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Abstract

Protein—protein interactions (PPIs) are key elements of several important
biological processes. Several types of stapled peptides have been reported to increase the
binding affinity and the stability of the peptides in the biological area. Work on a new
generation of hydrocarbon staple, that avoids the weaknesses of olefins stapled peptides,
has involved asymmetric synthesis of alkyne functionalised amino acids for novel 1,3-
diyne bridged peptides will be described by C-alkylation of a series of Ni'' Schiff base
complexes using ligand (S) or (R)-N-(2-benzoylphenyl)-1-(2-fluorobenzyl)-pyrrolidine-
2-carboxamide (2-FBPB) from L-proline.

This thesis describes, in chapter two, the design, synthesis and characterisation of a series
of Ni' Schiff base 2-FBPB complexes with glycine, alanine, valine, leucine or
phenylalanine: (S,S) 55 and (S,R) 97; (S,S) 101 and (S,R) 102; (S,S) 56 and (S,R) 98
complexes with high yields and with excellent diastereoselectivities. In chapter three,
new Ni'" Schiff base complexes 134-142 have been synthesised by alkylation reactions.
The methodology for alkylation has been modified. Decomposition of these complexes
has led to novel amino acids in good yields and high diastereoselectivities 137, 143-148.
Fmoc protection of these amino acids have been achieved successfully 149-152. In
chapter four, the same strategies have been adopted to generate a number of novel
fluorinated amino acids via either alkylation or aldol reactions. Amino acids 202-207
have been generated in good yields and high diastereoselectivities (>99 % de). Chapter
five describes the design, synthesis and evaluation of stapled peptides. Four model
peptide pairs (linear and 1,3-diyne bridged) have been prepared and their helicity
established by CD spectroscopy. The greatest helicity was shown for a 1,3-diyne bridge
peptide incorporating a C7-alkynyl-alanine amino acid. This was then applied to a new
model of the Bim peptide and the helicity of the resulting 1,3-diyne bridged peptide
compared to the linear (unbridged) peptide: 67 % for ring closure and 51 % for ring
opening. Chapter six outlines the experimental work and characterisation data for the
products prepared in this work. Complexes 95-97, 99-101, 134, 136, 137, 140, 141, 190,
192 and 198 have been structurally characterised by single crystal X-ray diffraction.
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Chapter 1

1.1 Introduction

Classic drugs in some fields have been unsuccessful in treating diseases such as cancer
because certain diseases are genetic. Peptides have come to represent an alternative drug
over the course of the last decade, and more than twenty percent of newly developed
drugs are peptides. Therefore, the synthesis of new peptides and amino acids is of
particular importance in order to follow the rapidly changing requirements for new
peptide drugs.? In addition, newly designed and synthesised synthetic amino acids are
required to design and modify these peptides.® Protein sequences are the key to finding

the biologically active part of the protein.

Proteins and peptides are the central components of cells that achieve important
biological functions. Structurally both are very similar, consisting of amino acid chains
that are interconnected with each other by peptide bonds (also called amide bonds). The
number of amino acids in a chain is the fundamental means of distinguishing between a
peptide and a protein, where there should be between 2-50 amino acids in a peptide, and
more than 50 amino acids in a protein; simply put, peptides are smaller than proteins.
However, peptides can be divided into oligopeptides, which have 2-20 amino acids, and
polypeptides, which have more than 20 amino acids.* Protein structures can be classified
according to four types with respect to their structure: primary, secondary, tertiary and
quaternary. a-Helixes and B-sheets are the main common conformations of secondary

structures (Figure 1.1).

a-Helix

S

Figure 1.1: a-Helix and the B-sheet
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Large physical or chemical interactions, specifically between two or more proteins, are
called protein—protein interactions (PPIs). This category of interaction is significant in
terms of the overall stability of the resultant proteins.> ® PPIs have been studied in fields

including biochemistry, molecular dynamics and signal transduction.” One of the most

significant efforts has been invested in improved methods to identify and analyse PPIs as
a part of drug targets analysis. Drugs should have sufficient specificity to compete and
interact with their intended targets, minimizing probable interactions with thousands of
other intracellular proteins. Nevertheless, most proteins that have been synthesised are
still at the biochemical in vitro assay stage, and have not progressed to drug discovery.

