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Abstract

There is still a need to develop new cancer therapies for troubling cancers. Hence, a resurging
interest in compounds that engage their target through covalent interactions. Lysine’s amine
can be engaged covalently with a weak electrophile (SO2F) extending the potential of covalent
inhibitors. Herein, we were prompted to investigate the synthesis of non-natural amino acids,
modified to include weakly electrophilic warheads, which could potentially target specific

lysine residues.

Three new non-natural amino acids were successfully synthesized, methyl (S)-2-((tert-
butoxycarbonyl)amino)-3-(4-((fluorosulfonyl)oxy)phenyl)propanoate, 3.5, methyl (S)-2-((tert-
butoxycarbonyl)amino)-2-(4-((fluorosulfonyl)oxy)phenyl)acetate, 3.9, and methyl (S)-2-((tert-
butoxycarbonyl)phenyl)propanoate, 3.35, in 85%, 89%, and 63.7% vyield, respectively. Our
study explored the synthetic pathway of a three-step procedure toward the target
compounds, with the initial esterification of the carboxylic acid group, followed by the N-Boc
protection of the amine group. Finally, the key sulfonation of the N-Boc protected amino
methyl ester, where for 3.5 and 3.9, was performed through ex-situ generation of sulfuryl
fluoride, which was installed following the substitution of the hydrogen on the hydroxyl group
by SO3F. For 3.35, it was achieved through a palladium-catalyzed system and an in-situ

fluorine introduction, where para iodine was substituted by the SO, generated from DABSO.

Under physiological conditions, compound 3.5 was assessed for possible interaction through
its electrophilic warhead, with nucleophilic N-Boc-lysine side chain. The LCMS and NMR
buffered assays were conducted, and in both these studies, the characteristics of a possible

binding happening can be observed, hence an adduct N2-(tert-butoxycarbonyl)-N°-((4-((S)-2-



((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)phenoxy)sulfonyl)-L-lysine 3.5a

formation.
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Chapter One

Chapter One

Introduction and literature review

1.1 General overview of covalent inhibitors

The term “covalent inhibitor” refers to small molecules that by design are intended to bind
covalently to targets in a specific amino acid residue and temporarily or permanently
inactivate them. There is generally a two-step process involved in covalent inhibition.! The
first is reversible inhibition which occurs when an inhibitor associates with an enzyme,
allowing its chemical warhead to interact with the enzyme’s reactive amino acid residue.
During the second step, covalent bonds are formed between the two reactive entities on the
enzyme and inhibitor (Scheme 1.1).2 It is important to note that reversible inhibitors do not
require the second step as covalent inhibitors do. It is possible for a covalently conjugated
inhibitor to undergo further chemical transformations to get released from its target enzyme
after a certain period. Furthermore, it can permanently bind to the target, effectively locking

the enzyme in an inactive mode.3

D K Y
on Y of
—— <
K
Nu = SH, NH,, OH A E = electrophic trap

Scheme 1.1: lllustration of binary complex formation (selectivity) and covalent reaction

(secondary selectivity filter; terminal inhibition).



Chapter One

1.2 Historic background of covalent inhibitors

The earliest covalent inhibitor was introduced by Bayer who began manufacturing aspirin in
the late 19™ century as a painkiller and anti-inflammatory drug. Small molecules were used
as covalent inhibitors to target enzymes that are critical for cell function* and these are
molecules with a molecular weight less than 900 Da and approximately 90% of
pharmaceutical drugs are small molecules such as aspirin, and antihistamines to name but a
few.> Since the beginning of the 20™ century, aspirin has been on the market, but its
mechanism of action was not resolved until the 1970s when Roth et al. identified that aspirin
selectively acetylates Ser-529 and Ser-516 on cyclooxygenase-1 (COX-1) and cyclooxygenase-
2 (COX-2) respectively, thus disrupting prostaglandin biosynthesis, resulting in an anti-

inflammatory effect (Scheme 1.2). %7

Ser OH
o) e
DI e ) °
0]
e | 0 o)
slow Spontaneous
O@U W —_ O\H P >
o

0
Aspirin Serine )J\O/Ser

Acetylated COX
(Inactivated)

Scheme 1.2: The mechanism of action involving covalent modification of aspirin by serine

residue.

Among early covalent drugs, penicillin is another drug that was discovered in 1928, and it acts
as a covalent inhibitor.® It is noteworthy that penicillin was found as an antibiotic

serendipitously and can be considered one of the most important discoveries in the history
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of drugs. It is used to treat infections caused by bacteria such as Streptococcus pneumoniae
which causes pneumonia, Streptococcus pyogenes which causes strep throat, and Neisseria
gonorrhoeae which causes gonorrhoea to name but a few.’ There have been a humber of
penicillin analogues approved for human use to date and they all have a similar mechanism
of action to that of penicillin and B-lactam as the chemical warhead. According to the World
Health Organization (WHO) report on surveillance of antibiotic consumption, these are the
most frequently used class of antibiotics.'® 11 Antibiotics of this class possess a reactive four-
membered B-lactam ring (1.1), which is fundamental to their bactericidal properties.t?
Penicillins (1.2), cephalosporins (1.3), and carbapenems (1.4) are the distinct subclasses that
result when B-lactam rings are fused with heterocycles, whose resultant ring strain prevents
the resonance stabilization normally associated with amides, thus rendering them susceptible
to electrophilic attach. Furthermore, they are functionalized in several critical positions, to

facilitate target interaction (Figure 1.1).

R
H
\/NH ’
o ° ]TN/ s
O// NH CH2 / R
—— :O
o HO

1.1 B-lactam 1.2 Penicillin 1.3 Cephalosporin 1. 4 Carbapenem

Figure 1.1: The chemical structure of the B-lactam ring (1.1), alongside with its antibiotic

subclasses (1.2 — 1.4).

This B-lactam reacts with an active site serine residue in D-Alanyl-D-Alanine transpeptidase,
which functions in bacterial cell wall biosynthesis, inactivating it, causing disruption of

bacterial cell wall biosynthesis and, as a result, bacterial cell lysis (Scheme 1.3).13
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Scheme 1.3: The mechanism of action of B-lactam with an active site serine in D-alanyl-D-

alanine transpeptidase

Other than aspirins and penicillins as covalent inhibitors, there are other covalent inhibitors
that have been developed into several successful drugs (Figure 1.2). These include
Cephalosporin C (1.5), an inhibitor of DD-transpeptidase, Omeprazole (1.6) and Lansoprazole
(1.7), the inhibitors of H*K* ATPase, Fosfomycin (1.8), an inhibitor of MurA, Clopidogrel (1.9),
a P2Y1, receptor inhibitor, Afatinib (1.10), an inhibitor of EGFR and erbB-2, Ibrutinib (1.11),
and Acalabrutinib (1.12), an inhibitor of BTK and SML-8-73-1 (1.13) and ARS-853 (1.14) the
inhibitors of KRAS G12C. These examples mentioned have encouraged medicinal chemists to

consider this strategy when the biochemical mechanism supports such an approach.t 44
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Figure 1.2: (1.5-1.14) are the covalent inhibitors that have led to successful drugs since the

1890s.
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1.3 General overview: Discovering a covalent inhibitor

George Santayana once said, “Those who do not remember the past are condemned to repeat
it”. As with other aspects of human endeavour, this observation is relevant to drug discovery
as well.'®> In recent years, computer-assisted data exploration has gained momentum in the
area of drug discovery.'® Pipeline diagrams are often represented as chevrons in the drug
development process, and the identification and validation of one or more biological targets
is the first step in the drug discovery process, several other important steps follows (Figure

1.3).Y7 Consequently, covalent drugs require some special considerations.

Linear Progression

Lead
Discovery

and Rational

Drug design

Pharmaceuticals/F
ormulation/Drug
Delivery

Using advanced
Rapidly modelling and
identifying techniques to
molecules that derive, optimize and

interact with a formulate
specific target. compounds to reach
the desired target.

Figure 1.3: A classical representation of the overall process of a covalent drug discovery

paradigm.

As with any drugs, there are always advantages and limitations. And there have been
concerns that human health may be negatively affected by covalent inhibition. For instance,
the cellular metabolites of acetaminophen are hepatotoxic.*® In acetaminophen metabolism,
the drug is oxidized by cytochrome P450 into the highly reactive N-acetyl-p-benzoquinone

imine (NAPQI) that covalently modifies glutathione (GSH) or cysteine residues in proteins.'*
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In patients, non-specific covalent drug-protein adducts may cause unwanted immunogenic

responses.
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APAP NAPQI X(APAP)
Scheme 1.4: The oxidation of acetaminophen to its toxic intermediate quinone imine

metabolites and the covalent modification of the glutathione.

Against all these drawbacks, there has been a resurgence of interest in covalent drugs in the
pharmaceutical industry, furthermore with natural products being covalent inhibitors.* The
advantages of covalent inhibitors include having a high affinity for their target and a longer
duration of action than reversible inhibitors. In addition, these inhibitors have
pharmacodynamic properties that outlast measurable inhibitor concentration in the plasma,
which means undesirable pharmacokinetic properties can sometimes be tolerated.?
Accordingly, covalent inhibitors can be used as therapeutics if the reactivity of the warhead

can be controlled.?

1.4 The electrophilic “warheads” in designing covalent inhibitor

In the design of covalent inhibitors, an electrophilic moiety that forms a covalent bond
between a nucleophilic amino acid and the inhibitor is employed. These functional groups are
often termed “warheads”, and they are electrophilic.'® When designing covalent drug
molecules, they are crucial, for selectivity to be obtained, and it may be of utility to consider

binding as it occurs in the two distinct steps to avoid toxicity. In comparison with traditional
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non-covalent inhibitors, they have exceptional pharmaceutical attributes such as ability to

validate pharmacological specificity, high potency, and prolonged pharmacodynamics.* 2°

A traditional reversible drug first binds to the target via non-covalent bonds, and for this, it
depends on the overall structure of the binding site. The drug must then form a covalent bond
with a specific nucleophilic residue in the target. The non-covalent binding must be optimized
through the overall compound structure design. The second part, on the other hand, is
optimized by careful selection of the covalent warhead to ensure appropriate reactivity and
orientation within the active site.?! When held in the correct orientation by the recognition
motif, the warhead should have enough reactivity to form a covalent bond with the active
site residue but not enough reactivity to react with residues in other proteins. In designing
covalent inhibitors, it is essential to choose a warhead designed specifically for the target

amino acid side chain.?!

1.4.1 Cysteine-reactive electrophilic warheads in covalent modification

In proteins, cysteine is a highly nucleophilic amino acid residue with multiple biochemical
functions. Despite the low abundance of cysteine in nature, it has an electron-rich thiol group
that exhibits high reactivity and has a number of roles, including metal binding, redox
catalysis, and allostery.?? By far, cysteine residues are mostly targeted by covalent inhibitors

due to their high nucleophilicity (Figure 1.4).

Cysteine

Figure 1.4: A cartoon depiction of a highly nucleophilic cysteine
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Among the most popular electrophiles for cysteine residues include epoxides,?® sulfonate-
ester (SE),>* Michael acceptors, (including acrylates, acrylamides, haloacetamides,

cyanoacrylates, and vinyl-sulfonamides).?> 26 and a-halocarbonyl compounds.?’

In recent years, FDA-approved drugs have contained acrylamide moiety, which reacts with a
specific cysteine residue near the active site of the tyrosine kinase family, making them the
frontline treatment for some cancer types. Some of the FDA drugs examples include afatinib

(2013) (1.10), ibrutinib (2013) (1.11), osimertinib (2015) (1.15), and neratinib (2017) (1.16).2%

34
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1.10 Afatinib (2013) 1.11 Ibrutinib (2013) 1.15 Osimertinib (2015) 1.16 Neratinib (2017)

Afatinib (1.10) and Osimertinib (1.15), were designed to covalently bind to Cys797 in the
epidermal growth factor receptor (EGFR). The EGFR is a transmembrane tyrosine kinase
involved in activating cell proliferation pathways. Certain cancers, such as non-small cell lung
cancer (NSCLC), are known to be driven by mutations that maintain EGFR in an active state.3”
Inhibition of EGFR tyrosine kinase activity is a valid treatment for patients with NSCLC caused

by EGFR activating mutations.

Weerapana et al. developed a proteomics approach that used isotopic tandem orthogonal
proteolysis-activity-based protein profiling (isoTOPABPP) to quantify the intrinsic reactivity of

cysteine residues. Breast cancer cells were examined for the presence of hyperreactive
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cysteine sites, such as the residue C93 in the uncharacterized/ unidentified protein FAM96B,

using iodoacetamide-alkyne (1.17).36

(@]
| /\/\///
1.17 lodoacetamide (lIA)-alkyne

In a screen of thousands of human proteins, the same team mentioned above used cysteine-
reactive small-molecule fragments to identify 700 cysteines in both druggable and non-
druggable proteins. Using fragment-based covalent ligand discovery, it is possible to uncover
unknown functions of proteins using ligandable proteins and small molecules. This group
identified druggable proteins expressed in KEAP1-mutant NSCLC cells using chemical
proteomics in 2017 (It’s the same reference as of the one in the next line). NROB1 is a
druggable transcriptional regulator that plays a critical role in lung cancers that are Nrf2-

dependent.?’

An innovative chemoproteomic platform was developed by Sprandlin et al., to characterize
metabolic enzymes that are predominant in breast cancer cells.3 This new target inhibits the
progression of triple-negative breast cancer (TNBC) by inhibiting glutathione S-transferase Pi
1 (GSTP1). Using the same method, nimbolide-alkyne (1.18) interacts with an E3 ubiquitin

ligase RNF114, and nimbolide recruits RNF114 to recognize substrates.3®

it

1.18 Nimbolide-alkyne

10
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Yu et al. reported a 4-substituted cyclopentenone (1.19) for fast and cysteine-specific
modification of proteins. This method provides rapid kinetics and a stable product.
Additionally, this alteration has almost no impact on the structure or conformation or the

biological function of proteins.*°

N

0 N
Q‘OAC

1.19 4-substituted cyclopentanone

Likewise, vinyl sulfones undergo Michael addition with thiols and are often used to inhibit
viral and parasite cysteine proteases,*> 4! such as the main protease (MP™) of severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) (1.20).%?

1.20 SARS-CoV-2 Protease

This follows after in December 2019, an acute respiratory disease of an anonymous origin
unfolded in Wuhan, Hubei province, China.*>#* The initial patient’s symptoms resembled the
flu and included fever, coughing, and myalgia, but they also had a propensity to progress to

potentially deadly dyspnea and acute respiratory distress syndrome.**

1.4.2 Lysine-reactive electrophilic warheads in covalent modification
Lysine is one of the amino acids with the greatest potential for covalent modification owing
to its large natural abundance (5.9% of human proteins) and inherent nucleophilicity.*

Importantly, the protein surface has several functional lysine residues that are exposed, which

11
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presents an excellent chance for covalent bioconjugation. However, selective modification of
lysine residues in situ still presents a significant difficulty due to moderate nucleophilicity
compared to the strong nucleophilicity of cysteine. Another obstacle is that the selective
modification of functional lysine residues is affected by the significant quantity of non-
functional lysines and N-terminal lysine residues. The nucleophilic addition of an g-amine
lysine is the typical bioconjugation technique. The €-amine of lysine is a harder nucleophile
than that of cysteine, so should react more readily with harder electrophiles.*® Aldehydes
have been frequently employed to modify residues in proteins, particularly in proteomics.*”
48 But since the aldimine formation is easily reversed in agueous conditions, reduction using
metal hydrides* or transfer hydrogenC is often utilized to trap the modified lysine as an

amine.

_NH2

Lysine

Figure 1.5: A cartoon illustration of a lysine residue with its e-amine group.

Originally, natural products were the only source of lysine targeting covalent inhibitors.
Manoalide (1.21), a sesterterpenoid antibiotic, was first isolated in 1977 from Luffariella
variabilis sponge in Palau and possessed good in vitro activity against Streptomyces pyogenes
and Staphylococcus aureus.®* The mechanism of action associated with it was suggested to
be the irreversible inhibition of phospholipase A, (PLA;) by covalently binding to Lys6 and
Lys79, as confirmed by one-point mutation and structure activity relationships, through bis-

imine formation with the lysine residues via the two masked aldehydes lactols (Scheme 1.5)°%*
55

12
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1.21 Manoalide
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Scheme 1.5: The mechanism of an irreversible inhibitor of PLA, by manoalide (1.21) forming

the hydrolytically stable cyclized bis-hemiaminal.

