Entry3  (a) 5.0, (b) 200 mL, (c) 20 mL of 1 M solution, 20 mmol, (d) 180 mL of
a 0.2 M solution, 36.1 mmol, (e) 0.22 g, 2.95 mmol.

Entry4 (a) 5.1, (b) 100 mL, (c) 8.5 mL of 0.5 M solution, 4.3 mmol, (d) 50 mL of
a 0.2 M solution, 10 mmol, (e) 1.70 g, 22.5 mmol.

Entry5 (a) 5.3, (b) 100 mL, (c) 7.8 mL of 0.5 M solution, 3.9 mmol, (d) 50 mL of
a 0.2 M solution, 10 mmol, (e) 1.65 g, 22.1 mmol.

Entry 6 (a) 5.5, (b) 100 mL, (c) 7.2 mL of 0.5 M solution, 3.6 mmol, (d) 50 mL of
a 0.2 M solution, 10 mmol, (e) 1.60 g, 21.5 mmol.

Entry 7  (a) 5.7, (b) 100 mL, (c) 6.6 mL of 0.5 M solution, 3.3 mmol, (d) 50 mL of
a 0.2 M solution, 10 mmol, (e) 1.57 g, 21.1 mmol.

Entry8 (a) 5.8, (b) 100 mL, (c) 6.3 mL of 0.5 M solution, 3.2 mmol, (d) 50 mL of
a 0.2 M solution, 10 mmol, (e) 1.55 g, 20.8 mmol.

Entry9 (a)5.9, (b) 100 mL, (c) 5.9 mL of 0.5 M solution, 3.0 mmol, (d) 50 mL of
a 0.2 M solution, 10 mmol, (e) 1.54 g, 20.7 mmol.

Entry 10 (a) 5.95, (b) 100 mL, (c) 5.8 mL of 0.5 M solution, 2.9 mmol, (d) 50 mL
of a 0.2 M solution, 10 mmol, (e) 1.53 g, 20.5 mmol.

General Method for Preparing 0.1 M Sodium dihydrogenphosphate/Disodium
hydrogenphosphate Buffer Solutions
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To a volumetric flask sodium dihydrogenphosphate solution and disodium
hydrogenphosphate solution were added. Deionised water was used to create a buffer
solution of the desired volume. The pH was measured with an electronic pH meter and
adjusted to the desired level as required. Potassium chloride was added to adjust p to
0.5 M.

Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of sodium dihydrogenphosphate
added, (d) quantity of disodium hydrogenphosphate added, (e) quantity of potassium
chloride added.

Entryl (a) 6.0, (b) 200 mL, (c) 78.7 mL of 0.2 M solution, 15.7 mmol, (d) 21.3
mL of a 0.2 M solution, 5.33 mmol, (e) 5.33 g, 71.5 mmol.

Entry2 (a) 7.0, (b) 200 mL, (c) 26.9 mL of 0.2 M solution, 5.4 mmol, (d) 73.1 mL
of a 0.2 M solution, 14.6 mmol, (e) 3.78 g, 50.1 mmol.

Entry3  (a) 8.0, (b) 200 mL, (c) 3.5 mL of 0.2 M solution, 0.7 mmol, (d) 96.5 mL
of a 0.2 M solution, 19.3 mmol, (e) 3.09 g, 41.4 mmol.

Preparation of 0.1 M pH 9 buffer solution

To a 200 mL volumetric flask glycine solution (0.5 M, 40 mL, 20 mmol) and sodium
hydroxide (0.1 M, 55.2 mL, 5 mmol) were added, deionised water was added to make
a 200 mL solution. The pH was measured using an electric pH meter and adjusted to
9.0 as necessary. Potassium chloride (7.04 g, 94.4 mmol) was then added to adjust p
to 0.5 M.

General Method for Preparing 0.1 M Citric acid/Trisodium citrate Buffer Solutions

To a volumetric flask citric acid solution and trisodium citrate solution were added.
Deionised water was used to create a buffer solution of the desired volume. The pH
was measured with an electronic pH meter and adjusted to the desired level as required.

Potassium chloride was added to adjust p to 0.5 M.
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Following the general procedure, data are presented as (a) Required pH of the buffer
solution, (b) volume of buffer solution (c) quantity of citric acid added, (d) quantity of

trisodium citrate added, (e) quantity of potassium chloride added.

Entryl (a) 5.0, (b) 200 mL, (c) 26.6 mL of 0.2 M solution, 5.32 mmol, (d) 73.4
mL of a 0.2 M solution, 14.7 mmol, (e) 1.96 g, 26.3 mmol.

Entry2 (a) 5.5, (b) 200 mL, (c) 14.6 mL of 0.2 M solution, 2.91 mmol, (d) 85.4
mL of a 0.2 M solution, 17.1 mmol, (e) 0.44 g, 5.8 mmol.