1.2 Peptidomimetics

Peptidomimetics, which are small molecules designed to imitate peptides, can be
classified in three ways: as functional mimetics, as structural peptides and as native active
peptides. The design of peptidomimetics with high bioactivity can be achieved via
numerous routes, such as conformation restriction, modification and non-peptide design.

This thesis will focus on the first and second types.®

Peptides Bim-BH3 and BAk-BH3, which are members of the anti-apoptotic Bcl-2
family, have been modified by substituting 3-amino acids instead of various a-amino
acids in different positions in the peptide sequence to form aof} and aoof peptide patterns.
The new peptides have been shown to bind with BH3-recognition sites and support an o-
helix. Also, the new peptides represent good inhibitors for both BAK and Bim-peptide
proteins in comparison to the native peptides (Figure 1.2).°

R

; R O
\NJW& £ )\)K;s
H N
O H
a-residue B-residue

Figure 1.2: a-amino acid and f-amino acid.

1.3 Helix stabilisation

Helices are a major class of secondary protein structures and play an active role in
mediating PPIs.1° Protein and peptide architectures can be categorised into four common

groups: o-helixes, 3% helixes, B-sheets and residues (random).!' 12 Helices are
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represented in approximately one-third of natural proteins,'® of which a-helices are the
most common secondary structure in proteins. They can increase stability by introducing
constraints into the forms of the helix. As an example, hydrogen bonding between the
carbonyl and amine proton provides the thermodynamic driver for peptide folding into
the helix. The fundamental design of the a-helix is that of a periodicity of 3.6 residues
per turn, where the constraint bond should be at positions i, i+3," or i, i+4 or i, i+7 or i,
i+11;* the i, i+3 combination is extremely rare compared to the other combinations
(Figure 1.3). The a-helix is very important compared to other secondary structures
because 62 % of the secondary structure in proteins is a-helical, whereas this
conformation is rarely adopted in isolated small peptides. As an example, hydrogen-
bonding between the carbonyl and the amide proton provides the thermodynamic driving
force both for bridges within the same peptide strand and also between strands in dimers
(Figure 1.3).1°

Figure 1.3: Diagram of a-Helix peptide showing hydrogen bonds between NH and CO
groups to form the helix.!®

Many forms of constraint within a-helix structures have been discovered and developed
over the last few years; for instance salt bridges,!’” hydrophobic interactions,® hydrogen-
bonding surrogates®®, lactams,?° photo-controllable macrocycles,? disulphide bridges,??
metal ligation®® ?* and hydrocarbon stapling.?® Proteins are a major component of the
biochemistry field, and indeed human health. Therefore, a lot of research has focussed on

studying proteins’ a-helices so as to study their three-dimensional shapes or to design

4
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novel constrained helices. There are many advanced approaches that can stabilize a given
conformation. The main strategies include side-chain cross-linked helices, a-peptide
helices, mini-proteins, terphenyl helix mimetics, and peptoid helices (Figure 1.4).26-%° For

side-chain cross —linked helix there are six different categories.