Numerous electrophilic warheads have been designed to increase the toolbox for selective

modification of lysine, such as 2-acetylphenylboronic acids compounds,>® dichlorotriazines,>”

58 60-64

active esters, sulfur (VI)-based reagents including a,B-unsaturated systems. and

sulfonyl fluoride compounds.5> 66

An investigation by Ward et al. demonstrated the use of an alkyne-functionalized N-
hydroxysuccinimide ester (1.22) to map ligand-susceptible hotspots in the proteome. The
reagents are capable of profiling a wide range of amino acid residues, including tyrosine,
cysteine, and threonine, as well as lysine.>® The selectivity of specific lysines on Gstt1, Dpyd,
and Aldh2 was investigated using fragment-based NHS ester ligands. It is important to note

that each of these proteins contains its own active lysine site, such as K71, K497, and K211,

13
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which could be druggable. In these instances, NHS-esters have been proven to be a desirable

available reactive site for covalent ligand discovery.>®

e) N
D
O

1.22 Alkyne-functionalized N-hydroxysuccinimide ester
In a study conducted by Hacker et al. an electrophilic group called sulfotetrafluorophenyl
(STP) ester (1.23) was developed as a warhead targeting lysine.*> Over 9,000 lysines in human
cell proteins could be detected using the alkyne-containing probe coupled with the
isoTOPABPP platform. This method identified 100 reactive lysine residues at the functional
sites of proteins. An allosteric mechanism was discovered to inhibit enzymes by lysine-
reactive fragment electrophiles, and to inhibit protein-protein interactions in transcriptional
regulatory complexes. As a result, they gained a deeper knowledge of functional and
ligandable lysines in the proteome and expanded the list of druggable proteins for

fundamental and translational studies.

1.23 Sulfotetrafluorophenyl (STP) ester

In Anscombe et al. study, a previously known sulfonamide moiety (1.24) was replaced in a
reversible inhibitor of cancer target cyclin-dependent kinase 2 (CDK2) with a vinyl sulfone
warhead, which is located near two non-catalytic lysines in the active site.®® The resultant

molecule, NU6300 acted as an irreversible covalent inhibitor by reacting with Lys89 and has

14
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been shown to be effective in cells, however the potency is weak due to a slow reaction rate

between NU6300 and CDK?2.57

0 HaN=— o
HaN. & > ¢ N ’ =4 N
g NTX N\ g N \> % N‘ X \>
Ty PN A
NN NN N N H
H H H ; "
1.24 Sulfonamide NU6300

Scheme 1.6: The inception of vinyl-sulfone in place of the sulfonamide in 1.24 which resulted

in covalent reaction of NU6300 with Lys89 of CDK2.

Baker et al. conducted a study showing the sulfonyl fluoride (-SO,F) group as a re-emerging
promising warhead for the covalent modification of proteins.®®7! Since then, there has been
a continuous development of the irreversible protein binders containing sulfonyl fluorides
that are potentially selective and covalent modifiers because of their low reactivity.”? There
are several reasons for the espousal of the (-SO.F)-based warheads, which include but not
limited to, their capability to covalently modify a range of nucleophilic amino acids under
physiological conditions, including; lysine,® tyrosine,”? proline,’* cysteine,”> 7 histidine,””" 78
catalytic serine,”® & and threonine®! and the biological benign nature of the fluoride leaving

group.

Pal et al. designed a chemical analogue of 5'-benzoyl-substituted adenosine,
5'-p-fluorosufonylbenzoyl adenosine (FSBA 1.25), to study glutamate dehydrogenase's
binding site (Scheme 1.7).8%2 A lysine residue with a pKa that reacts readily with the sulfur of
the aromatic sulfonyl fluoride moiety, which is a hard electrophile, though its hydrolysis is

stable.®3 After FSBA 1.25 was discovered, it was used to study the kinase protein family, as

15
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adenosine has modest affinity but low selectivity for most members of this family. The
covalent bond formation with the catalytic lysine is made possible by the 5'-hydroxyl moiety

of adenosine, which hints towards a solvent channel vector that is extremely conserved.

NH, NH,
> NS
k >
NT N
0 o o ~0
o)
HoN = 0
//S\ S//
o \E N
H

1.25 5’-p-fluorosulfonylbenzoyl adenosine

Scheme 1.7: The mechanism of covalent bond formation between the active site lysine and

the sulfonyl fluorides of FSBA.

In a study by Li et al., sulfur—fluoride exchange (SuFEx) platforms were developed from SOFa-
derived iminosulfoxy difluoride (1.26).2% In aqueous solution, these groups react with phenols
and primary amines, enabling modification of DNA tagged with amines and phenols.
Interestingly, only lysine residues were modified, even with very high probe concentrations
when labelling proteins with bovine serum albumin (BSA). Using the biocompatible SuFEx

ligation for bioconjugation can be beneficial.®> 8

1.26 Iminosulfoxy difluoride

Cuesta et al. recently discovered lysine-targeting covalent inhibitors of the eukaryotic

translation initiation factor 4E (elF4E) (1.27) and heat shock protein 90 (Hsp90) (1.28).%” The

16
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elF4E binds m7GTP cap structures at the 5’-end of mRNAs to promote translation of proteins
involved in cancer cell growth. The group also indicates that it is notoriously difficult to inhibit
elF4E, and most reported inhibitors are negatively charged guanine analogues with negligible
cell permeability. A covalent targeting strategy was envisioned as a solution to these
challenges. A covalent docking approach based on lysine was developed since cysteines are
not present near the elF4E cap-binding site. A "make-on-demand" virtual library was utilized
to use covalent docking to determine the target of arylsulfonylfluorides on elF4E's

noncatalytic lysine (Lys162). 7,88

/NHT/N 0

HN s

Cl
1.27 elF4E Inhibitor
In another study, Cuesta et al., utilized an alternative strategy to increase the binding affinity
of lysine targeted covalent Hsp90 inhibitors, independently of their intrinsic electrophilicity
or reversible interaction (Ki).8” An arylsulfonyl fluoride is orientated toward Lys58 on the
Hsp90's surface by a chiral, conformationally constrained linker, which allows rapid and
enantioselective reaction with the ligand. They discovered that the best covalent Hsp90
inhibitor, arylsulfonyl fluoride (1.28), to spanning the 10 A distance between the purine
noncovalent recognition element and the sulfonyl-fluoride, which upon binding to Hsp90, the

(S)-methylpiperidine of 1.28 as nucleophilically attacked by Lys58.8”

17
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1.28 Hsp90 Inhibitor

On the other hand, the arylfluorosulfates (1.29) were first reported in the 1930s by Lange et
al.8 however, as a result of the lack of robust synthetic methods for their preparation, this
functional group was only briefly discussed, and its use as a warhead for covalent modification

of proteins was not explored until 2015 by Baranczak et al.*°

1.29 Arylfluorosulfonate

Using fluorosulfates for covalent protein modification for the first time, Kelly et al. replaced
the sulfonyl fluoride-based warheads in previously reported fluorogenic transthyretin (TTR)
probes with fluorosulfates.®> The arylfluorosulfates 1.30 and 1.31 reacted slowly and did not
reach full conversion when exposed to the targeted transthyretin e-amino group with a higher

pKa, and due to their lower reactivity.

18
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In view of the fact that fluorosulfate-based warheads have such low and narrow intrinsic
reactivity, off-target nucleophiles are rarely covalently labelled in a cellular context, making
them largely inactive towards human proteomes unless rigorous conditions are met, such as
the presence of basic residues that decrease the pKa of the targeted nucleophilic residue
and/or facilitate the departure of the fluoride ion. It is therefore possible to use rational
targeting of intrinsically reactive Tyr, Lys, or even Ser and His residues in drug discovery when
the protein of interest displays a fluorosulfate favoured protein microenvironment, especially

when a high-affinity, reversible ligand is on hand and can be modified.®?

Liu et al. have discovered that three arylfluorosulfates (1.32b, 1.33b, and 1.34b) have better
anticancer cell proliferation properties than their phenol (1.32a, 1.33a, and 1.34a) precursors.
92 Among the previously mentioned three compounds, fluorosulfate derivatives of fulvestrant
(1.33b) exhibits substantially increased activity in reducing expression of the estrogen
receptor (ER) in the MCF7 breast cancer cell line. The fluorosulfate derivative of a drug called
Combretastatin A4 (1.34b) extert a 70-fold more in potency in drug-resistant colon cancer
cells HT-29. In this study, the method of SuFEx chemistry for the conversion of phenolic

compounds to respective arylfluorosulfates derivatives in situ in 96-well plates was utilized

19
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and this approach is compatible with the synthesis and screening to efficiently evaluate the

biological activities of the in situ generated aryl fluorosulfates derivatives.®?

~
O
un—" N ~
=
R
1.32a: R=0OH 1.33a: R=OH 1.34a: R=0OH
1.32b: R = 0SO,F 1.33b: R = OSO,F 1.34b: R = OSO,F

Baggio et al. discovered X-linked inhibitor of apoptosis protein (XIAP) 1.35 covalent binder
based on aryl fluorosulfate that targets Lys311 in the BIR3 domain.®®* These aryl sulfonyl
fluoride-based agents, in particular, can inhibit protein-protein interactions (PPIs) by targeting

a poorly nucleophilic lysine on the protein surface.
O
7 0
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/NH{\ G/\NH‘ O-g=0

1.35 XIAP Inhibitor
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1.5 Hsp90-HOP Inhibition

In tumour biology, heat shock protein 90 (Hsp90) promotes the stabilization and activity of
oncogenic 'client' proteins.®® Hsp90 plays an essential role in chaperoning cancer, as
demonstrated by a landmark 1994 study linking 1.36, benzoquinone geldanamycin, a natural
product with antitumor activity, with Hsp90-dependent degradation of the viral oncoprotein
v-SRC.% This was the first study demonstrating that Hsp90 inhibitors can be used to target
cancer cells, and the subsequent study of the ATPase-dependent biochemistry involved in the

interactions between chaperones and clients with this inhibitor.% %7

1.36 Geldanamycin

Numerous clinical and pre-clinical drug discovery programs in academic laboratories and the
pharmaceutical industry have focused on the Hsp90 molecular chaperone.®®1% Hsp90 is a
multifunctional hub that requires numerous accessory or regulatory cochaperone proteins to
function effectively. 19 In a variety of ways, these cochaperone proteins interact with Hsp90
and its complexes. Most of these cochaperones share a common tetratricopeptide repeat
(TPR) domain that binds to a distinct MEEVD sequence at the C-terminus of Hsp90.1%2 One of
the best studied co-chaperone Hsp70-Hsp90 Organizing Protein (HOP) is a monomer protein
consisting of three TPR domains, namely TPR1, TPR2A and TPR2B, which partake in the
protein-protein interactions (PPIs) with Hsp70 and Hsp90, thereby mediating the transfer of

client proteins. Inhibition of the PPl between HOP and Hsp90 will result in the disruption of
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this pro-oncogenic assembly, potentially leading to cell death. The PPl between Hsp90 and
HOP, is mediated by an acid rich MEEVD motif at the C-terminus of Hsp90 interact with a
lysine rich central groove on the TPR2A domain, known as carboxylate clamp (Figure 1.6).19%
105 According to the Cancer Genome Atlas, the co-chaperone HOP is mutated or
overexpressed in the cancers which disproportionately affect Southern Africa (breast,
esophageal, colorectal, prostate, and cervical cancer). This, therefore, represents an ideal
target to develop new cancer therapies for these troubling cancers. The HOP forms a specific
interaction with Heat Shock Protein 90, which facilitates the correct folding of proteins, under
conditions of cellular stress. This function is particularly important in the cancer cell
environment which is characterized by mutated proteins and high growth rates of cancer
cells.106 107 Therefore, disruption of this PPI, would result in simultaneous degradation of
client proteins leading to tumor death and is considered a promising target for cancer drug

discovery.

Figure 1.6: The structural representative of Hsp70-HOP-Hsp90 ternary chaperone complex.'0>
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1.6 Aim and objectives of the thesis
From the examples discussed above, it is evident that electrophilic warheads are a critical part
of many medicinally important compounds, displaying a wide variety of positive impact on

improving human health, especially in the fight against cancer.

The aim of this work is to develop electrophilic warheads that are lysine-targeting covalent

inhibitors.
The objectives of this research are to:

e Synthesize non-natural amino acids by incorporating sulfonyl-fluorides moieties as
electrophilic warheads onto a series of amino acids.

e Characterize each compound using *H NMR, 3C NMR, °F NMR, HRMS, and FTIR.
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Figure 1.7: Chemical structure representative of the desired electrophilic warheads.
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Chapter Two

Review of the Fluorosulfates and Sulfonyl fluoride Synthetic

Methods

2.1 Introduction

Years back, sulfonyl fluorides drew an increased attention due to their unique properties and
wide application range. In chemical biology and drug discovery, sulfonyl fluorides have been
used as covalent probes and inhibitors,”? and as one of Sulfur Fluorine Exchange (SUFEXx)
clickable moieties, aryl fluorosulfates (Ar-OSO,F) have the unique property of being relatively
unreactive toward hydrolysis, reduction, nucleophilic substitution, and thermolysis, while
only reacting at the sulfur centre when appropriate conditions are met. As selectively
addressable scaffolds, they are particularly useful in chemical biology and drug discovery for

a wide range of targets.% 108

2.2 Synthesis of arylfluorosulfates (Ar-OSO>F)

109 3nd Dow Chemical

In 1901, Moissan first reported sulfuryl fluoride (SO2F2) gas synthesis
developed it as the pest control agent Vikane in the 1950s.11° A colourless, odourless gas,
SO;F; is 3.5 times heavier than air at normal temperatures and pressures. Gaseous SO3F; has

111

been widely used as a fumigant for more than five decades'* and recently, it has gained

considerable attention in organic synthesis as a reagent.

The reaction between phenols and SO:F; gas reaches its highest point for aromatic
compounds, as the aryloxy-fluorosulfate derivatives produced are highly stable. Specifically,
aliphatic amines and phenols undergo selective modification by SOF,, whereas aromatic

amines, carboxylates, and aliphatic alcohols remain unreactive.
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The first arylfluorosulfates were synthesized by pyrolysis in 1930 by Lange and Muller.!1?
Later, Coffman and Cramer made substituted phenol fluorosulfates using pyridine and
CISO2F.*3 Both methods, however, had disadvantages due to the high cost of the starting
materials, the risky reaction conditions, and the low yields. A simple method for making
arylfluorosulfate derivatives from cheap and abundant phenols and SO;F, gas was reported
by Firth'!* and other researchers!'® in the 1970s. Chen et al. reported in 2014 a more
advanced and efficient synthetic method for producing arylfluorosulfates (2.2) from phenol

derivatives (2.1) using gaseous SO2F; in the presence of a base (Scheme 2.1).83 116

(0]
| Xy OH SO,F, (gas) | S O\S';
~ = J F O
R Et,N, solvents, rt,2-6 h R
2.1 2.2 54% -100%

R = Me, OMe, CF,, COOEt, Cl, CN, CHO, etc.
Solvents = CHZCI2 or CHZCIZ/HZO

Scheme 2.1: Preparation of arylfluorosulfate derivatives from phenols treated with gaseous

SO;F,.

In 2016, Chen et al. synthesized the Fmoc-Y(OSO;F)-OH amino acid (2.4) that is used on
protein ligation, the compound was synthesized from Fmoc-protected tyrosine (2.3) in a
biphasic solvent system (saturated aqueous borax buffer/CH2Cl,) by reacting it with SO2F;

(Scheme 2.2).1Y7
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i i
HO NHFmoc  saturated Borax/CH,Cl,, 25 °C ';,S\o NHFmoc

2.3 2.4 96%

Scheme 2.2: Preparation of Fmoc-fluorosulfated tyrosine 2.4.

In 2017, Ren et al. synthesized 2-(diphenylphosphanyl) phenyl fluorosulfate (2.7). As a result
of a Pd-catalysed coupling reaction of diphenylphosphine and 2-iodophenol (2.5), 2-
(diphenyl)phosphanylphenol (2.6) was produced in , which then reacted with SO,F; gas to

yield 2-(diphenylphosphanyl)phenyl fluorosulfate (2.7) in 97% yield (Scheme 2.3).118

HPPh, (1.0 equiv.) Q o
OH  Pd(OAc), (1 mol%) ph on O (balloon) : /S‘/F
'\© NaOAc (1.1 equiv.) Ph’P\© DIPEA (2.0 equiv.) N Ph'P\©
DMA, 110°C, 16 h - CH2C|2, rt, 12 h
2.5 2.6 76% 2.797%

Scheme 2.3: Synthesis of 2-(diphenylphosphanyl)phenyl fluorosulfate.

According to Wu et al., the Sulfur Fluorine Exchange (SuFEx) method can be successfully used
for late-stage functionalization of phenolic anticancer drugs by converting them in situ into
arylfluorosulfonates (Scheme 2.4).°2 Three (1.32b, 1.33b, and 1.34b) mentioned before, in
situ generated arylfluorosulfonates exhibits stronger anticancer cell proliferation activity than

their phenolic precursors.
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In situ SUFEX reaction
in 96-well plates

0
7 N _g-8_
R@OH | ) R/ © ('85 "

liquid-based microgram scale
2.8 in situ one-pot process 2.9

Scheme 2.4: SuFEx click chemistry late-drug functionalized.