Entry3 (a) 6.0, (b) 200 mL, (c) 6.1 mL of 0.2 M solution, 1.2 mmol, (d) 93.9 mL
of a 0.2 M solution, 18.8 mmol, (e) 0 g, 0 mmol.

Entry4 (a) 6.5, (b) 200 mL, (c) 43.6 mL of 0.01 M solution, 0.436 mmol, (d) 97.8
mL of a 0.2 M solution, 19.6 mmol, (e) 0 g, 0 mmol.

Entry5 (a) 7.0, (b) 200 mL, (c) 14.4 mL of 0.01 M solution, 0.144 mmol, (d) 99.3
mL of a 0.2 M solution, 19.9 mmol, (e) 0 g, 0 mmol.

Entry6 (a) 7.5, (b) 200 mL, (c) 4.6 mL of 0.01 M solution, 0.046 mmol, (d) 99.8
mL of a 0.2 M solution, 19.9 mmol, (e) 0 g, 0 mmol.

Entry 7 (a) 8.0, (b) 200 mL, (c) 1.5 mL of 0.01 M solution, 0.015 mmol, (d) 99.9
mL of a 0.2 M solution, 20.0 mmol, (e) 0 g, 0 mmol.

Measurement of potassium clavulanate degradation rate at pH 3, 4 and 5

Potassium clavulanate stored in a freezer (0.1000 g, 0.4215 mmol) was transferred to
a 50 mL volumetric flask and citrate/ phosphate buffer solution of required pH was
added to make a 50 mL reaction solution. An aliquot was transferred to a HPLC vial
and stored in an autosample chamber at 25°C. A 10 pL injection was taken at time
intervals of 1 h and the amount of potassium clavulanate was measured with a UV
detector. A lithium clavulanate standard was used to calculate the concentration of

remaining potassium clavulanate in each sample.

Measurement of potassium clavulanate degradation rate at pH 6, 7 and 8
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Potassium clavulanate stored in a freezer (0.1000 g, 0.4215 mmol) was transferred to
a 50 mL volumetric flask and phosphate buffer solution of required pH was added to
make a 50 mL reaction solution. An aliquot was transferred to a HPLC vial and stored
in an autosample chamber at 25°C. A 10 pL injection was taken at time intervals of 1
h and the amount of potassium clavulanate was measured with a UV detector. A
lithium clavulanate standard was used to calculate the concentration of remaining

potassium clavulanate in each sample.

Measurement of potassium clavulanate degradation rate at pH 9

Potassium clavulanate stored in a freezer (0.1000 g, 0.4215 mmol) was transferred to
a 50 mL volumetric flask and glycine/ sodium hydroxide buffer solution of required
pH was added to make a 50 mL reaction solution. An aliquot was transferred to a
HPLC vial and stored in an autosample chamber at 25°C. A 10 pL injection was taken
at time intervals of 1 h and the amount of potassium clavulanate was measured with a
UV detector. A lithium clavulanate standard was used to calculate the concentration

of remaining potassium clavulanate in each sample.

Measurement of potassium clavulanate degradation rate at pH 5, 5.1, 5.3, 5.5, 5.7,
5.8,5.9 and 5.95

Potassium clavulanate stored in a freezer (0.1000 g, 0.4215 mmol) was transferred to
a 50 mL volumetric flask and citrate/ phosphate buffer solution of required pH was
added to make a 50 mL reaction solution. An aliquot was transferred to a HPLC vial
and stored in an autosample chamber at 25°C. A 10 pL injection was taken at time
intervals of 3 h and the amount of potassium clavulanate was measured with a UV
detector. A lithium clavulanate standard was used to calculate the concentration of

remaining potassium clavulanate in each sample.

Measurement of clavulanic acid degradation rate in reverse osmosis plant samples

312



A sample of reverse osmosis retentate was taken at the most concentrated point.
Sulfuric acid (50 v/v%) or sodium hydroxide solution (50 v/v%) was added to adjust
the sample to the required pH. An aliquot of the sample (1 mL) was diluted with
deionised water in a volumetric flask to 50 mL and a sample was analysed immediately
via the K313 HPLC method. The remaining pH adjusted sample was stored in a water
bath held at 25 °C. Aliquots were taken and analysed in the same manner at time
intervals of 2 h over a period of 8 h. A lithium clavulanate standard was used to

calculate the concentration of remaining potassium clavulanate in each sample.

Measurement of clavulanic acid degradation rate in post-resin samples

A sample of XAD resin percolate was taken immediately after passing through the
resin. Sulfuric acid (50 v/v%) or sodium hydroxide solution (50 v/v%) was added to
adjust the sample to the required pH. An aliquot of the sample (1 mL) was diluted with
deionised water in a volumetric flask to 50 mL and a sample was analysed immediately
via the K313 HPLC method. The remaining pH adjusted sample was stored in a water
bath held at 25 °C. Aliquots were taken and analysed in the same manner at time
intervals of 2 h over a period of 8 h. A lithium clavulanate standard was used to

calculate the concentration of remaining potassium clavulanate in each sample.