Q) SNS Sy
) o ° o °

peptoids

terphenyls

side chain crosslinked
a- helices

HBS o-helices

B-peptides

Mini proteins

Figure 1.4: Stabilized helices and non-natural helix mimetics®®

1.3.1 Hydrogen-bonding surrogates

Hydrogen bonds are common in helical peptides. However, there is another type
of hydrogen bond in peptides, known as hydrogen bond surrogates (HBS), where one or
more regular hydrogen bonds are replaced with a covalent bond that affects the helix
conformation at that position. These hydrogen-bonding linkages can be a motif with
specific groups such as hydrazones®® or alkenes.’® The conformation is generally
established by 2D NMR and CD spectroscopy.!® 3* 3! Chapman et al.*® utilised the ring-
closing metathesis reaction to create an alkene linkage between the i and i+4 residues in

the Bcl-2-antagonist/killer Bcl-2 homology3 Bak-BH3 peptide type (Figure 1.5). In
5
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addition, much shorter peptides with a helical conformation have been synthesised using
the HBS strategy. However, the maximum number of the amino acids confirmed for the
use of the HBS strategy in a-helices is ten residues, because of the low probability of
nucleation beyond this.3> 33 Nevertheless, the HBS has been used in the short peptides,

where it is more possible to constrain them within helical conformations.

\ék%% _éu/%a

HN K R HN : \\
]
\
kM:( i j
Hydrogen bond surrogates Hydrogen bond

(X=CH, Y=CH,)

Figure 1.5: Stabilizing a-helices via hydrogen bond surrogates and hydrogen bonding.*°

1.3.2 Hydrophobic interactions

Tyrosine, phenylalanine, histidine and tryptophan are all good examples of amino acids
with aromatic side chains. These contribute to stabilising peptides by forming a-helices
through n-m stacking® 3* with free energies between -0.6 and -1.3 kcal/mol.** 3¢ Hamilton
and co-workers supported this hypothesis by designing sequences of short a-helix
peptides (14-20 amino acid residues) at the i and i+4, i+7 and i+13 positions including
e-(3,5-dinitrobenzoyl)Lys (Figure 1.6). Their results showed that the &-(3,5-
dinitrobenzoyl)Lys i+4, i+13 and the &-(3,5-dinitrobenzoyl)Lys i, i+7 peptides, and the
e-(3,5-dinitrobenzoyl)Lys i+4 peptide, have the best a-helical characters, where ~6 A is
the distance between the two aromatic rings that interact in the peptide. '8



Chapter 1

NO,

Figure 1.6: Example of a hydrophobic interactions in peptides.

A recent study on hydrophobic interactions, as reported by by Tatko and Waters, made
an extensive comparison of different pairings in a B-hairpin peptide. Lys formed a better
polarization interaction with Phe or Trp, however, the unnatural butyl-derivative amino
acid (Nle) Lys did not, in general, interact indicating that a number of factors affect this

type of hydrophobic interaction (Figure 1.7).%’

»iﬁﬁ%ﬁfﬁ

X=NH3+ (Lys)
X=H (Nle)

ZT

Figure 1.7: Interaction of the Lys and Nle with Trp.%’
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1.3.3 Salt bridges

It is well known that electrostatic interactions can affect helical conformations in
solution, and a salt bridge was one of the first methods of constraint to be examined and
involves the interactions between i and i+4 residues of an o-helix. The amino acid
residues involved in this type of constraint include lysine, arginine, aspartic acid and
glutamic acid (Figure 1.8).1" These amino acids have either positively or negatively
charged side chains that facilitate an electrostatic interaction. In some cases, residues such
as histidine, serine and tyrosine can also be ionized. Therefore, the major types of amino
acids that participate in the salt bridge-type constraints depend on the environment within
which the amino acids are located in order to form an electrostatic or hydrogen-bonding
interaction. There are both advantages and disadvantages to this type of helix constraint.
The main factors that affect the nature of a salt bridge are:

1) The distance between the amino acids in the peptide as well as their
stereochemistry. The distance required to form a salt bridge is believed to be less
than 4 A%

2) The positioning of the amino acids within the peptide a-helix sequence. For
instance, the difference in helicity is more obvious when a glutamic acid residue

is located at the i position and a lysine at the i+3 or i+4 position.*®

3) The peptide environment also has an influence on the stabilization of the a-helix
induced by the formation of a salt bridge. The degree of helicity of the peptides
can be influenced by the pH of the solution and the salt concentration.*®