Veryser et al. came up with another practical transformation of phenols to aryl fluorosulfates
in 2017, developing it by ex situ generation of SO,F, by means of a dual-chamber reactor.'*®
In this method, 1,1’-sulfonyldiimidazole was used as a precursor to generate nearly
stoichiometric amounts of SO,F, gas through a dual-chamber reactor (Scheme 2.5). The
compounds were successfully synthesized, a series of phenols and hydroxylated heteroarenes

were also flourosulfated in promising yields.

Chamber A
”””””””””””” SDI (1.5 equiv.), KF (4.0 equiv.) e
| OH  TFA (1 mL), rt, 18 h S
R —  rRl-_J JF
| /| ChamberB
e RN (2.0 equiv.) 85% - 99%

DCM (4 mL), 1t, 18 hy

R =4-OMe, 4-NH,, 4-Cl, 4-COOEt, etc.

Scheme 2.5: Synthesis of aryl fluorosulfates through ex situ generation of sulfuryl fluoride in

a two-chamber reactor, with red boxes indicating Chamber B.

2.3 Synthesis of aryl sulfonyl fluorides (Ar-SOF)
In 1931, Davies and Dick reported pioneering work on the nucleophilic fluorination of the

corresponding sulfonyl chlorides in the presence of a fluoride source to produce arenesulfonyl
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fluorides.'?% 12 The corresponding sulfonyl fluorides were readily prepared by boiling

aromatic or aliphatic sulfonyl chlorides with aqueous potassium fluoride solutions.

Bianchi et al., developed a method for producing sulfonyl fluorides with KF and 18-crown-6

in dry acetonitrile in 1977 (Scheme 2.6).1%?

Q.o KF 2 o

s’ .
/@/ \CI 18-crown-6 . /@/S\F
K MeCN a,
%

%
Scheme 2.6: Bianchi’s synthesis of sulfonyl fluorides via F-Cl exchange.

Although this method may have advantages, side reactions may occur, and alkyl sulfonyl
fluorides may be hydrolysed under these conditions.?? 123 Dong et al. developed an improved
method using potassium bifluoride as an alternative fluoride source to address this challenge
(Scheme 2.7).28 A high yield of sulfonyl fluorides can be produced using this method, from
alkyl and aryl sulfonyl chlorides. At the water/organic interface, solvation and hydrogen bonds
may play an important role in increasing fluorine’s nucleophilicity toward fluorine-chlorine

exchange.

KHF, (sat.aq.)

5 s
/@/ cl _ /@/ .
@ MeCN, r.t, 2-4 h %

Scheme 2.7: Dong’s method of synthesis of aryl sulfonyl fluorides via F-Cl exchange.

Insofar as sulfonyl chlorides have poor accessibility and highly sensitive reactivity, alternative
methods for synthesizing sulfonyl fluorides have been developed using a range of starting

materials. Several aromatic sulfur compounds have been demonstrated to be precursors to
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sulfonyl fluorides, including thiols,*?* disulfides,'?> sulfonic acid,'?® sodium sulfonates,?” 128

sulfinates,'?° sulfonic hydrazides,*3? and sulfonamides!3! (Scheme 2.8).

QSH

?
of S ONa
©/ Ref. 124, 125 Ref. 129
\\ / II/O
Ref.126 S, Ref. 130
OH > FE NHNH2

Ref.127, 128 ‘&1&131
O (@)
sfo sfo
e S

Scheme 2.8: Synthetic path of sulfonyl fluorides from various aromatic sulfur compounds.

Wright and Hallstrom developed an efficient method for synthesizing heterocyclic sulfonyl
fluorides compounds in 2006.1%* An oxidative chlorination step is carried out using aqueous
sodium hypochlorite to form sulfonyl chlorides in situ, followed by a fluoride-chloride
exchange step to form the desired sulfonyl fluoride compound. In this reaction, readily
available reagents are used, and chlorine gas is not used. This methodology, however,

demonstrated only heteroaromatic thiols (Scheme 2.9).
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1) ag. KFHF, (10 equiv.) Q o

SH Bu,NHSO, (1 equiv.) in DCM S\F
2) 6% NaOCl in HZO

42% -79%

\

Scheme 2.9: Synthetic approach for the heterocyclic sulfonyl fluorides from thiols.

In 2019, Laudadio et al. reported an efficient electrochemical oxidative approach for obtaining
sulfonyl fluorides from widely available thiols and disulfides using KF as a cheap fluorine
source.'3? As the protocol is mild, it does not require any additional oxidants or catalysts, and
it can be applied to any substrate, including alkyl, aryl, heteroaryl, benzyl, or heteroaryl thiols

or disulfides (Scheme 2.10).

_SH Batch Electrocell Q

\ /O
R .S”
o clFe) e
R/S\S/R KF (5 equiv.) 19%-94%

Pyridine (1 equiv.)
MeCN / HCl (aq) 1 M (1:1 v/v)
20 mA, r.t.,, 6-48 h

Scheme 2.10: Preparation approach of sulfonyl fluorides from thiols or disulfides using excess

KF as oxidant.

Besides using (hetero) aromatic sulfur compounds, a more diverse set of starting materials
have also been explored for the synthesis of sulfonyl fluorides. In 2017, Davies et al. were the
first to report the synthesis of sulfonyl fluorides from heteroaryl bromides.'3? This was the
first method to use non-sulfur compounds as a starting point. The two-step, one-pot
procedure involved the initial palladium-catalysed sulfonylation of aryl bromides using DABSO

as a source of SO, to generate an ammonium sulfinate intermediate, followed by in situ
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electrophilic  fluorination of the sulfinate intermediate  with  NFSI  (N-
fluorobenzenesulfonimide). In moderate to good yields, a variety of aryl and heteroaryl
sulfonyl fluorides were obtainable. Notably, this tactic worked well to introduce the
fluorosulfonyl moiety late into pharmaceutical intermediates. Additionally, by applying
successive DABSO and NFSI treatments to a series of aryl, benzyl, and alkyl Grignard reagents,

the relating sulfonyl fluorides can also be produced (Scheme 2.11).133

1) DABSO

» _F
B PdC'z(AmP?OS)z o © 2) NFSI N ']
RE (5 mol%) 1 NH3R (1.5 equiv.) RT o
7 = | A5 95 A
Et3N, i-PrOH, 75 °C, 24 h 31%-84%
0~ 0

Scheme 2.11: Pd-catalysed synthesis of sulfonyl fluorides from aryl bromides.

A similar strategy was soon developed by Ball et al. to produce aryl sulfonyl fluorides from

aryl iodides catalysed by Pd(OAc), with Selectfluor as the fluorine source (Scheme 2.12).134

. (0]
1) DABSO (1.2 equiv.) 2) Selectfluor \\S/F
R~ N Pd(OAc), (0.05 equiv.) 0 le\rl)HR (2 equiv.) RL N %
= > 5 o 3 B _—
PAd,Bu (0.08 equiv.) A% MeCN, rt., 2 h

Et;N (3 equiv.), i-PrOH, 45%-93%

75°C, 16 h

Scheme 2.12: Pd-catalysed synthesis of sulfonyl fluorides from aryl iodides.

A one-pot fluorosulfonylation reaction using Grignard reagents and sulfuryl fluoride (SO2F)
was reported by Lee et al. icon 2019.13> At room temperature, a series of aryl, alkyl, and

heteroaryl Grignard reagents were converted to desired sulfonyl fluorides in a sulfuryl
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fluoride solution. The substrate scope, on the other hand, was relatively limited and

inefficient for strongly electron-withdrawing substituted phenyl derivatives (Scheme 2.13).

SOZFZ Q‘ ’/O
R-MgX > R~ ‘£
THF,23°C,1h

R=aryl, alkyl, 18%-78%

heteroaryl
X=Br, Cl

Scheme 2.13: Synthesis of sulfonyl fluorides from Grignard reagents using sulfuryl fluoride.
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Chapter Three

Synthesis of non-natural amino acids incorporated with sulfonyl

fluorides and fluorosulfates

3.1 Introduction

A series of commercially available natural amino acids were modified into non-naturally
analogues by adding weakly electrophilic sulfonyl fluoride moiety to generate lysine targeting
covalent inhibitors. Recent work in our lab revealed that a series of tetrazole-containing non-
canonical amino acid penta-peptides can bind to the critical lysine in the TPR2A domain of
HOP and disrupt the formation of protein-protein interactions between HOP and Hsp90,1%
which gave birth to this work. As a result, we develop non-natural amino acids by
incorporating covalent warheads that can potentially target lysine, in the surface of TPR2A of

HOP.

3.2 Results and discussion

3.2.1 Ex-situ generation of fluorosulfates

One literature procedure for fluorosulfonation was adapted from Chapter two, substituting
the hydrogen of the hydroxyl functional group of L-tyrosine (3.1) with OSOF (3.2, Scheme
3.1). The procedure taken directly from that of Veryser et al.,''° used specific two chamber
reactor as reported (Scheme 2.13), however, in the initial absence of the two chamber
reactor, we used a system of two separate 100 mL round bottom flasks, where flask A acted
as chamber A, and flask B, acted as Chamber B. The gas was generated after the precusor SDI
and KF were added in flask A, and TFA injected into flask A, the gas was transferred from flask

A to flask B using a syringe, until no more gas was produced. The reaction was allowed to run
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for 18 hours as stipulated. However, no product was obtained, which we attributed to the

low solubility of tyrosine in dichloromethane, due to its zwitterionic effect.'36 137

o) Flask A 0]

! ' SDI, KF, TFA o
: OH ! > P ©
o NH,  -ofF-mmmmmmmmmmmmmooee 20 NHs

; 3.1 ' 1 Flask B 3.2

Et;N, DCM, rt, 18 h

gt

Scheme 3.1: SO,F insertion in a natural L-tyrosine, with highlighted indicating flask B.

To improve the solubility in dichloromethane, as well as preventing unwanted side reactions
between the SO2F group and the amine,**® we proceeded to protect the polar acid and amine
groups. Esterification of compound 3.1 under Fischer conditions proceeded smoothly

(Scheme 3.2), and the product was found to be a shiny white soft powder, at a yield of 90%.

o i
| MeOH, H.SO -
OH 27 _ I (@)
o 2
o NH, 60 °C, 24 h HO
3.1 3.3 90%

Scheme 3.2: Esterification of L-tyrosine.

The 'H NMR spectrum (Figure 3.1) of compound 3.3 revealed a characteristic of O-methyl
chemical shift at & 3.57 ppm integrating for 3 protons, confirming that the esterification

occurred and there are no traces of a starting materials.
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O
P f’lwo -
ﬂ 1
HO - th‘__’_.-;'1:'-'\]‘ M HZ
3.3

1

e FET]
210
297"
1102
1,04
1.08
1.1

Figure 3.1: 'H NMR spectrum (400 MHz, DMSO-dg) for compound 3.3.

Similarly, the amine group was protected, using di-tert-butyl dicarbonate in the presence of
sodium bicarbonate and water/acetone as a solvent system (Scheme 3.3). Compound 3.3 was

then Boc protected, the product was obtained in yields of 70%, as a colourless oil.

Boczo, NaHCO3

(0]
_ H,O/Acetone (Quant.) M P
¢! _ 0
NH» rt, overnight HO HNﬁ4o
(@)
3.3 3.4 70% >(

Scheme 3.3: Reaction scheme of a Boc protection of an amine group in compound 3.3.

HO

The structure of the product 3.4 was confirmed with *H NMR spectrum (Figure 3.2), and it

showed a singlet resonating at 6§ 1.35 ppm, integrating for 9 protons, assigned to Boc.
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Additionally, a doublet resonating at 6 7.03 ppm, integrating for 1 proton was assigned to the

newly formed carbamate N-H signal, likely to be coupling to a proton of a carbon where the

N-H is bonded.
WOy &H\.L) Rh&#’:?f
i
Iz’taT.-““mT_.a m{}.-’
= HNL oL -
HO™ ™= ‘“n’ TE
[
3g ©
I ¢ “', i
2 B[] [2 8 |8 28 g
........ — R
10 g 8 7 [ 5 4 3 2 1 ppm

Figure 3.2: 'H NMR spectrum (400 MHz, DMSO-dg) for compound 3.4.

With the Boc protected L-tyrosine in hand, we once again attempted the sulfonation using
two flasks as depicted in Scheme 3.1 above, unfortunately this method was not successful.
When the sample was analysed using °F NMR spectroscopy, a fluorine signal was not visible.

The *H NMR spectrum (Figure 3.3) for the crude product 3.5, closely resembled the starting

material, including the OH signal at 6 9.19 ppm.
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| 04

7.0

\/

|zoa

6.5 ppm

Figure 3.3: Downfield region (6 6.5 — 6 9.5) *H NMR spectrum (400 MHz, DMSO-ds) of 3.4.

From the 'H NMR above (Figure 3.3), it was deduced that the reaction did not work and 3.4

was recovered. For if it was successful, the highlighted singlet resonating at 6 9.19 would be

absent and compound

3.5 would be formed.
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To circumvent the challenges faced, a dual-chamber reactor glass was purchased (Figure 3.4).

Figure 3.4: Dual-chamber reactor, chamber A (left), contains the SOF; gas, and it is in motion

to chamber B (right), where there is a 3.4, in DCM and triethylamine.

Compound 3.5 was obtained following chamber A (left) being filled with 1,1’-
sulfonyldiimidazole (SDI), and potassium fluoride (KF), and chamber B (right) charged with
3.4, triethylamine and dichloromethane. Lastly, trifluoroacetic acid (TFA) injected through the
septum in chamber A (left), and immediate gas forms, flowing from chamber A (left) to
chamber B (right). The crude product was then purified by column chromatography on silica
(EtOAc: MeOH, 8:2). The product 3.5 was successfully produced in an 85% yield. The °F NMR

was used to confirm the presence of a fluorine atom on the compound, and the signal
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appeared as a singlet resonating at 6 -73.48 ppm, confirming a successful sulfonation and the

presence of only one fluorine on the compound (Figure 3.5).

m,-n_.-

Fg ,[ \]/HN_Tr T‘“

3.5

!

Figure 3.5: °F NMR spectrum (376 MHz, DMSO-dg) for compound 3.5.

Further confirmation of the structure was done using a HRMS (ESI), and in the HRMS spectrum
(Figure 3.6) a sodium adduct of the molecular ion was observed at m/z 400.0848,

corresponding to a molecular formular C1sH20NO7SF (calcd for C15H20NO7SFNa, 400.0842).

39



Chapter Three

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off

Mumber of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

138 formulale) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:1520 H:20-25 N:0-5 O:510 S5:01 F:0-1 Na: 01

sd_01_088 52 (1.791) Cm (1.58) TOF MS ES+

5.43e+005

100+ 400.0848

0

401.0886
402.0847 ap3oare
393.2109 3942138 39B1042 399 3pg1 i 4062138 407 5062 400.1876.408.8337
[ B B b e o BB B a e s o o o e s R R e Ra e e R s e SRS S Sanan na Il
3920 3840 396.0 398.0 400.0 4020 404.0 406.0 408.0 4100 4120

Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Calc. Mass mDa PEM DEE i-FIT i-FIT (Norm) Formula
400.0848 400.0842 0.6 1.5 3.5 703.4 0.0 Cl5 H20 M 07 & F Ha

Figure 3.6: The HRMS spectrum of compound 3.5.

In addition to the characterization done for compound 3.5, the 'H NMR analysis was also done
to verify the substitution of the hydrogen in the hydroxyl group of the starting material. Table
3.1 below outlines the 'H NMR of 3.5, and it validates that the disappearance of the hydrogen
of the hydroxyl group. The analysis was based on the likely coupling constants of the protons
in the aromatic ring where the OH was in the para position, and the other hydrogens being in

ortho and meta position, 2Ju.n and PJu.n coupling (8.7 and 8.6 Hz) respectively.
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Table 3.1: 'H NMR analysis of product 3.5 eluted as fluffy light brown needle-like solid (400

MHz, DMSO-ds).

. b C 4 Q e
Fo P °
OHS\O z b F%N\fo
g @]

6 (ppm) Integral Multiplicity | J (Hz) Assignments

7.52 2 Doublet 8.7 H-a

7.46 2 Doublet 8.7 H-b

7.34 1 Doublet 8.4 H-f

4.29-4.23 1 Multiplet NA? H-d

3.64 3 Singlet NA? H-e

3.11 1 Doublet of | 13.8, 4.8 H-c
doublet

2.92 1 Doublet of | 13.8,4.8 H-c
doublet

1.32 9 Singlet NA? H-g

1) Not Applicable
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We then proceeded to include 4-hydoxyl-L-phenylglycine (3.6) and apply the same procedure

as above (Scheme 3.4).