Measurement of clavulanic acid degradation rate in ultrafiltration samples

A sample of ultrafiltration broth was taken after passing through the membrane.
Sulfuric acid (50 v/v%) or sodium hydroxide solution (50 v/v%) was added to adjust
the sample to the required pH. An aliquot of the sample (1 mL) was diluted with
deionised water in a volumetric flask to 50 mL and a sample was analysed immediately
via the K313 HPLC method. The remaining pH adjusted sample was stored in a water
bath held at 25 °C. Aliquots were taken and analysed in the same manner at time
intervals of 2 h over a period of 8 h. A lithium clavulanate standard was used to

calculate the concentration of remaining potassium clavulanate in each sample.
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Measurement of clavulanic acid degradation rate in back extraction samples

A sample of the back extraction rich aqueous was taken immediately at the most
concentrated point. Sulfuric acid (50 v/v%) or sodium hydroxide solution (50 v/v%)
was added to adjust the sample to the required pH. An aliquot of the sample (1 mL)
was diluted with deionised water in a volumetric flask to 200 mL and a sample was
analysed immediately via the K313 HPLC method. The remaining pH adjusted sample
was stored in a water bath held at 25 °C. Aliquots were taken and analysed in the same
manner at time intervals of 2 h over a period of 8 h. A lithium clavulanate standard
was used to calculate the concentration of remaining potassium clavulanate in each

sample.

Measurement of clavulanic acid degradation rate in reverse osmosis plant samples for

pH vs T studies

A sample of reverse osmosis retentate was taken at the most concentrated point.
Sulfuric acid (50 v/v%) or sodium hydroxide solution (50 v/v%) was added to adjust
the sample to the required pH. An aliquot of the sample (1 mL) was diluted with
deionised water in a volumetric flask to 50 mL and a sample was analysed immediately
via the K313 HPLC method. The remaining pH adjusted sample was stored at the
required temperature in a temperature-controlled jacketed-vessel for 5 °C and 10 °C,
or in a water bath for 20 °C, 25 °C, 30 °C, or 40 °C. Aliquots were taken and analysed
in the same manner at time intervals of 2 h over a period of 6 h. A lithium clavulanate
standard was used to calculate the concentration of remaining potassium clavulanate

in each sample.

Clavulanic acid degradation for AmigoChem

An AmigoChem vessel, equipped with a stirrer bar, was loaded with clavulanate salt.
Acid or Base was injected into the vessel to start the degradation process. The reaction
was held at 25 °C for 24 h, a 4 pL aliquot was taken from the reaction vessel at time
intervals of 2 h and diluted with water (1 mL). The samples were analysed via the high
pH LCMS method at the end of the 24 h reaction period.
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Following the general procedure, data are presented as (a) type and quantity of

clavulanate salt (b) type and quantity of acid or base used.

Entry 1 (a) Potassium clavulanate, 50 mg, 2.11 mmol, (b) hydrochloric

acid, 2 mL of a 2 M solution, 4 mmol.

Entry 2 (a) Potassium clavulanate, 50 mg, 2.11 mmol, (b) sodium

hydroxide, 2 mL of a 2 M solution, 4 mmol.

Entry 3 (a) t-BA clavulanate, 50 mg, 1.84 mmol, (b) hydrochloric acid, 2

mL of a 2 M solution, 4 mmol.

Entry 4 (a) t-BA clavulanate, 50 mg, 1.84, (b) sodium hydroxide, 2 mL of

a 2 M solution, 4 mmol.

Clavulanic acid degradation for reversed phase flash column chromatography

Potassium clavulanate (40 mg, 1.69 mmol) or t-BA clavulanate (40 mg, 1.47 mmol)
was dissolved in hydrochloric acid (2 M, 2 mL, 4 mmol) or sodium hydroxide (2 M, 2
mL, 4 mmol). The solution was left at room temperature, open to air for ca. 1 h; a dark
orange colour was observed. LCMS was used with the high pH method to check that
clavulanate degradation had taken place. The reaction was then subjected to flash

column chromatography with a Cis reversed phase column.

Clavulanic acid degradation for normal phase flash column chromatography

Potassium clavulanate (40 mg, 1.69 mmol) or t-BA clavulanate (40 mg, 1.47 mmol)
was dissolved in hydrochloric acid (2 M, 2 mL, 4 mmol) or sodium hydroxide (2 M, 2
mL, 4 mmol). The solution was left at room temperature, open to air for ca. 1 h; a dark
orange colour was observed. LCMS was used with the high pH method to check that
clavulanate degradation had taken place. The reaction mixture was then extracted with

ethyl acetate (3 x 15 mL), the organic layers were collected and concentrated to ca. 2
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mL via rotary evaporation. The concentrate was ten subjected to flash column

chromatography with a silica column and cyclohexane-ethylacetate solvent system.
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