The main, highly specific interaction can by seen between these amino acids: Asp-
Arg, Asp-Cys, Glu-Arg, Glu-Cys.*® Walther and Ulrich found that the most helical
peptide conformation occurred at pH 7 in 0.01 M NaCl at 1°C in a pH titration. In
addition, either side of this pH value (that is an increased or a decreased pH) made
the peptide helicity significantly lower.*s On the other hand, changing the
concentration of NaCl to 1.0 M also had an impact on the helical structure of the
peptide.
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Figure 1.8: Salt bridging motifs found between glutamic acid and lysine residues
showing electrostatic interactions.3®

Ibarra-Molero et al. showed how a dimeric coiled-coil peptide has two types of
interactions; intra- and inter-chain salt bridges in the folded state that increase stability.
The compound GCN4-p1 is a 33-residue peptide in which the leucine has an electrostatic
field to the glutamine which had been substituted at the GCN4 component. At neutral pH,
the interactions were located at the N-terminal to give a helical structure as determined
by circular dichroism. Circular dichroism studies of urea-induced unfolding at neutral pH
revealed that both types of ionic interactions, localised primarily in the N-terminal of the
molecule, showed better helicity relative to the native coiled-coil. In a different
compound, E22/R25, the amino acids were shown to form an intramolecular salt bridge
with an increased helicity of the peptides. GCN4-pl is stabilised by dimerization through
intramolecular helical salt bridges between parallel-stranded coiled-coil, with the bridges
formed between Lys and Glu in the peptide (Figure 1.9).4244

Figure 1.9: Inter- and intra-molecular helical-salt bridges in peptides.*?



Chapter 1

1.3.4 Photocontrollable macrocycles

External stimulus is one of the main factors affecting a-helix stability. Alleman and co-
workers reported a new method which restricted the helix through using light of different
wavelengths.?* An azobenzene cross-linker was reacted with cysteine residues to made
the peptide bridge at i, i+4, i+7 or i+11. The peptides with azobenzene crosslinks
positioned at the i and i+4 residues adopt a cis configuration; however, with the crosslink
positioned at i and i+7 residues, a trans configuration is adopted. Furthermore, both the
cis and trans species depend on the wavelength of light used for excitation
(Figure 1.10).%

hv o A
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Figure 1.10: The structure of the azobenzene crosslinker changed on irradiation with
light or application of heat.?

1.3.5 Disulfide bridges

Disulfide bridges have been exploited by numerous researchers to increase the
stability of a-helices during peptide synthesis.?’ Short peptides containing a two-turn a-

helix were created by Jackson et al.??> A single intramolecular disulfide bond was

10
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synthesised as a bridge between the i and i+7 residue positions (Figure 1.11). These
peptides dissolved in water at temperatures of 0 °C and 60 °C. The new peptides showed

higher helicity in comparison to their native peptides.

S—Acm

S—Acm

Acm= acetamidomethyl group

Figure 1.11: Synthesis of a disulfide-bridged a-helical peptide.??

1.4 Metal ligation

One more significant type of a-helix stabilisation is the metal ligation technique
in which a metal ion coordinates to ligands in the peptide sequence. The entropy should
decrease on formation of the helix in the peptide on coordination between the metal ion
and the ligands that form the bridge. Ruan and co-workers found the position i, i+4 ligand
preferred metal ligation. Twenty types of the peptides were synthesised, of which only
fifteen peptide-metal complexes enhanced the helical structure with increased

stabilization (Figure 1.12).23

11
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AcNH

CONH,

ONH,

Figure 1.12: Metal ligation as a means of stabilizing an a-helix.?