PP
Q”%m%@

3.7 93% 3.8 75%

a) MeOH, H,50,, 60 °C, 24 h :

O\
b) Boc,0, NaHCO,, Acetone/Water, rt, 12 h F\Sp /@/\O/
70

c) SDI, KF, TFA, DCM, Et,N, rt, 18 h O

Scheme 3.4: Three steps synthesis of compound 3.9.

3.2.1.1 Characterisation of compounds 3.6 — 3.9

To illustrate successful formation of our target compound, the characterisation needed to be
monitored for the last two steps, the Boc protection and sulfonation. Compound 3.7 was
obtained a soft powder solid, in 93% yield. The 13C NMR spectrum (Figure 3.7) of compound
3.7 is shown. Here we observed a chemical shift at 6 52.1 ppm, which correlates to a CHs

group bonded to oxygen to form an ester functional group.
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T T T T T T T T
190 180 170 180 150 140 130 120 110 100 90 B0 70 G0 50 40 30 20 ppm

Figure 3.7: 13C NMR spectrum (100 MHz, DMSO-ds) for compound 3.7.

The protection step was performed using the same general technique as indicated (Scheme
3.4) step b. The product 3.8 was obtained as a clear sticky oil at a yield of 75%. The 3C NMR
spectrum (Figure 3.8) of the product revealed the characteristics of the Boc-protecting group,
with the chemical shift at 6 28.6 ppm representing the three methyl groups, chemical shift at
6 78.9 ppm representing the carbon connecting the three methyl groups mentioned, making

it a tert-butyl, and the chemical shift at 6 172.3 ppm being the carbonyl of the carbamate.
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i~ 0
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Figure 3.8: The highlighted (h, i, and j) in the 3C NMR (100 MHz, DMSO-d¢) are the peaks of

interest indicating the presence of carbamate in compound 3.8.

Finally, the fluorosulfation of 3.8 was carried out using the SDI precursor of sulfuryl fluoride,
and the successful conversion of phenol derivative of 3.8 to aryl fluorosulfate was observed.
This transformation had a very good yield of 89%, with the presence of light orange needle-
like solid as the product 3.9. The °F NMR spectrum (Figure 3.9) displayed a singlet resonating
at the chemical shift & —73.5 ppm, of which was in concurrence with what was expected, as

there should be only one fluorine signal.
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Figure 3.9: The °F NMR (376 MHz, DMSO-ds) of compound 3.9.

The HRMS spectrum (Figure 3.10) verified the structure of compound 3.9, with a sodium
adduct being present at m/z 386.0692, corresponding to a molecular formular of C14H1sNO7SF

(calcd for C14H1sNO7SFNa, 386.0686).
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off

MNumber of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

62 formulale) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H: 1520 N:0-5 0O:510 S:01 F:0-1 MNa:1-1

sd_01_0B5 89 (1.500) Cm (1:118)

TOF M3 ES+
2 T0e+005
1 386.0692
387.0724
38B.06TS
3811063 3821885
o 2791563 5 I 383.1831 385.2939 | l/ 361 2850 4932118 394.0342 3053748
"“are0 | asbo 3820 3840 | 3860 3880 3900 3020 3940 3960
Minimuom: =1.5
Maximum: 3.0 5.0 s00.0
Mass Calc. Mass mDa FFM DEE i-FIT i-FIT (Norm) Formula
386.0692 386 .06E6 0.6 1.6 5.5 639.B 0.0 C1l4 HI1A a 5 F a

Figure 3.10: The HRMS spectrum of compound 3.9.

3.2.1.2 Fluorosulfation of aliphatic amino acids
We then expanded the scope of this study to aliphatic amino acids, to afford an array of

fluorosulfonated amino acids.

At the outset, the attempt was to follow the same procedure as the one used on the aromatic
amino acids, using the sequence of the three steps process vide supra. At the esterification
step, several attempts using serine 3.10, dissolved in methanolic solution, concentrated
H,S04, at a 60 °C refluxing, were not successful, as only small amount of crude product

obtained (Scheme 3.5), and the 'H NMR contained unidentifiable peaks (Figure 3.11).
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0 o)
/\/m a /\/m -
HO OH > HO o)
NH; NH,
3.10 3.11 5%

a) MeOH, H,SO,, 60 °C, 24 h

Scheme 3.5: Esterification of compound 3.10.

95 9.0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 3.11: The 'H NMR (400 MHz, DMSO-ds) of compound 3.11.

The method that has proven to be working according to literature was when thionyl chloride
is used, where the amino acids/ carboxylic acid compounds are dissolved in methanolic

solution, under ice-cooling, and thionyl chloride added dropwise for 10 min.*3° 4% However,
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due to scarcity of thionyl chloride in the market during the pandemic lock down (2019 to late

2022), this method was not used.

We were therefore compelled to consider other esterification methods, such as the one using

methanol/TMSCI, as it has shown to be an expedient transformation system for the
141, 142

preparation of amino acid methyl esters of numerous carboxylic acids.

0 0
TMSCI P
HO OH > HO o) + HCl
NH, MeOH NH»
3.10 3.1110%

Scheme 3.6: Transformation of compound 3.10 to methyl ester.

ppm

T T ;
100 95 90 85 80 75 70 65 6.0

Figure 3.12: The *H NMR (400 MHz, DMSO-ds) of compound 3.11.
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The method (Scheme 3.6) appeared to have worked, however, the issue encountered was
with the purification of the crude product 3.11, as the crude product was not ultra-violet
active. The *H NMR spectrum (Figure 3.12) of the crude compound 3.11 was obtained,

however, significant signals were unidentifiable, as the product was impure.

Another attempt was the esterification of L-serine using a reagent of an ion-exhange resins,
the amberlyst-15 (Scheme 3.7),'*3 this method had 0% in yield, and the mixture was

inseparable with the catalyst.

(@) (@)
| a I
HO OH HO (@)
3.10 3.11 0%

Y

a) Amberlyst-15, MeOH, rt, 12 h

Scheme 3.7: Amberlyst-15 catalysed esterification.

Without giving up, the last attempt, was when we Boc-protected an amino acid before
esterification. An N-Boc protected amino acid was transformed to ethyl esters (Scheme

3.8).144 145 This method gave 86% & 93% in yields.

i

o] |

I a HO/Y‘\OH b HO/Y‘\O/\
HO OH HN\(O
>r° >r°

3.10 3.12 86% 3.1393%

Y
T
z

\
O
Y

a) Boc,0, Acetone/Water, rt, 12 h
b) C_H_I, DMF, 0°C-rt, 12 h

25"
Scheme 3.8: Reaction pathway of an N-Boc amino acid ester of compound 3.13.
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The physical property of compound 3.12 were initially a colourless oil, upon drying, it started
to solidify to white crystalline structure. The *H NMR had characteristics of Boc with a singlet
signal at a 6 1.40 ppm integrating for 9 protons, and the signal of carbamate N-H where, a
doublet was observed at chemical shift § 6.68 ppm integrating for 1 proton. The hydroxyl

signal masked by water signal at 3.33 ppm. (Figure 3.13).

/ s
0
M
HO 'I" OH
HN.H_rﬁﬂ
HHTD
3.12
]
B 5 [u B
I | —S L e
8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 a5 3.0 25 20 1.5 1.0 Ppm

Figure 3.13: The 'H NMR spectrum (400 MHz, DMSO-ds) of compound 3.12.

The HRMS spectrum (Figure 3.14) confirmed the structure of compound 3.12 with sodium
adduct being present at m/z 228.0850, corresponding to a molecular formular of CgH1sNOs

(calcd for CsH1sNOsNa, 228.0848).
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Elemental Composition Report Page 1
Single Mass Analysis
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Monoisotopic Mass, Even Electron lons
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Elements Used:
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4.28e+005

100+ 228.0850

LT

2290891
R 230.0909
oL, 221.9652223.0029 224.0303 224.9899 227.9689 1.0985 233.9900 235.0991 2369777
2220 2240 226.0 2280 230.0 232.0 234.0 236.0
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Maximum: 5.0 5.0 500.0
Mass Cale. Mass mDa EEM DEE i-FIT i-FIT (Morm) Formula
228.0850 228.0848 0.2 0.4 1.5 661.6 0.0 cCE HI5 N 05 HNa

Figure 3.14: The HRMS of compound 3.12.

Compound 3.13 was obtained as an amber yellow oil at 93% in yield following several

attempts, this was the depiction prior to the removal of the solvent under vacuo, (Figure

3.15).
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Figure 3.15: Compound 3.13 as crude prior to roto evaporation of the solvent (DMF).

The *H NMR spectroscopy was used to characterise the product obtained for compound 3.13,
and a triplet signal at chemical shift § 1.21 ppm and a multiplet signal at a chemical shift §
4.11 ppm confirmed the presence of an ethoxy group, and next to it, a singlet could still be
spotted at a chemical shift 6 1.41 ppm, and it was that of a carbamate, meaning that Boc was

still intact, the highlighted region in (Figure 3.16).
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Figure 3.16: The chemical shift § 0.88 — 1.97 of the 'H NMR spectrum (400 MHz, DMSO-ds)

acquired from the crude product after ethylation of compound 3.12.

In light of our success with protecting both the amine and carboxylic acid group, we

attempted the two-chamber reactor protocol for the installation of the SO;F group on

compound 3.13. Generating the sulfuryl fluoride gas that would flow from chamber A to

chamber B, as previously stipulated. The °F signal was noted on the spectrum, however it

was possibly be of the traces of fluorine in the reaction mixture, the particular reason for this
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was that the 'H NMR was not in agreement with this observation, as the hydrogen signal
associated with hydroxyl group was not supposed to be visible, should the sulfonation have
occurred successfully. And the product was not detectable on the HRMS due to possible
overlap of the product with adducts and impurities, hence unable to confirm the structure of

the compound.

Figure 3.17: The detected traces of 1°F NMR (376 MHz, DMSO-d¢) on the string material 3.13.

The red highlighted triplet (Figure 3.18), indicates the integration of the proton that was
supposed to be absent, should the reaction have been successful. This meant that the

substitution of a hydrogen in the hydroxyl group by sulfur was not a success.
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Figure 3.18: 'H NMR (400 MHz, DMSO-ds) breakdown of brown oil product 3.13.

The predicament did not put halt in attempting other starting materials, however, at this
instance, homoserine 3.15 was used, following the same protocol designed when working

with aliphatic amino acids, in terms of protecting the groups of interest (Scheme 3.9).
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a) Boc,0, Acetone/Water, rt, 12 h F ,<NH
b) C,Hel, DMF, 0°C - rt, 12 h o= o%

¢) Two-chamber reactor (SDI, KF, TFA & 3.17, DIPEA, MeCN) 3.18 7%

Scheme 3.9: Three steps synthetic pathway towards 3.18.

The 3C NMR spectrum (Figure 3.19) revealed signals at a chemical shift & 28.5 ppm, § 79.3
ppm, and & 155.7 ppm, all these signals showed the characteristics of the presence of the
carbamate group on compound 3.16, the three methyl groups, carbon connecting these

methyl groups and carbonyl group, respectively.
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Figure 3.19: The 3C NMR spectrum (100 MHz, DMSO-ds) of compound 3.16.

The crude product for compound 3.17 was confirmed with the 3C NMR spectroscopy, the
spectrum (Figure 3.20) showed the presence of the signals for CH3z and CH; of the ethoxy at

chemical shift 6 14.0 ppm and 6 61.3 ppm, respectively.
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Figure 3.20: The 3C NMR spectrum (100 MHz, DMSO-d) of the crude product of compound

3.17.

Compound 3.18 was found in an insignificant yield of 7% as a brown oil, and the signals of
interest were unidentifiable. The 'H NMR spectrum (Figure 3.21) was obtained for compound

3.18.
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Figure 3.21: The 'H NMR spectrum (400 MHz, DMSO-dg) of compound 3.18.

This then led to a necessity of the perusal of Veryser’s work, on which it was noted that the
aliphatic compounds were only tolerated, as it was only the aromatic hydroxyl groups that
reacted with sulfuryl fluoride,**® and this was concurring with what was observed by Dong’s

group.®3 We inferred that this was rather a sacrosanct information that should be famed.

3.2.2 One-pot synthesis of sulfonyl fluoride
Davies et al.,'3 developed a method of synthesising sulfonyl fluorides from heteroaryl
bromides. It was a two-step, one-pot procedure involving an initial palladium-catalysed

sulfonylation of aryl bromides using 1,4-diazabicyclo[2.2.2]octane bis(sulfur dioxide) (DABSO)
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as a source of SO; to make ammonium sulfinate intermediate, which reacted with N-

fluorobenzenesulfonimide (NFSI).

This literature method was adopted, however, in this work, the halogen was chlorine and
fluorine and for all these aryl halogen compounds, a three-steps process was implemented,
of which entailed the esterification, Boc protection, and sulfonylation. The initial attempt was
with 4-chloro-L-phenylalanine 3.19, transforming it from it to 3.22, via a three-steps process

(Scheme 3.10). Each transformation was noted and characterised.

i i i
-
NH NH > HN O
cl 2 cl 2 cl h
(0]

3.19 3.2090.3% 3.2173%

-
O
Q, m
a) MeOH, H,SO,, 60 °C,24h /\S\ HNﬁ¢O
(e}

b) Boc,0, NaHCO,, Acetone/Water, rt, 12 h 0
¢) 1) DABSO, PdCl,(AmPhos),, Et,N, i-PrOH, 75 °C, 24 h >(

2) NFSI, 3 h 3.22 0%

Scheme 3.10: The synthetic pathway for the sulfonylation of compound 3.22.

The structures were confirmed by NMR spectroscopy and HRMS. The product and the
intermediate compounds (3.20 & 3.21) were observed, however, compound 3.22 was 0% in
yield. This three steps process to 3.22 was repeated numerous times, but the results were
without significant improvement. Compound 3.20 was obtained as a light viscous clear liquid

at 90.3% vyield (Scheme 3.10). Without any purification, 3.20 was Boc protected giving clear
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oil 3.21, in 73% vyield. The 'H NMR spectrum for this transition, esterification and Boc
protection was obtained (Figure 3.22), the highlighted are the signals of interest, the red
coloured signal was assigned to the three methyl groups of the carbamate, integrating for 9

protons, and the blue highlighted signal was assigned to a methoxy integrating for 3 protons.
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Figure 3.22: The *H NMR spectrum (500 MHz, DMSO-ds) of the conversion of 3.19 to Boc

protected product 3.21.

With the sulfonylation of compound 3.20 unsuccessful, we attempted the three-step
process using compound 3.23. Compound 3.24 was obtained as alight-yellow viscous liquid,
in 92% yield, and compound 3.25 was obtained as a light-yellow oil, in 75% yield, (Scheme

3.11). Sulfonylation of compound 3.25 yielded 0% of expected compound 3.26.
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b) Boc,0, NaHCO,, Acetone/Water, rt, 12 h © @H o
N
c) 1) DABSO, PdCL,(AmPhos),, Et,N, i-PrOH, 75 °C, 24 h o g
8
2) NFSI, 3 h F3y
3.26 0%

Scheme 3.11: Pathway demonstration from compound 3.23 to compound 3.26.

The *H NMR spectrum (Figure 3.23) of compound 3.24 showed the characteristic singlet of
methoxy at a chemical shift 6 3.61 ppm, integrating for 3 protons. This indeed confirmed the

success of esterification with no traces of starting material.
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Figure 3.23: 'H NMR spectrum (500 MHz, DMSO-dg) for compound 3.24.

The amine group was successfully Boc-protected, 3.25, as evident the HRMS (negative ion
mode) (Figure 3.24) that detected ions of N-Boc protected 4-chloro-L-phenylaglycine, the

experimental mass of 298.0845 C14H17NO4Cl and the calculated mass of 298.0846 [M-H] .
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Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 500.0
Element prediction: Off
Mumber of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
15 formulafe) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:10-15 H:15-20 N: 05 0:0-5 CI:11
sd-087 59 (1.956) Cm (1:61) TOF MS ES-
5 34e+004
100- 2980845
Yt
E 300.0819
283.1750 259.0873
- 265 1671
291.0179 293-0799‘ 2041797 2551877 9q4 1574297 1558 | 301.0a41 302.9775 303 9830304 3607, .
T
292.0 2840 296.0 288.0 300.0 302.0 304.0
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Cale. Mass mDa FEM DBE i-FIT i-FIT {Norm) Formula
28B8.0845  298.0846 -0.1 -0.3 6.5 415.4 0.0 ci4 HIT N 04 cCl

Figure 3.24: The affirmation of the success in conversion of the NH, to N-Boc protected

compound 3.25.