1.4.1 Lactams

A lactam is a cyclic di-amide. In 1987, Rosenblatt and co-workers demonstrated
the first lactam bridge used to link a lysine and an aspartic acid residue at the i, i+4
positions on a peptide.*> Luyt and co-workers (2018)*¢ have also used the lactam bridge
on Ghrelin peptides (20-residue amino acids). The lactam was designed using glutamic
acid and lysine in the i+4 and i+7 positions in the peptides. Palladium(0) was used to
catalyse the formation of the bridge because it has highly selectivity without affecting
protecting groups on the amino acids during the peptide-resin ring closure reaction.
Lactam-bridged peptides showed greater helicity in comparison with those of the native
linear peptides, as well as greater fluorescence and good receptor binding with ovarian

cancer cells (Figure 1.13). %’

Figure 1.13: Lactam bridge to stabilize an a-helix peptide.*®

12
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1.5 Hydrocarbon stapling

One of the more recent categories for stabilising the helical conformation of peptides is
hydrocarbon stapling. This uses alkenes in the design of unnatural amino acids, which
form a bridge in the peptide through metathesis catalysis (Figure 1.14). The bridge
between the positions i, i+4 is the most common type in a-helix hydrocarbon stapling
related to the other positions at i, i+3, i, i+7 and i, i+11.*® A large number of research
groups have used the same strategy to synthesise a large variety of hydrocarbon staples
and have examined the stability of the associated peptides, as can be seen in the research

of Grossmann,*® Belokon,>® Chapman,® Verdine,*3 515 Grubbs® % and Walensky.>’

i, i+3 i, i+4

i, i+7

Figure 1.14: Categories of hydrocarbon staple.

1.6 Design of alkene-stapled peptides

Ring closing metathesis (RCM) bridges strongly affect the stabilization of peptides. In
RCM synthesis, there are several factors that need to be taken into account to increase
the stabilization in peptides. For example, the length of the bridge that forms the

macrocycle, heteroatoms in the bridge, multiple bonds and side chains in the bridging

13
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peptide, the primary structure of the original amino acids in peptide, the stereochemistry
(D or L), the location of and the distance between the bridgehead amino acids
(Figure 1.14) and the type of ruthenium (pre)catalysts the used in RCM reaction
(Figure 1.15).%® However, there can be weaknesses in this strategy from the conformation
of the closed RCM bridge. Both cis and trans conformations, in different ratios, can arise
depending on the ruthenium derivatives that were used as catalysts or from the length of
the bridges, especially when distant positions, such as i, i+7 or i, i+11, are used because
these show less conformational constraint. In addition, when these mixed conformations
are present they can be too difficult to isolate from each other because both have the same

molecular weight and the same active groups.>®
double bond

type of side chain, heteroatoms configuration

and multiple bonds in bridge \ /= .
Lenght of bridge
X 4“%_\ —

0 R, 0
H3NG\>_)J\N )\H/EJ
R Lo & |

Ry o[ R, O Ry

Primary structure
of original peptide

Stereochemistry of a-carbon

X=CHy, 0,8 and location of bridgeheads

Figure 1.15: Considerations needed in installing a constraint.

1.7 Catalysts for ring closing metathesis RCM (Hoveyda-Grubbs) reaction

The general mechanism for RCM using ruthenium catalysts, which is known as the
Grubbs reaction, is shown in (Scheme 1.1 A). Moreover, there are many types of
ruthenium catalyst, which have been used in this reaction, as shown in (Scheme 1.1 B).
The first generation of such are exemplified by compounds 1-3 that were utilised (at 5-
40 mol %) to give selective products (E/ Z) (4:1) in CH2Cl2.5% ¢ The second generation
of ruthenium catalysts were developed by Hoveyda and Grubbs, who used catalyst 4
under microwave reaction, at 100 °C in CH2Cl,: DMF (9:1) to give nearly complete (E)-
selectivity.®* Catalysts 1, 2 and 7 failed to deliver good results under the same reaction

conditions.5?