Last attempt was with p-fluoro-L-phenylalanine 3.27, where its esterification was a success as

anticipated 3.28 as a clear liquid, and Boc protection was achieved as a clear oil 3.29, however,

3.30, the sulfonylation was not a success.

64



Chapter Three

i | |
OH a o~ b o~
—_ = NH —_—
. NH, . 2 . HNYO
(@]
3.27 3.2897% X 3.29 78%
c
(0]
| o
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3 HN._O
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(@]
c) 1) DABSO, PdCIZ(Amphos)Z, Et3N, i-PrOH, 75 °C, 24 h X
2) NFSI, 3 h 3.30 0%

Scheme 3.12: Ternary steps mechanism towards obtaining compound 3.30.

This then raised numerous questions in terms of the chemistry of carbon-halogen bond. The
halogen-atoms are among the most electronegative atoms of the periodic table of elements.
It is worth noting that going from fluorine to iodine on the periodic table, the electronegativity
becomes less,*® with 3.98, 3.26, 2.96, 2.66 for F, Cl, Br, and | respectively. Owing to the
greater electronegativities of halogen-atoms compared to carbon, carbon-halogen bonds are
polarised, with certain bond lengths.'#” 148 The key parameter to take into account when
predicting the reactivity of such bonds, is the longitudinal polarisability, a. The value increases
from Cl to |, transcribing an easier deformation of the electron cloud by an external field. This
therefore translates into the increased reactivity of carbon-iodine bonds compared to carbon-

bromine and carbon-chlorine bonds in organic chemistry. 14°
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It was then for these reasons and information stipulated that there was a need to synthesise
p-iodo-L-phenylalanine 3.32 from L-phenylalanine 3.31, using the method previously
described by Lei et al., where the |; and NalOs were added to a solution mixture of L-
phenylalanine in HOAc and concentrated H,S04.1°° The mixture was heated at 70 °C and
stirred vigorously for 20 hours and NalO4 was added. The reaction mixture was then complete
when the solution turned orange. HOAc was then diluted with water, and the mixture was
washed with Et;0 and DCM. The aqueous layer was decoloured with activated charcoal, then
filtered and neutralized with aqueous concentrated NaOH to get the precipitate of the
product 3.32, which, after chilling, was filtered under vacuum and rinsed with water and

ethanol to afford a dry white powder, in 87% yield (Figure 3.25 & Figure 3.26).

Figure 3.25: The depiction of the formation of the precipitate at pH ~ 7.
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Figure 3.26: Dried product of compound 3.32.

The 'H NMR spectrum was in agreement with what Lei et al., found on their characterisation.
Two doublets can be observed at the chemical shift 6 7.63 and 6 7.08 ppm, indicating the

absence of the proton at the para position (Figure 3.27).1>°
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Figure 3.27: 'H NMR spectrum (500 MHz, DMSO-ds) of compound 3.32.
To further validate the structure, HRMS (ESI) was used, and in the HRMS spectrum (Figure

3.28) a sodium adduct of the molecular ion was observed at m/z 313.947, corresponding to a

molecular formular CoH10NO2l (calcd for CoH10NO2Nal, 313.9654).
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Elemental Composition Report

Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off
Number of isotope peaks used fori-FIT =3
Monoisotopic Mass, Even Electron lons
53 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:510 H:10-15 M:0-5 0:0-5 Na 1-1 [:0-1
sd_01_125 2 (0.034) Cm (1:61) TOF MS ES+
8.65e+005
100+ 313.5647
%]
3148709
o] ot 3060010 _ 3092053 313.5777 AI59740 3201287 4210686 325, gsmﬁz? 9833329, 920
30|2.5 30]5.0 30? 5 311} G 31|2.5 315 0 317 5 320.0 322 5 325 D 32?.5 330 0
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Calc. Mass mDa FEM DEE i-FIT 1i-FIT (Norm) Formula
313.9647  313.9654 -0.7 -z.2 4.5 §94.4 0.0 cy HI0O N 02 Na I
Figure 3.28: The HRMS confirming the structure of compound 3.32.
With compound 3.32 in hand, the three steps process began (Scheme 3.13).
3.3287% 333 92%
3.34 85%
Cc
O
o ~
a) MeOH, H,50,, 60 °C, 24 h o o
b) Boc,0, NaHCO,, Acetone/Water, rt, 12 h s HNW/O
F \
c) 1) DABSO, PdCL(Amphos),, Et3N, i-PrOH, 75 °C, 24 h 0 >(0
2) NFSI, 3 h

3.3563.7%

Scheme 3.13: Reaction conditions for the transformation of compound 3.32 to compound

3.35.
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The esterification reaction of compound 3.32 with methanol afforded compound 3.33 in a
yield of 92% as a clear liquid. The *3C NMR spectrum (Figure 3.29), showed the surfacing of a
carbon signal C-2, at 6 51.9 ppm, this indicated the presence of the methoxy group. And the

carbon signal C-4, at & 92.52 ppm, characterized the carbon coupled to iodine, at para

position.
.I”ll |
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Figure 3.29: The 3C NMR spectrum (125 MHz, DMSO-ds) of compound 3.33.
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Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-iodophenyl)propanoate 3.34 was obtained as
a clear oil in 85% vyield. The 'H NMR spectrum (Figure 3.30) was obtained, showing the

characteristics of that of a compound that is Boc protected.
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Figure 3.30: 'H NMR spectrum (500 MHz, DMSO-ds) of compound 3.34.

Sulfonylation  reaction of compound 3.34 afforded methyl (S)-2-((tert-
butoxycarbonyl)amino)-3-(4-(fluorosulfonyl)phenyl)propanoate 3.35 was obtained as a
brown oil, in moderate 63.7% yield. The successful synthesis of compound 3.35 was delighting
following the struggle encountered in previous attempts. The characterization of the product
indeed confirmed its successful synthesis. The *H NMR spectrum (Figure 3.31) shows that
aromatic protons have shifted further downfield (6 8.10 — 7.67 ppm), this is potentially
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because of an introduction of an SO3F group that brings about this effects on the protons as

they coupled to sulfur that is directly bonded to two electronegative oxygen and fluorine, as

compared to the 'H NMR spectrum (Figure 3.31), where the protons in the aromatic ring were

only coupled to iodine atom, and their signals were at a chemical shift range of (6 7.64 & 7.04

ppm).
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Figure 3.31: The 'H NMR spectrum (500 MHz, DMSO-ds) of compound 3.35.
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HRMS spectrum (Figure 3.32) of the product showed a chlorine adduct of the molecular ion
was observed at m/z 396.0686, corresponding to a molecular formular C1sH20NOgSF (calcd for

C15H20NO6SCIF, 396.0684).

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used fori-FIT =3
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388.1264  390.0704 3930952 395.3854) [ 7 4020817 3028186 406.0973 407.1026
L L B o o o o L B T e B e I L I o o o o o e B o e A R AR E e s e s S e S an g
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Figure 3.32: The HRMS spectrum of compound 3.35.
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3.3 Instrument-based interaction studies

The sulfonyl fluoride amino acid analogues which can be incorporated into active penta-
peptides scaffolds can covalently interact with L-lysine present in the active site of target, that
is the lysine rich TPR2A domain of HOP. In this section, we are looking at mimicking the TPR2A
that is lysine rich, with the normal lysine, as it also contains the nucleophilic side chain. The
aim is to assess possible interaction between the electrophilic warheads and the nucleophilic
side chain of the target compound. These studies were conducted under biological
physiological settings. Recognizing the potential sensitivity difference in the electrophile to
various analytical techniques, we then developed two distinct detection methods described
below. The mass spectrometric detection (Method A) was preferred due to its easy interface
with the react-array liquid handling system. However, in certain cases where ionization was
inadequate for quantitation, appropriate NMR studies (Method B) were performed to ensure

that the studies are in good agreement.

3.3.1 Method A: The LCMS Assay

To better understand the possible interactions between the electrophilic sulfonyl fluoride
utilized in covalent inhibitor design and the nucleophilic L-lysine side chain, we used N-Boc-
lysine (2 M) as a model nucleophile and subjected to 3.5 (0.2 M) as an electrophile (Scheme

3.14).
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Scheme 3.14: Example reaction for compound 3.5 and the standard conditions.

During the study, possible interaction can be noted between the weakly electrophilic warhead
and the nucleophilic target compound. The mass of compound 3.5 with a buffer was
recorded, and an m/z value of 376 with a negative ionization, although this peak is not the
base peak (Figure 3.33). This molecule does not fragment very much, moreover, it forms a

stable fragment during the process of electron bombardment, i.e., m/z 422 as base peak.

400000 4
300000
g
200000 |
[M-H]-
100000 =
=
o
- = = s o = b = = = F
; i, [ n IL L Lt l 1 II Ll L. 5 [ T b l % - 2 ?I'
100 200 300 400 500 600 00 800 900

Figure 3.33: The LCMS spectrum of compound 3.5, prior the interaction studies.
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The N-Boc-lysine LCMS was also run-in combination with the buffer of interest. It can be
observed that the m/z value for the nucleophilic N-Boc-lysine was 247 with a positive

ionization, (Figure 3.34).
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Figure 3.34: N-Boc-lysine mixed with ammonium acetate buffer.

With the adduct formation, a potential defluorination can be observed in the base peak
fragment, however, the potential interaction of compound 3.5 with N-Boc-lysine did
fragment, although it had its own ionization of about m/z of 15, hence it fragments at m/z of

589, meaning there is about m/z 15 ionizing from the m/z 604 (Figure 3.35).
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Figure 3.35: Interaction spectrum of compound 3.5 and N-Boc-lysine.

3.3.2 Method B: NMR Assay

For further evaluation and assessment purposes on the interactions, the NMR assay was
conducted using the 'H NMR and °F NMR, to observe if there was any significant change on
the chemical shifts and integration, that would be adequate evidence to supporting the
possible interactions between the electrophilic warheads (-SO;F) and the nucleophilic amine
of target compound, L-lysine. Each data point was approximately 15 minutes, for 15 scans. In
the 'H NMR analysis (Figure 3.36), there appeared to be doublet signal showing the
characteristics of the methylene (CH;) that is directly bonded to an amine (NH3) in N-Boc-
lysine, and this was the point of interest in *H NMR. A spectrum shift in this point of interest
can be noted, from the 9t spectrum to the 15% spectrum, this signal shift is towards the
downfield side, and this is a characteristic of a possible interaction taking place between the

N-Boc-lysine side chain (NHz) and the electrophilic warhead (-SOF) of compound 3.5. This
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shift characterise the transformation of the methylene directly bonded to NH; to methylene

directly bonded to NH that is bonded to an electronegative group, (-S0O,).

Number of scans from
bottom to top, 1 to 15.

Figure 3.36: The 15 scans 'H NMR spectrum (400 MHz, DMSO-ds) of interaction assessment.

On a closer look, comparing scan 1, 10, and 15 (Figure 3.37), these scans are of the same
mixture, however at different times, the signal scan of the first 15 min, is slightly shifted as

compared to the 10™ fifteen scan, the last 15 minutes of the last signal scan.
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10
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Figure 3.37: The on-zoom spectra comparison of N-Boc-lysine and the mixture of N-Boc-lysine

and compound 3.5.

For further validation of possible interaction occurring, a 1°>F NMR for first and the last run
was obtained, taking about 4.5 h acquisition time each run, and this was simply because the
objective was to focus only on fluorine. In the comparison below (Figure 3.38), the fluorine
signal can be observed resonating from —73.41 ppm (blue signal) to —=120.27 ppm (red signal),
this indicated a possible detachment of the fluorine in a form of fluorine ion to hydrogen
fluoride in aqueous mixture. Thus, suggesting a possible binding taking place where the amine
group of the N-Boc-lysine as a nucleophile attacked the electrophilic warhead of compound

3.5, hence fluorine detached as a leaving group.
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Figure 3.38: The °F NMR spectra of the interaction assessments, this comparison is of the

one species mixture, at different times, and each run of the species took about 4.5 h

acquisition time.
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3.4 Conclusions

In conclusion, we were able to successfully synthesise our desired compounds in moderate to
good vyields. We adopted a protocol to synthesise our target compounds following a three-
steps process beginning with esterification of amino acids (with excellent yields 90% — 98%),
N-Boc protection of the amine group (with good yields of 70% — 88%) , and finally the
installation of the lysine targeting warhead, the SO3F, via the ex-situ generation of sulfuryl
fluoride (with good yields of 85% and 89%), and the palladium catalysed and an in-situ fluorine
insertion (with moderate 63.7% vyield). It was interesting to observe the transformation in
each step, and the lessons led to the adoption of each step. We further successfully explored
potential interactions of methyl (5)-2-((tert-butoxycarbonyl)amino)-3-(4-
((fluorosulfonyl)oxy)phenyl)propanoate, 3.5 with N-Boc-lysine using two distinct detection
methods, the LCMS (Method A) and the NMR (Method B), mimicking the lysine rich TPR2A of
HOP. The characteristics of a potential interaction taking place were observed in both

methods developed.

It was however unfortunate that sulfonation of the aliphatic amino acids, ethyl (tert-
butoxycarbonyl)-L-serinate, 3.13, and ethyl (tert-butoxycarbonyl)-L-homoserinate, 3.17 did
not work as planned. Furthermore, the sulfonation of the aryl p-halogen containing amino
esters via the substitution of chlorine in methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-
chlorophenyl)propanoate, 3.21, methyl (S)-2-((tert-butoxycarbonyl)amino)-2-(4-
chlorophenyl)acetate, 3.25, and fluorine in methyl (S)-2-((tert-butoxycarbonyl)amino-3-(4-

fluorophenyl)propanoate, 3.29, was unsuccessful due to their physical properties.
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3.5 Future work extending from this study
e This study focused mostly on synthesising non-natural amino acids by installing the
lysine targeting warhead, SO;F. However, in that process, there was a need to protect
both carboxyl group and amine group on the amino acids, but that should not interfere
with the peptide synthesis process, as it should be done in continuation of this study.
e Following the peptide synthesis on the non-natural amino acids, the biological studies
should be done, using the lysine rich TPR2A domain of HOP and interact it with an acid
rich MEEVD motif at the C-terminus of Hsp90, to see if the inhibition of this protein-

protein interaction occurs or not, and how it can be advanced.

82



Chapter Four

Chapter Four

Experimental Section

4.1 General Information

4.1.1 Analytical

Melting points were determined using Kolfer hot-stage melting apparatus and are
uncorrected, expressed in degrees Celsius. NMR spectra were acquired using standard pulse
sequences on Bruker Avance 11l 500 (500 MHz for 'H, 125 MHz for 13C, and 470 MHz for *°F)
and 400 (400 MHz for H, 100 MHz for 13C, and 376 MHz for '°F) spectrometers. Chemical
shifts (8) are reported in units of parts per million (ppm) and are referenced to residual solvent
resonances (DMSO-ds: & *H 2.50 and 3C 39.50 ppm, aliphatic methylene carbon masked by
solvent).'>! Peak multiplicities are designated as b for broad, s for singlet, d for doublet, t for
triplet, g for quartet, and m for multiplet. Coupling constants (J) are reported in Hz directly
from the NMR spectra. Infrared (IR) spectra were recorded on an Alpha Il FTIR spectrometer,
samples were placed on a diamond and compressed with infra-red pressure steel and the
absorption maxima are expressed in wavenumbers (cm?). High-resolution mass spectrometry
was performed on a Waters Micromass LCT Premier time-of-flight (TOF) spectrometer with
an electrospray ionization (ESI) source. Spectra were acquired in both the positive and
negative ion modes and were both used for analysis. Liquid chromatography mass
spectrometer analysis was performed with the Shimadzu LC system, with Shim-Pack GIST C18-
HP in the column (3.5 um x4.6 mm x 150 mm), kept at 30 °C. Eluting with 0.1% formic acid in
water and acetonitrile (90:10) as the mobile phase. The flow rate was 0.40 mL/min. The LC
isocratic program was 0 - 10 min (90% - 10%, ACN: water). The detector used was an LC-

2030/2040 photo-diode array (PDA). The detection was set at a wavelength of 200 nm to 400
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nm. Metrohm 827 pH meter used to measure the pH level on the buffer solutions. Theoretical

molecular weight values were calculated using ChemDraw Professional.

4.1.2 Chromatography

Purifications of products were performed by flash-column chromatography and Column
chromatography packed with silica gel (silica gel 60, 0.063-0.0200 mm, 70-230 Mesh ASTM),
and for qualitative analysis of products, and reactions, thin layer chromatography (TLC) (TLC
silica gel 60 F2s4, aluminium-backed plates) with detection under long-or short-wavelength (A)
UV radiation (254 and 365 nm, respectively) or staining with p-anisaldehyde reagent was
used. The stain solution was prepared according to the Reagents MERCK book®? with some
modification, by putting a 250 mL volumetric flask in an ice bath and adding the following

reagents, shaking the flask after each addition:

e 1 mL of p-anisaldehyde (98%)
e 20 mL of glacial acetic acid
e 170 mL of MeOH

e 4 mL of concentrated sulfuric acid

All the reagents were added to a 250 mL volumetric flask, cooled in an ice bath. After

preparation, the solution was stored in a fridge (4 °C).