14



Chapter 1

A) O
O .
diene
HN
¥ (5 0
HN
RuLn=\
}N R uLn
_— 1) [24+2] cycloaddion =) R
HN 2) intermediate
3 metal-cyclobutane
O
R
0} /
HN
’ />
O
HN \
N RuLn
ulLn 3) loss R group
HN
4) [2+2] cycloaddion
B)
Ph Ph
PCy; PCy; — [\ /[ \
Cl, | _~ /— Cl, | _N. N Mes— NN~
By Ph Ru Mes Mes es \( Mes
c” | c” | cl,, Cl,,.
PCy; PCy; 'Ru:\ Ru—
7 a” \
Cl Ph
PCyS O
1 2 \<
3 4
PCy, [\ PCy
c, | Mes—N_N< e, | °
Ru— es \( Mes Ru—\
a” o\ Cl,, c1” | s—ph
o Ru— PCy;

a” \
K X

6

wn
2

Scheme 1.1: A) The Grubbs mechanism reaction of ring closing. B) The most
commonly used metathesis pre-catalysts for RCM in peptide.

In 2000, Verdine and co-workers demonstrated the hydrocarbon staple using both
unnatural R and S alkyne amino acids. They synthesised an enormous series of new o, a.-

disubstituted amino acid olefin moieties, where the stability of the folded peptides was
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shown to depend upon the stereochemistry of the amino acid. The group investigated
RCM staples of between 8 and 11 carbon atoms, and showed a difference in stability
dependent on the staple length. Overall, they found an increased helical structure stability
of more than 15 % in the alkene RCM stapled peptides as compared to the native peptides.
Ri,i+7S(11) showed the best helicity, with 44 % helix stability from CD data.
(Figure 1.16).%3

S;i+4S(X)

S (n=1.2,3.4,6) R;;1S()
0
N
Fmoc” OH
e ()
9
R(@=134) Ry i iR(X) R; i /S(x)

Figure 1.16: Stabilizing a-helices into peptides at i, i+4 or i, i+7 positions.

1.8 Fluorinated amino acid in peptides and proteins.

Fluorine has two significant factors which make it an important element. Firstly, it
has a small van der Waals radius (1.47 A).* Secondly, it has the highest electronegativity
(3.98).%° These factors have led to a significant growth of fluorinated organic compounds
in many research fields, such as materials chemistry,®® 87 synthesis of fluorinated organic
molecules including amino acids,%"* and fluorinated proteins.”>" Fluorination is now
considered a common strategy for modification of the features of small organic
molecules, peptides and amino acids. This design has been so effective that, today, around
one-quarter of all pharmaceuticals include at least one fluorine atom, in spite of the fact
that fluorinated organic compounds are very rare in nature (Figure 1.17).> ® 7" Many
peptides have been examined as potentially promising, extremely active, pharmaceutical

compounds.
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Figure 1.17: Natural products containing fluorine

1%F NMR is a beneficial tool for examining both interactions and dynamics of fluorine-
labelled biomolecules such as proteins, peptides and nucleic acids. Moreover, fluorinated
substrates have been used to investigate the mechanisms of many enzymes.’® Synthetic
strategies have developed rapidly for the synthesis of many fluorinated analogues of
amino acids.” 8 Most recently, research has focussed on the synthesis of amino acid
derivatives with fluorine containing aliphatic and aromatic side chains.’ 8 Fluorine
substituents on the aromatic side chain in an amino acid leads to structural rearrangement
and increased hydrophobicity of the aryl side chain. Recently, the C-F polar bond has
been used to affect protein interactions, in particular protein stabilization due to the
formation of polar bonds (H-bond) between with protein side-chains with carbonyl and

guanidine ions.®2

R S
et H NH Arginine
NH (0]

t}—F ————— H\ITIJ\E/\/\HJ\O}L
H

NH \\sé Arginine

Figure 1.18: Use of fluorine as an isosteric analogue instead of the carbonyl group

Wipf et al. reported the synthesis of an isosteric analogue of the gramicidin peptide,

(similar shape with different atoms) incorporating a CFs-(E-alkene), which functions as
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an antibiotic cyclic peptide. Here, NH (Val) and C=0O (Leu), in two positions, make

interstrand hydrogen bonds in the structure.®

IIIIII NH
O HZN/\/HN ””/\/NHZ
—] >>8=0
NH 0O

Gramicidin S [CF;],GS

Figure 1.19: Synthesis of Gramicidin S and include two (E)-alkene isosteric analogues.