4.1.3 Materials

All solvents and reagents that were used are commercially available and purchased from
Sigma Aldrich or Honeywell and except where stated used without purification. All reactions
that included the use of air and/or moisture sensitive reagents were carried out under an

inert atmosphere of nitrogen using over-dried glassware and anhydrous solvents.
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4.1.4 Synthesis
All reactions requiring anhydrous conditions were conducted in oven-dried apparatus under
nitrogen gas. The anhydrous solvents were prepared by standard procedures outlined by

153 as well as Casey, Leornard, Lygo and Procter.'>* All the solvents were

Perrin and Armarego
stored over 4 A molecular sieves to hold any possible moisture. All reactions were

magnetically stirred, and the organic extracts dried over anhydrous MgSOa.

4.2 Synthetic Procedures and Characterization

4.2.1 The p-lodination Reaction*°

g i
OH 1,,NalO,,H,S0,HOAC, NalO,, 70 °C, 20 h OH
NH; - NH,

3.31 3.32

p-iodo-L-phenylalanine (3.32)'>°: I, (126.9 mg, 1 mmol) and NalO3 (107 mg, 0.5 mmol) were
added to a solution mixture of L-phenylalanine (412.9 mg, 2.2 mmol) in HOAc (20 mL) and
concentrated H,S04 (1.5 mL). The mixture was heated at 70 °C and stirred vigorously for 20
hours, NalOs (2 x 15.76 mg) was added. The reaction mixture was then complete when the
solution turned orange. The HOAc mixture was then diluted with 40 mL of water, and the
mixture was washed with Et;0 (2 x 30 mL) and DCM (2 x 30 mL). The aqueous layer was
decoloured with activated charcoal (30 mg), then filtered and neutralized with aqueous
concentrated NaOH to precipitate the crude product, which, after chilling, was filtered under
vacuum and rinsed with water 100 mL and then 70 mL of ethanol to afford a dry white
powder, with 87% yield. Mp: 259 — 260 °C. IR (vmax cm™): 2932, 1582, 1520, 1395, 1318, 854,
799, 515. *H NMR (500 MHz, DMSO-de): 6 7.63 (d, J = 8.2 Hz, 2H), 7.08 (d, J = 8.2 Hz, 2H), 3.37

—3.33 (m, 3H), 3.06 (dd, J = 14.3, 4.5 Hz, 1H), 2.80 (dd, J = 14.0, 6.2 Hz, 1H). 13C NMR (125
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MHz, DMSO-de): 6 170.7, 137.8, 135.1, 132.3, 93.7, 53.4, 35.7 ppm. HRMS (ESI) m/z 289.9687

(calcd for CaHoNO2I [M-H] 289.9678).

4.2.2 General Procedure A: The esterification of aromatic amino acids

o O
| ° l
R/Y‘\oH MeOH, H,S0, (2 M), 60 °C, 24 h: R/Y‘\O/ (90% - 98%)

NH2 NH2

WV W, W W
OO OO Y Y
R= ' J@(; ;Q: ;
HO HO Cl Cl F

The aromatic amino acid esterification was performed according to the methodology

proposed by Laulloo!>® with modifications. Briefly, the corresponding amino acids (1.0 mmol)
were dissolved in MeOH (7.0 mL), and the conc. H2SO4 (0.7 mL) was added dropwise to a
stirring solution. The reaction mixture was heated to 60 °C for 24 h in oil bath while refluxing.
Upon completion, the solvent was removed to half of its original volume under reduced
pressure, the solution was then neutralized with Na;COs saturated aqueous solution and
extracted with ethyl acetate (3 x 15 mL). Organic phases were combined and washed with
brine (2x10 mL), dried over anhydrous MgSQ, filtered, and the filtrate was concentrated

under vacuo to obtain esterified amino acid compounds in 90-98% vyield.

Methyl L-tyrosinate (3.3)

NH,
33

HO
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General Following Procedure A, L-tyrosine (181.19 mg, 1 mmol) gave 3.3 as a white shiny
powder, at a 90% yield. Mp: 138 — 140 °C IR (vmaxcm™): 3351, 2924, 2598, 1738, 1594, 1510,
1474, 1258, 1176, 1011, 589, 510. *H NMR (400 MHz, DMSO-de): 6 9.17 (s, 1H), 6.95 (d, J =
8.5 Hz, 2H), 6.66 (d, J = 8.5 Hz, 2H), 3.57 (s, 3H), 3.49 (t, /= 6.6 Hz, 1H), 2.75 (dd, /= 13.4, 6.2
Hz, 1H), 2.67 (dd, J = 13.4, 6.2 Hz, 1H), 1.67 (s, 2H). 13C NMR (100 MHz DMSO-d): 6 175.9,
156.3, 130.5, 128.3, 115.4, 56.4, 51.7, 40.5 ppm. HRMS (ESI) m/z 194.0821 (calcd for

C10H12NO3 [M-H] 194.0817).

Methyl (S)-2-amino-2-(4-hydroxyphenyl)acetate (3.7)

O
l
IO
HO

3.7

Following General Procedure A, 4-Hydroxy-L-phenylglycine (167.16 mg, 1 mmol) gave 3.7 as
a white powder, at 93% yield. Mp: 187 — 189 °C. IR (vmax cm™): 3336, 3280, 2942, 2596, 1734,
1584, 1518, 633, 579. 'H NMR (400 MHz, DMSO-de): 6 9.37 (s, 1H), 7.17 (d, J = 8.5 Hz, 2H),
6.72 (d, J = 8.5 Hz, 2H), 4.42 (s, 1H), 3.60 (s, 3H), 2.41 (s, 2H). 3C NMR (100 MHz DMSO-ds): 6
175.3, 157.2, 131.8, 128.4, 115.5, 58.1, 52.1 ppm. HRMS (ESI) m/z 180.0656 (calcd for

CoH10NO3 [M-H]" 180.0661).

Methyl (S)-2-amino-3-(4-chlorophenyl)propanoate (3.20)

NH,
3.20

Cl
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Following General Procedure A, 4-chloro-L-phenylalanine (199.63 mg, 1 mmol) gave 3.20 as a
light viscous clear liquid, at 90.3% yield. IR (vmaxcm™): 3046, 2953, 1734, 1670, 1440, 673, 521.
'H NMR (500 MHz, DMSO-de): & 7.33 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 3.59 (s, 3H),
3.57 = 3.55 (m, 1H), 2.87 (dd, J = 13.4, 6.1 Hz, 1H), 2.77 (dd, J = 13.4, 6.1 Hz, 1H), 1.79 (br s,
2H). 13C NMR (125 MHz, DMSO-de): 6 175.6, 137.4, 131.4, 128.4, 55.9, 51.8, 40.3 ppm. HRMS

(ESI) m/z 236.0450 (calcd for C10H12NO2CINa [M+Na]*236.0454).

Methyl (S)-2-amino-2-(4-chlorophenyl)acetate (3.24)

Following General Procedure A, 4-chloro-L-phenylglycine (185.61 mg, 1 mmol) gave 3.24 as
alight-yellow viscous liquid, at 92% vyield. IR (vmax cm™): 3185, 2915, 1737, 1660, 1580, 1407,
760, 622. 'H NMR (500 MHz, DMSO-dg): 6 7.43 — 7.38 (m, 4H), 4.57 (s, 1H), 3.61 (s, 3H), 2.30
(brs, 2H). 13C NMR (125 MHz, DMSO-de): 6 174.5, 140.4, 132.5, 129.2, 128.7, 58.0, 52.3 ppm.

HRMS (ESI) m/z 222.0301 (calcd for CoH10NO2NaCl [M+Na]* 222.0298).

Methyl (S)-2-amino-3-(4-fluorophenyl)propanoate (3.28)

NH,
3.28

Following General Procedure A, p-fluoro-L-phenylalanine (183.10 mg, 1 mmol) gave 3.28 as a
clear liquid, at a yield of 97%. IR (vmax cm™): 3048, 1732, 1665, 1505, 1220, 785, 527. *H NMR

(500 MHz, DMSO-ds): & 7.22 — 7.19 (m, 2H), 7.10 — 7.06 (m, 2H), 3.57 (s, 3H), 3.54 — 3.52 (m,
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1H), 2.85 (dd, J = 13.4, 6.1 Hz, 1H), 2.76 (dd, J = 13.4, 7.3 Hz, 1H), 1.75 (s, 2H). 3C NMR (125
MHz, DMSO-ds): & 175.8, 162.6, 160.2, 134.6, 131.5, 131.4, 115.3, 115.1, 56.2, 51.8 ppm.

HRMS (ESI) m/z 220.0750 (calcd for C1oH12NO2FNa [M+Nal* 220.0750).

Methyl (S)-2-amino-3-(4-iodophenyl)propanoate (3.33)

NH,
3.33

Following General Procedure A, p-iodo-L-phenylalanine (291.10 mg, 1 mmol) gave 3.33 as a
light-yellow liquid, at 92% yield. IR (vmax cm™): 3371, 2948, 1731, 1666, 1483, 1436, 798, 518.
1H NMR (500 MHz, DMSO-de): & 7.62 (d, J = 8.3 Hz, 2H), 7.01 (d, J = 8.3 Hz, 2H), 3.58 (s, 3H),
3.55-3.52 (m, 1H), 2.82 (dd, /= 13.5, 6.2 Hz, 1H), 2.72 (dd, J = 13.2, 5.9 Hz, 1H), 1.79 (s, 2H).
13C NMR (125 MHz, DMSO-de): 6 175.7, 138.4, 137.3, 132.2, 92.5, 56.0, 51.9, 40.5 ppm. HRMS

(ESI) m/z 305.9986 (calcd for C10H13NO2I [M+H]* 305.9991).

4.2.3 General Procedure B: The general procedure for preparation of N-Boc amino acids'®”

158

I R
R NaHCO,_, BoC,0, acetone/water 2
1R/Y\O 2 3 2 1R/Y\O

> HN._O 70% - 86%
NH» rt, overnight hif % (70% ‘
O

WA WAV Wy C 4
' P P
R,= /©/ P _OH; %%/\/OH; "/©/; ;
HO HO Cl Cl F |
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To a solution of an amino acid (1 mmol) in a mixture of acetone/water (1:1 v/v 20 mL), solid
NaHCOs (1 mmol), and di-tert-butyl decarbonate (Boc;0, 1.5 mmol) were added consecutively
and the obtained reaction mixture was stirred with magnetic stirrer bar overnight at room
temperature. Then, the reaction mixture solvent was removed under reduced pressure to half
of its original volume and the aq. solution was acidified to pH 2 by adding 1M HCI and
subsequently extracted with DCM (3 x 20 mL). The combined organic layers were dried over
anhydrous MgSQu, filtered and the filtrate was concentrated in vacuo to obtain N-Boc-amino

acid.

Methyl (tert-butoxycarbonyl)-L-tyrosinate (3.4)

Following General Procedure B, Methyl-L-tyrosinate (195.22 mg, 1 mmol) gave 3.4 as
colourless oil, at 70% vyield. IR (vmax cm™?): 3381, 2969, 1682, 1606, 1515, 1445, 1362, 1259,
1157, 755, 534. *H NMR (400 MHz, DMSO-ds): 6 9.19 (s, 1H), 7.17 (d, J = 7.7 Hz, 1H), 7.00 (d,
J=8.5Hz, 2H), 6.65 (d, J = 8.4 Hz, 2H), 4.10 — 4.05 (m, 1H), 3.59 (s, 3H), 2.85 (dd, /= 13.8, 5.4
Hz, 1H), 2.73 (dd, J = 13.7, 3.9 Hz, 1H), 1.32 (s, 9H). ¥*C NMR (100 MHz, DMSO-dg): § 173.2,
156.4, 155.9, 130.4, 128.0, 115.5, 78.7, 56.0, 52.1, 36.2, 28.6 ppm. HRMS (ESI) m/z 294.1340

(calcd for CisH20NOs [M-H] 294.1341).
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Methyl (S)-2-((tert-butoxycarbonyl)amino)-2-(4-hydroxyphenyl)aceatate (3.8)
1 e
HN™ "0
o

|
oY
HO

3.8

Following General Procedure B, methyl (S)-2-amino-2-(4-hydroxyphenyl)acetate (181.19 mg,
1 mmol) gave 3.8 as a colourless sticky oil, at 75% yield. IR (vmax cm™): 3426, 3661, 2927, 1728,
1666, 1503, 1157, 664, 515. *H NMR (400 MHz, DMSO-dg): § 9.49 (s, 1H), 7.59 (d, J = 7.5 Hg,
1H), 7.19 (d, J = 8.6 Hz, 2H), 6.73 (d, J = 8.5 Hz, 2H), 5.08 (d, J = 7.7 Hz, 1H), 3.62 (s, 3H), 1.41
(s, 9H). 13C NMR (100 MHz, DMSO-ds): 6 172.3, 157.7, 129.5, 127.1, 115.7, 78.9, 57.6, 52.4,

28.6 ppm. HRMS (ESI) m/z 304.1158 (calcd for C1sH19NOsNa [M+Na]* 304.1161).

(Tert-butoxycarbonyl)-L-serine (3.12)

|
HO/Y‘\OH
NH
o=
O

Following General Procedure B, L-serine (mg, 1 mmol) gave 3.12 as sugar-like structures white
solids, at 86% yield. Mp: 83 — 85 °C (dec.) IR (Vmax cm™): 3413, 3368, 2976, 2932, 1749, 1658,
1519. *H NMR (400 MHz, DMSO-de): § 6.68 (d, J = 8.2 Hz, 1H), 4.00-3.96 (m, 1H), 3.63 (d, J =
4.6 Hz, 2H), 1.39 (s, 9H). 13C NMR (100 MHz, DMSO-d): 6 172.8, 155.8, 78.6, 61.9, 56.6, 28.6

ppm. HRMS (ESI) m/z 228.0850 (calcd for CsH1sNOsNa [M+Na]*228.0848).
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(Tert-butoxycarbonyl)-L-homoserine (3.16)

O
OH
NH
O/ O
3.16
Following General Procedure B, L-homoserine (119.12 mg, 1 mmol) gave 3.16 as white stone-
like sugar structure, at 75% yield. Mp:139 — 142 °C. IR (vmax cm™): 3352, 2977, 2928, 1770,
1521, 1365. *H NMR (400 MHz, DMSO-de): 6 7.34 (d, J = 8.7 Hz, 1H), 4.40 — 4.31 (m, 2H), 4.23
— 4.17 (m, 1H), 2.42 = 2.36 (m, 1H), 2.22 — 2.11 (m, 1H), 1.41 (s, 9H). 3C NMR (100 MHz,

DMSO-de):6 176.3, 155.7, 79.3, 65.6, 49.6, 34.2, 28.5 ppm. HRMS (ESI) m/z 218.1030 (calcd

for CsH16NOs [M-H]- 218.1028).

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-chlorophenyl)propanoate (3.21)

@]
Mo/
Cl HNW4O
>r°
3.21

Following General Procedure B, methyl (S)-2-amino-3-(4-chlorophenyl)propanoate (213.66
mg, 1 mmol) gave 3.21 as a clear oil, at a yield of 73%. IR (vmaxcm™): 3351, 2983, 1730, 1676,
1354, 1285, 1161, 725, 611. *H NMR (500 MHz, DMSO-ds): 6 7.35 (d, J = 8.3 Hz, 2H), 7.31 -
7.26 (m, 3H), 4.22 - 4.16 (m, 1H), 3.64 (s, 3H), 3.01 (dd, J = 13.7, 4.9 Hz, 1H), 2.85 (dd, J = 13.7,
4.9 Hz, 1H), 1.32 (s, 9H). 13C NMR (125 MHz, DMSO-ds): § 172.8, 155.8, 137.0, 131.6, 131.4,

128.5, 78.7, 55.3, 52.2, 36.0, 28.5 ppm. HRMS (ESI) m/z 335.0976 (calcd for Ci15H20NO4NaCl

[M+Na]* 336.0979).
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Methyl (S)-2-((tert-butoxycarbonyl)amino)-2-(4-chlorophenyl)acetate (3.25)

Following General Procedure B, methyl (S)-2-amino-2-(4-chlorophenyl)acetate (199.63 mg, 1
mmol) gave 3.25 as a light-yellow oil, at 75% vyield. IR (vmax cm™): 3406, 3369, 2978, 2950,
1740, 1694, 1511, 1490, 1316, 1217, 784, 505. *H NMR (500 MHz, DMSO-ds): 6 7.83 (d, J =
7.8, 1H), 7.43 (s, 4H), 5.27 (d, J = 8.06, 1H), 3.64 (s, 3H), 1.49 (s, 1H), 1.40 (s, 9H). 3C NMR (125
MHz, DMSO-de): & 171.5, 133.2, 130.2, 128.9, 79.1, 57.3, 52.7, 28.6 ppm. HRMS (ESI) m/z

298.0845 (calcd for C1aH17NO4Cl [M-H]- 298.0846).

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-fluorophenyl)propanoate (3.29)

3.29

Following General Procedure B, methyl (S)-2-amino-3-(4-fluorophenyl)propanoate (197.21
mg, 1 mmol) gave 3.29 as a clear oil, at 78 % vyield. IR (vmax cm™): 3348, 3070, 2973, 1743,
1703, 1603, 1509, 1440, 1366, 759, 695. *H NMR (500 MHz, DMSO-ds): 6 7.28 —7.24 (m, 3H),
7.11—7.07 (m, 2H), 4.19 -4.13 (m, 1H), 3.61 (s, 3H), 2.98 (dd, J = 13.8, 5.0 Hz, 1H), 2.83 (dd, J

=13.6, 3.5 Hz, 1H), 1.31 (s, 9H). 13C NMR (125 MHz, DMSO-ds): 6 172.9, 160.3, 155.8, 131.5,
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131.4, 115.4, 78.8, 55.6, 52.2, 36.1, 28.6 ppm. HRMS (ESI) m/z 320.1266 (calcd for

CisH20NO4FNa [M+Na]* 320.1274).

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-iodophenyl)propanoate (3.34)

HN @)

N\

@]

3.34

Following General Procedure B, methyl (5)-2-amino-3-(4-iodophenyl)propanoate (305.12 mg,
1 mmol) gave 3.34 as a clear oil, at a yield of 85%. IR (vmax cm™): 3346, 2957, 2931, 1735, 1685,
1522, 1437, 1365, 1157, 654, 547. *H NMR (500 MHz, DMSO-de): § 7.63 (d, J = 7.1 Hz, 2H),
7.26 (d, J = 8.0 Hz, 1H), 7.05 (d, J = 8.0 Hz, 2H), 4.18 — 4.12 (m, 1H), 3.61 (s, 3H), 2.96 (dd, J =
13.6, 4.9 Hz, 1H), 2.80 (dd, J = 13.6, 3.2 Hz, 1H), 1.31 (s, 9H). 13C NMR (125 MHz, DMSO-ds): &
172.8, 155.8, 137.9, 137.4, 132.0, 92.7, 78.8, 55.3, 52.3, 36.4, 28.5 ppm. HRMS (ESI) m/z

428.0337 (calcd for C15H20NO4NaI [M+Na]+ 428.0335).

4.2.3 General procedure C: The Sy2 O-Alkylation of amino acid4* 145

(@]
| |
R/Y‘\OH K,CO3 C,Hsl,DMF R/Y‘\O/\
O NH > O NH
>f hd 0°C-r.t >( s
O @]

R = §\/OH ;%/\/OH

(93% & 97%)

This method was used with modification. To a cold solution of an N-Boc protected aliphatic

amino acid in DMF (8.75 mL), K2CO3 (1 mmol) is added, and the reaction mixture is stirred at
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0 °C 10 minutes. Ethyl iodide is added to the mixture, and stirred for further 30 min at 0 °C.
The mixture is then warmed to room temperature overnight. The solvent is removed under
reduced pressure. Remaining residue dissolved in (5 x 30 mL) ice cold water, extracted with
EtOAc (5 x 20 mL). Organic layer washed with sat. NaCl-solution (2 x 20 mL). Dried the mixture

over MgS04 and filter. The solvent then removed to obtain pale amber oil.

Ethyl (tert-butoxycarbonyl)-L-serinate (3.13)
i
XO\[/NH
|
(@]
3.13

Following General Procedure C, (tert-butoxycarbonyl)-L-serine (205.21 mg, 1 mmol) gave 3.13
as an amber yellow oil, at a yield of 93%. IR (vmax cm 1): 3656, 3348, 3033, 1780, 1731,
1522,1352, 1149, 1050. *H NMR (400 MHz, DMSO-de): 6 6.89 (d, J = 8.0 Hz, 1H), 4.88 (t, /= 6.1
Hz, 1H), 4.15 —4.09 (m, 2H), 4.05 — 4.03 (m, 1H) 3.66 — 3.64 (m, 2H), 1.41 (s, 9H), 1.21 (t,J =
7.1 Hz, 3H). 3C NMR (100 MHz, DMSO-de): 6 171.4, 155.9, 80.0, 61.7, 61.0, 56.7, 28.5, 14.5

Ethyl (tert-butoxycarbonyl)-L-homoserinate (3.17)

MCJK

O

Y&

O
3.17
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Following General Procedure C, (tert-butoxycarbonyl)-L-homoserine (219.24 mg, 1 mmol)
gave 3.17 as a yellow oil, at 97% yield. IR (Vmax cm1): 3350, 2922, 1770, 1728, 1678, 1521,
1454, 1155, 1003. 'H NMR (400 MHz, DMSO-ds): § 6.88 (d, J = 8.0 Hz, 1H),4.87 — 4.84 (m, 1H),
4.20 — 4.15 (m, 1H), 4.13 — 4.00 (m, 3H), 3.63 (t, J = 5.4 Hz, 2H), 1.39 (s, 9H), 1.20 — 1.17 (m,
3H). 13C NMR (100 MHz, DMSO-de): & 171.0, 155.4, 78.4, 61.3, 60.4, 53.3, 49.8, 28.1, 14.0

ppm.

4.2.4 General Procedure D: Ex-situ generation of sulfuryl fluoride in a two-chamber

reactor!??
P
Chamber A

i
R/Y‘\O _ SDI, KF, TFA

HN\”/

(@)

~
O\¢/ (" Chamber B h 0 e

O]
Et,N, DCM, rt, 18 h \“/ 7<
. v

S
HO HO

In Chamber A of an oven-dried dual-chamber reactor, the SDI (297 mg, 1.5 mmol) and KF (232

o
_
/
IR
- (@]
.{Fo
@)
\

(85% & 89%)

mg, 4.0 mmol) was filled. Then, chamber B was filled with respective amino acid (1,0 mmol),
(EtaN, 279 ul), and DCM (4 mL). Lastly, TFA (1 mL) was added by insertion through the septum
in chamber A and an immediate gas formation was observed. 18 Hours later of stirring at
room temperature, one of the caps was carefully opened to free the residual pressure. The
reaction mixture in chamber B, was stirred for 15 min extra in order to remove sulfuryl
fluoride. In chamber B, the contents were transferred to a 100 mL round-bottomed flask. The
fractions from Chamber B were added to the same flask after being rinsed five times with 2

mL of dichloromethane. Using rotary evaporation, the solvent was removed from the flask
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after adding 200 mg of silica gel. Silica gel column chromatography was used to purify the

crude product.

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-((fluorosulfonyl)oxy)phenyl)propanoate

(3.5)

Following General Procedure D, methyl (tert-butoxycabonyl)-L-tyrosinate (295.34 mg, 1
mmol) gave 3.5 that its crude product was purified by solid-flash column chromatography
silica gel (ethyl acetate/methanol, 8/2) and it was dried to fluffy light brown needle-like
structure solid, at a yield of 85%. R = 0.87 (ethyl acetate/methanol, 8/2) Mp: 83 — 85 °C. IR
(vmaxcm™): 3335, 2940, 1735, 1678, 1516, 1437, 1226, 1147,918, 787, 548. *H NMR (400 MHz,
DMSO-de): 6 7.52 (d, J = 8.6, 2H), 7.46 (d, J = 8.7, 2H), 7.34 (d, J = 8.4, 1H), 4.29-4.23 (m, 1H),
3.64 (s, 3H), 3.11 (dd, J = 13.8, 4.8 Hz, 1H), 2.92 (dd, J = 13.6, 3.0 Hz, 1H), 1.32 (s, 9H). 3C NMR
(100 MHz, DMSO-de): 6 172.69, 155.80, 148.86, 139.52, 131.94, 121.14, 78.80, 55.14, 52.31,
36.19, 28.51. F NMR (376 MHz, DMSO-ds): 6 —73.48 ppm. HRMS (ESI) m/z 400.0848 (calcd

for C1sH20NO7SFNa [M+Na]* 400.0842).
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Methyl (S)-2-((tert-butoxycarbonyl)amino)-2-(4-((fluorosulfonyl)oxy)phenyl)acetate (3.9)

Following General Procedure D, Methyl (S)-2-((tert-butoxycarbonyl)amino)-2-(4-
hydroxyphenyl)aceatate (281.31 mg, 1 mmol) gave 3.9 that it crude was purified by solid-flash
column chromatography silica gel (ethyl acetate/methanol, 8/2). And it was dried to light
brown needles-like solid, at a yield of 89%. R¢ = 0.76 (ethyl acetate/methanol, 8/2) Mp: 102 —
103 °C IR (vmax cmt): 3359, 2924, 1731, 1679, 1517, 1444, 1128, 907, 759, 614. 'H NMR (400
MHz, DMSO-ds): 6 7.92 (d, J = 7.8 Hz, 1H), 7.61 (m, 4H), 5.37 (d, J=7.8 Hz, 1H), 3.65 (s, 3H),
1.39 (s, 9H). 3C NMR (100 MHz, DMSO-dg): 6 171.3, 149.7, 138.5, 130.8, 121.6, 79.3, 57.1,
52.9, 28.6. 19F NMR (376 MHz, DMSO-ds): & —73.47 ppm. HRMS (ESI) m/z 386.0692 (calcd for

C14H1sNO7SFNa [M+Nal* 386.0686).

4.2.5 One-pot Synthesis of methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-

(fluorosulfonyl)phenyl)propanoate3* 1>°

0 S,
O\\S/O 1. PdCl,(Amphos),, Q
- T ~
0 @N Et;N, IPA, 75°C, 24 h o}
| HN\(O N [e] -~ O\\s HN\(O
N 2.NFSI, rt,3 h 0"

This method is representative. A glass tube was charged with DABSO (58 mg, 0.24 mmol)
followed by PdCl;(AmPhos), (14.2 mg, 0.02 mmol), methyl (S)-2-((tert-

butoxycarbonyl)amino)-3-(4-iodophenyl)propanoate (0.04 mmol), sealed with a rubber
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septum at the top of a condenser and filled with N2 gas. Anhydrous isopropanol (1.5 mL) and
anhydrous triethylamine (167 microlitres, 1.2 mmol) were added sequentially through the
septum, and the reaction was stirred under N; gas, and heated to 75 °C for 24 hours. Upon
completion, the mixture was cooled to room temperature, then the NFSI (189 mg, 0.6 mmol)
was added, and the reaction mixture was further stirred for 3 hours at room temperature
until completion. The reaction mixture was concentrated using rotary-evaporation, then
dissolved in ethyl acetate and filtered through celite. The filtrate was washed with a saturated
aqueous solution of sodium thiosulfate and brine, dried with anhydrous magnesium sulfate,
filtered, and concentrated in roto-evaporation to leave the crude product, which was purified
by column chromatography on silica in (hexane/ethyl acetate, 6/4) solvent system to leave
the sulfonyl fluoride amino acid product as a brown oil, at 63.7% yield. R¢= 0.67 (hexane/ethyl
acetate, 6/4), IR (vmax cm 1): 3346, 2957, 2931, 1735, 1685, 1522, 1437, 1365, 1289, 1219,
1097, 754, 588. H NMR (500 MHz, DMSO-de): & 8.18 (d, J = 7.9 Hz, 1H), 8.09 (d, J = 8.3 Hz,
2H), 7.68 (d, J = 7.9 Hz, 2H), 4.38 — 4.32 (m, 1H), 3.67 (s, 3H), 3.24 (dd, J = 14.3, 5.1 Hz, 1H),
3.06 —3.00 (m, 1H), 1.31 (s, 9H). 3C NMR (125 MHz, DMSO-de): 6 172.4, 148.0, 137.2, 129.4,
128.8,128.7,78.9,54.7,52.5, 36.9, 28.5. 1F NMR (470 MHz, DMSO-ds): 6 —84.05 ppm. HRMS

(ESI) m/z 396.0686 (calcd for C1sH20NO6SCIF [M+Cl]- 396.0684).

4.2.6 Method A: The LCMS Assay

A 10 Mm ammonium acetate buffer was made by dissolving 15 mg of ammonium acetate in
20 mL of ultra-pure water (UPW). Upon mixed, and the ammonium acetate completely
dissolved, the mixture was brought to pH 7.3 by adding few drops of ammonia and the pH
was measured using the pH meter. A 10 pL amount of 0.2 M solution of compound 3.5 in

methanol was manually transferred to a reaction vial. A 1 mL of an ammonium acetate buffer
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pH 7.3 was added to the same reaction vial. The LCMS was obtained. To the same mixture, 10
uL of the Boc-lysine (2 M, MeOH) was added, and the solution mixture was run for LCMS for
15 min for each run. For LCMS spectra see Appendix.

>Lo HZNWY?\ #/

0.0
OH . Y

Py 0
O 7
07 > NH s, HNYO ~__» HN o
o o F o Y NH_~_~_NH_O
~ X S <
\ 0~ o 0y :
o ‘ 7\OHO
3.5 Boc-lysine Adduct (3.5a)

a) MeOH, Ammonium acetate

4.2.7 Method B: The NMR Assay

A phosphate-buffer silane (PBS) tablet was dissolved in 500 mL ultra-pure water (UPW) to
make a buffer solution of pH 7.4. To a 0.5 mL of the buffer, (PBS, pH 7.4), 5 pL of compound
3.5 containing a covalent warhead (0.2 M in DMSO-ds) was added in an NMR tube, and the
'H NMR was obtained. To the same mixture with buffer, 5 uL of N-Boc-lysine (2M in DMSO-
de). This was added to the NMR tube, and the solution was mixed by inverting the tube several
times. A *H NMR was recorded on this mixture, and the acquisition is 15 min for approximately
4 h, of 15 scans, °F NMR was recorded for 15t and 15% run for 4.5 h each run. For NMR spectra

see Appendix.

: +
Sl |
H->N
(o) 2 \/\/YJ\ (@] O
/* o OH PBS Y
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Appendix A

Appendix A
The H, 13C, 1°F NMR, HRMS (ESI), LCMS and FTIR Spectroscopic Data
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13C NMR spectrum
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FTIR spectrum
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Appendix A

Methyl L-tyrosinate (3.3)
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13C NMR spectrum
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FTIR spectrum
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Appendix A

Methyl (S)-2-amino-2-(4-hydroxyphenyl)acetate (3.7)
NH>

O
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1H NMR spectrum
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13C NMR spectrum
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176.0 177.0 178.0 179.0 180.0 181.0 182.0 183.0 184.0 185.0 186.0 187.0 188.0
Minimum: -1.5
Maximuam: 5.0 5.0 500.0
Mass Calec. Mass mDa PFM DEE i-FIT i-FIT (Norm) Formula
180.0656 180.0661 -0.5 -2.8 5.5 401.8 0.0 c% HI10 N 03
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Appendix A

FTIR spectrum
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Appendix A

Methyl (S)-2-amino-3-(4-chlorophenyl)propanoate (3.20)

O
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1H NMR spectrum
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Appendix A

13C NMR spectrum
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Appendix A

HRMS (ESI) spectrum

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM [/ DBE: min =-1.5, max = 500.0
Element prediction: Off

Mumber of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

46 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H:10-15 N:0-5 0O:0-5 Cl:0-1 Na:1-1

sd_01_15 57 (1.888) Cm (1:61) TOF MS ES+
1.51e+005
100 236.0450
ag 2380471
] 237.0551
i 2300544 250 1842
o, 226.8939 2291484 2309629 2329500 235.1045 1 2410748 2429875 2449854 2459972  249.1900 iz
T T T T T P T T T T T T T T e T T e T e e e T
226.0 228.0 230.0 2320 2340 236.0 238.0 2400 2420 2440 246.0 248.0 250.0
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Cale. Mass mDa PEM DBE i-FIT i-FIT (Norm) Formula
236.0450 235.0454 -0.4 -1.7 4.5 627.6 0.0 Cl0 H12 W 02 Cl HNa
FTIR spectrum
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=
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Appendix A

Methyl (S)-2-amino-2-(4-chlorophenyl)acetate (3.24)

NH,

O

O

Cl 3.24

1H NMR spectrum
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Appendix A

13C NMR spectrum
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170 160 150 140 130 120 110 100 90 80 70 60 50 40 ppm
HRMS (ESI) spectrum
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 500.0
Element prediction: Off
Number of isotope peaks used for i-FIT =3
Monoisotopic Mass, Even Electron lons
36 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:5-10 H:10-15 N:0-5 O:0-5 MNa:1-1 Cl: 01
sd_01_158 58 {1.921) Cm (1:61) TOF MS ES+
1.56e+005
10 222030
%'_ 224.0297
1 223.0360
J214.0680216.0388 2171083 545 0555 2209161 2250338 220.0329 2290449 300600 2320881
2140 | 2160 | 2180 | 2200 = 2220 2240 = 2260 | 2280 = 2300 & 2320
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Cale. Mass mDa PPM DEE i-FIT i-FIT (Norm) Formula
222.0301  222.0288 0.3 1.4 4.5 E18.3 0.0 CS HIO W 02 Ma Cl
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FTIR spectrum
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Appendix A

Methyl (S)-2-amino-3-(4-fluorophenyl)propanoate (3.28)
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1H NMR spectrum

— i

gle

< = YO WOy D0
~ 0o W0 O
w0 0 0D ™~~~

|
i

6!

90 85 80 75 7.0 65

30 25 20 15 1.0

§ @ 4

60 55 5.0 45

ppm

133



13C NMR spectrum
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T T T T T T T T T T T T T
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HRMS (ESI) spectrum

70

50 40 30 ppm

Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off
Mumber of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
48 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:10-15 H:10-15 N:0-5 O:0-5 F:0-1 MNa:1-1
sd_01_121 19 (0.607) Cm {1:61) TOF MS ES+
1.26e+0086

100+ 220.0750

o

1 221.0815
o) 2080423 2100975 212111 5'31007 217.1084 2199655 222.0843 2230886 556 1490 208 0asp 5791496 2309443
L B L LA e R A S R S e e
208.0 210.0 2120 2140 216.0 218.0 220.0 2220 2240 226.0 2280 2300 2320

Minimum: -1.5
Maximum: 5.0 5.0 500.0
Maszss Calc. Mass mDa PFM DEBE 1-FIT i-FIT (Morm) Formula
220.0750 220.0750 0.0 0.0 4.5 8430 0.0 cig H12 W 02 F HNa
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Appendix A

FTIR Spectrum
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Appendix A

Methyl (S)-2-amino-3-(4-iodophenyl)propanoate (3.33)

O

O/

NH»
3.33

1H NMR spectrum
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Appendix A

13
C NMR spectrum
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HRMS (ESI) spectrum

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 50.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off

Mumber of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

48 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H:10-15 N:0-5 O:0-5 1:0-1

sd_01_120 2 (0.034) Cm (1:61) TOF MS ES+
2 48e+006
100 305.9986
o
] 307.0162
o 302 1580 304.2775 305.5999 | 303_|0229 909.2932 311 0635 313.2489 313.9817 314.9859 31?_1923”'
T B o o e L o e L T i i I e o o e e e o T o B o S S L A oy o
302.0 304.0 306.0 308.0 3100 3120 3140 316.0
Minimum: -1.5
Maximum: 5.0 50.0 500.0
Mass Cale. Mass mDa FPM DEE i-FIT i-FIT {Morm) Formula
305.9986 305.9991 -0.5 -1.6 4.5 650.1 0.0 Cci0 H13Z N 02 I
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Appendix A

FTIR Spectrum
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Appendix A

Methyl (tert-butoxycarbonyl)-L-tyrosinate (3.4)
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1H NMR spectrum
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13C NMR spectrum

Appendix A

f=) o ™M @ [Te}
™ =, = =T (=] = = fa=} —
. . - . -~ (=3 o™ e}
o O o~ [Te} . . . . -
~ [PeRTs! SR — w© [} [va) o0
! — — — (d [Tolmte] o ™
T T T T T T T T T T T T T T T T T 1
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HRMS (ESI) spectrum
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM [ DBE: min =-1.5, max = 500.0
Element prediction: Off
Mumber of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
19 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:10-15 H:20-25 N: 05 0:0-5
sd-071 61 (2.023) Cm (1:61) TOF MS ES-
1.31e+005
100 254 1340
LT
] 285 1373
| 28931747
2851483  2AT.0305 291.0534 2961404 Z97T1512 208951850 155 3030066 _305.0408 3071191
286.0 288.0 2900 292.0 28040 206.0 298.0 300.0 302.0 304.0 306.0
Minimuam: -1.5
Maximum: 5.0 5.0 500.0
Mass Calc Mass mDa FPM DBE 1-FIT i-FIT (Norm) Formula
254.1340  254.1341 -0.1 -0.3 6.5 445.8 0.0 c15 H20 N 05
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Appendix A

FTIR spectrum
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-2-(4-hydroxyphenyl)aceatate (3.8)
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Appendix A

13C NMR spectrum
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance =5.0PPM { DBE: min=-1.5 max =500.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

18 formulaie) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:10-15 H: 1520 N:0-5 Q:0-5 MNa 1-1

sd_01_114 54 (1.787) Cm (1:61) TOF MS ES+
5.46e+005
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1 179.0178 305.1217
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Appendix A

FTIR spectrum
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Appendix A

(Tert-butoxycarbonyl)-L-serine (3.12)
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1H NMR spectrum
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13C NMR spectrum
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—561.93
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28.64
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190 180 170 160 150 140 130 120 110 100 90 80 70

HRMS (ESI) spectrum

Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-1.5, max = 500.0
Element prediction: Off

Mumber of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons
17 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:
C:5-10 H:15-20 N:0-5 0:0-5 Na:1-1

boc serine 2 (0.034) Cm (1:61)
228.0850

229 0891

T
60

1 2219852223 0025 224.0903 224.9859
B L

o

230.0809

2279668 b _231.0885
—

233.9000 235.0881
e S R e

Page 1

TOF MS ES+
4.28e+005

2369777
miz

L IR T e
2220 2240 226.0
Minimum:
Mazximum:
Mass

Mass Cale.

228.0850 228.0848

L B N B N B L e N B R L R e B

2280 2300 2320

-1.5
500.0

DBE i-FIT {(Norm)

L L

2340 236.0

Formula

C8 H15 N 05 Ha
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Appendix A

FTIR spectrum
8 _
® Tooaga
RUKER "
(<O
8 -
S
8
§ 8
=
E
w
&
=
|
w
(=
w

3500

3000

T
2500

Wavenumber cm-1

\
2000

1500

1000

500

147



Appendix A

(Tert-butoxycarbonyl)-L-homoserine (3.16)

O
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1H NMR spectrum
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Appendix A

13C NMR spectrum
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HRMS (ESI) spectrum

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-1.5, max = 500.0
Element prediction: Off

Mumber of isctope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

19 formulale) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:5-10 H:15-20 N:0-5 0O:0-5

sd_01_155 49 (1.619) Cm (1:61) TOF M35 ES-
4.06e+004
100 218.1030
LT
i 219.1059
1 212.0277 2131820 2150040 21.531243 2201046 221.0733 227 0842 295 1756 22?'[199?__227_6%%5
I i B o L I o o o e o B e e i
2120 214.0 216.0 218.0 2200 2220 2240 226.0 228.0
Minimum: -1.5
Maximuam: 5.0 5.0 300.0
Mass Calec. Mass mDa PEM DEE i-FIT i-FIT (Morm) Formula
218.1030 218.1028 a.2 0.4 2.5 4868 0.0 cC% H16 N 05
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Appendix A

FTIR spectrum
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-chlorophenyl)propanoate (3.21)
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1H NMR spectrum
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13C NMR spectrum
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Appendix A
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Y

T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70

HRMS (ESI) spectrum

Elemental Composition Report

Single Mass Analysis
Tolerance = 5.0 PPM |
Element prediction: Off
Number of isotope peaks used for -FIT =3

DBE: min =-1.5 max =500.0

Monoisotopic Mass, Even Electron lons

40 formulale) evaluated with 1 results within limits (all results (up to 1000) for 2ach mass)
Elements Used:

C:10-15 H:15-20 N:0-5 ©:0-5 MNa:1-1 CL0A
2d_01_0%5 59 (1.958) Cm (1:61)

336.0976

1 3220873

337.1050
339.1029 240.1054

3292296 331.1482 333.1465 3351700

o
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|
=]
=

60 50 40 30 20

3240648 35 535 3471644 340.1301

ppm

Page 1
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Appendix A

FTIR spectrum
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-2-(4-chlorophenyl)acetate (3.25)

1H NMR spectrum

[ewles)

Vol v | [V
A | A Jt.__,\ J\ I J\u

g

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0

ppm

154



Appendix A

13C NMR spectrum
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HRMS (ESI) spectrum

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

15 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H:15-20 MN:0-5 0O:0-5 CL1-1

sd-087 58 (1.856) Cm (1:61) TOF MS ES-
5.34e+004
100+ 288.0845
]
b 300.0819
| 293.1750 2990873
- 205 1671
zo1.017 2930792 2041797 55 BT 504 1544 207.1558 am.ned1 3029775 303.0830304.3607
L B i o o o e e e e e B L o e e e e e LA B e o
2920 2840 296.0 2080 300.0 302.0
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Cale. Mass mDa FEM DEE i-FIT i-FIT (Morm) Formula
298.0845 298.0846 -0.1 -0.3 6.5 415.4 0.0 cil4 HIT N 04 Cl
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Appendix A

FTIR spectrum
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-fluorophenyl)propanoate (3.29)

3.29

1H NMR spectrum
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Appendix A

13C NMR spectrum
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HRMS (ESI) spectrum
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM [/ DBE: min = -1.5, max = 500.0
Element prediction: Off
Mumber of isotope peaks used for i-FIT =3
Monoisotopic Mass, Even Electron lons
37 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:10-15 H:15-20 MN: 05 O:0-5 F:0-1 Na: 11
sd_01_124 61 (2.023) Cm (1:61) TOF MS ES+
1.08e+0086
100- 3201266
%-
4 321.1349
] 3221384
309.2042 313.9701317-1807 319.7122 ¢ 3241424 3079854 3322064 332407 _ 3361062 3571083
A B o S A B o T e B B T e
307.5 310.0 325 315.0 75 320.0 3225 3250 3275 330.0 3325 335.0 3375
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Cale, Mass mDa PFM DEE i-FIT i-FIT {(Nerm) Formula
320.1266  320.1274 -0.8 -2.5 5.5 764.7 0.0 Cl15 H2Z0 N 04 F Na
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Appendix A

FTIR spectrum
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-iodophenyl)propanoate (3.34)
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1H NMR spectrum
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13C NMR spectrum

Appendix A
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Appendix A

HRMS (ESI) spectrum

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM [/ DBE: min = -1.5, max = 500.0
Element prediction: Off

Mumber of isotope peaks used for i-FIT = 3

Maonoisotopic Mass, Even Electron lons

53 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H:15-20 N:0-5 O:0-5 MNa:1-1 1:01

sd_01_130 3 (0.068) Cm (1:61) TOF MS ES+
3.39e+005
100+ 428.0337
o
| 4200537
o 4472471 4182027 429 0403 425 2284 4272009 430.0580 431.0625 0174 437 2881 441.3186.442.0682 "
T T T T T T T e T T T T T T T T T P T T T T T
416.0 418.0 420.0 4220 4240 4260 4280 4300 4320 4340 436.0 4380 4400 4420
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Calc. Mass mDa FFM DEE i-FIT i-FIT (Morm) Formula
428.0337 428.0335 0.2 0.5 5.5 455.8 0.0 c15 H20 N 04 Na I
FTIR spectrum
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Ethyl (tert-butoxycarbonyl)-L-serinate (3.13)

O
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1H NMR Spectrum
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Appendix A

13C NMR Spectrum
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Appendix A

FTIR Spectrum

!

gL 6%l

— 02921
0¥ SezL

— E9'Z5EL
SLEWFL
S0 EES L

L2091
— GE'LELL
— L OBLL

E£5'EEDE

——— 90'BEE

56'959¢€

T |
G 08
[9a] @ouenwsuel |

S

1000 500

1500

2500 2000
Wavenumber cm-1

3000

3500

165



Appendix A

Ethyl (tert-butoxycarbonyl)-L-homoserinate (3.17)

O

COoOCoOWVLOoOMoOoN N0 DO oo nre-MNENYTTOoRFON AN A0 S~0N O] 0@
WOWELTLMON ALYV ONSFLTNMOND DM ADHOEOWNMNN N0
VDV XDN OIS AAAAAAAAA OO O OO OO O OO0 WOWNOMMN

T S J_.JL M,-\JJJ ___#JULUL_L_
g EREEE 28

T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0 ppm

166



Appendix A

13C NMR Spectrum
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Appendix A

FTIR Spectrum
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-((fluorosulfonyl)oxy)phenyl)propanoate

(3.5)
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Appendix A

13C NMR spectrum
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Appendix A

19F NMR spectrum

-73.48

0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 ppm
HRMS spectrum
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off
Mumber of isotope peaks used for i-FIT = 3
Meonoisotopic Mass, Even Electron lons
138 formulaie) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:1520 H:20-25 MN:0-5 O:510 S:0-1 F:0-1 MNa:0-1
sd_01_0BA 52 (1.791) Cm {1:58) TOF MS ES+
5.43e+005
100~ 400.0848
%%
1 401.0886
| 393.2109 3942138 3981042 390 3051 4020847 4030872 4062134 407 p050 apo.1876,400 8337 .
mi
392.0 39410 396.0 398.0 400.0 402.0 4040 406.0 408.0 4100 4120

Minimum: -1.5
Maximam: 5.0 5.0 500.0
Mass Calc. Mass mDa FPEM DEE i-FIT i-FIT (Norm) Formula
400.0848 400.0842 0.6 1.5 5.5 F03.4 0.0 ci5 H20 N 07T 8 F Ha
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FTIR spectrum
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-2-(4-((fluorosulfonyl)oxy)phenyl)acetate (3.9)
1 e
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1H NMR spectrum
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Appendix A

13C NMR spectrum
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Appendix A

19F NMR spectrum
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Appendix A

HRMS (ESI) spectrum

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Moneisotopic Mass, Even Electron lons

62 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H:15-20 MN:0-5 ©:510 5:0-1 F:0-1 MNa:1-1

=d_01_0B5 89 (1.500) Cm (1:118)

TOF MS ES+
2.70e+005
100 386.0692
S
4 3870724
388.0675
J 381.1063 3821885
sraqses” N 4% 3191 sgsoa39| 3912850 303211 3940023053748
L 0 R e e B L B B e
3780 380.0 3820 384.0 386.0 388.0 390.0 352.0 394.0 396.0
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Calc. Mass mDa FEM DEE i-FIT i-FIT (Norm) Formula
3860892 386.06886 0.8 1.6 5.5 639.8 0.0 Cl4 HIE N O7F 5 F HNa
FTIR spectrum
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-(fluorosulfonyl)phenyl)propanoate (3.35)
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Appendix A

13C NMR spectrum
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Appendix A

HRMS (ESI) spectrum

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

121 formulale) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H: 1520 MW:0-5 0O:59 501 CLO1 F: 01

sd_01_152 59 (1.889) Cm {1:60) TOF MS ES-
3.4T7e+005
100+ 306 0686
% 3080674
387.0718
380.0706  400.0644
388.1264  390.0704 303 0052 355 3554 I p; 402 0817 4028186 4080973 407.1026
L LA I i I o o B 0 B L I e B L L B e e e TS
388.0 3890.0 3820 3840 3060 388.0 400.0 402.0 404.0
Minimum: =1.5
Maximum: 5.0 5.0 500.0
Mass Calc. Mass mba PEM DEE i-FIT i=FIT (Morm) Formula
396.0688 396.0684 0.2 0.5 5.5 498 .8 0.0 Cl5 H20 W 06 5 Cl1 F

FTIR spectrum
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Appendix A

The LCMS Assay Spectra
(Tert-butoxycarbonyl)-L-lysine
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Chemical Formula: C,;H,,N,O,

Molecular Weight: 246,31
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Appendix A

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-((fluorosulfonyl)oxy)phenyl)propanoate

(3.5)

Chemical Formula: C,;H,,FNO-S
Molecular Weight: 377,38
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Appendix A

N2-(tert-butoxycarbonyl)-N°-((4-((S)-2-((tert-butoxycarbonyl)amino)-3-methoxy-3-

oxopropyl)phenoxy)sulfonyl)-L-lysine (3.5a)
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Chemical Formula: C,;H,,N;0,,S
Molecular Weight: 603,68
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Appendix A

The NMR Assay Spectra
(Tert-butoxycarbonyl)-L-lysine
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Appendix A

N2-(tert-butoxycarbonyl)-N°-((4-((S)-2-((tert-butoxycarbonyl)amino)-3-methoxy-3-

oxopropyl)phenoxy)sulfonyl)-L-lysine (3.5a)

185



73.42

Appendix A

T
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