Synthesis of fluorinated amino acids can be divided into two methods: the classical and
the modern method. Classical syntheses include (Scheme 1.2) alkylation of amino
carboxylic,®* 8 azalactone synthesis (Erlenmeyer synthesis),! the Bucherer-Bergs
approach (hydantoin intermediates)®® and the Strecker reaction (cyanohydrin

synthesis).®’
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Scheme 1.2: 1) Alkylation of amino carboxylates 2) Erlenmeyer Synthesis 3) Bucherer-
Bergs Approach 4) Strecker reaction.

1.9 Synthesis of a,a-disubstituted amino acids via a Ni'' Schiff base complex

1.9.1 Synthesis of Ni'' Schiff base complexes

a-Amino acids (S) are uncommon in nature compared to their corresponding (R)
enantiomers. a-Amino acids (S) show significant activity in peptide mechanisms (cell
wall, venoms) in both microorganisms and plants. Enantiomer (S) has also been found in
a type of peptide synthesized by animal cells and as well as in a few enzymes producing
or metabolizing amino acids (S).% The synthesis of chiral a-amino acids has become one
of the major areas in chemical industries because their associated utility in food
production and health care. For these reasons a-amino acids (S) have been the subject of
strong synthetic activity. The asymmetric synthesis of enantiomerically pure a-amino
acids (unnatural) can be achieved using different chiral auxiliaries and catalysts. These

methods have become a major modern method in the field of bioorganic chemistry,* and
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have been seen in several syntheses of amino acids during the last century. Several types
of Ni'" Schiff base complexes have been created to generate chiral a-amino acids.® Their
design can be divided into four major components as related to structure: phenone, amine,
acid, amino acid (Figure 1.20).%°

amnio acid module

phenone module

ii

amine module

© 0 060

acid module

A
N N (0] NlN (6] NlN fe) N N
| |
U U X OO0
R R R
27 28 29 30

Figure 1.20: Modular design of Ni'-complexes of amino acids and structure of glycine
complexes.

The first method was discovered by Izumi et al. (1978) to synthesise of the new amino
acids via Ni'" complexes of Schiff bases has been demonstrated.®* In 1985, Belokon et al.
investigated the differential impact of using same ligand with different metals, for
example Ni"'and Cu". Both of them formed a square planar complexes. The Cu'' complex
showed a diamagnetic properties, whilst the Ni"' complex showed a paramagnetic
properties, however, the polarimetric analysis and the CD spectra were used to compare

the complexes. In spite of obtaining a yield of more than 60 % for both complexes, the
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ee values for the new amino acids had been between 80-95 % the Cu'' preferred to form

the R configuration in contrast to the Ni'' complexes, favouring S .*°

H,N COOH
o HN\_&O 2

MI | CH;ONa

N
CH;0H
35

36: R=CHj; R'=CH,OH; M=Nil"
37: R=CHj; R'=(CH;),CH; M=Nil
38: R=C¢Hs; R!'=H; M=Nil"

39: R=C¢Hs; R'=H; M=Cu"!

40: R=CH;; R'=H; M=Ni"l

41: R=CH;; R'= H; M=Cu"

Scheme 1.3: Preparation of the complex with two metals a) Ni'' b) Cu"".

1.9.2 Application of Ni'' Schiff base complexes in amino acids synthesis

Synthesising unnatural amino acids using symmetric Ni'' Schiff base complexes

have been accomplished by three major routes (Scheme 1.4): Alkylation, Aldol, Mannich

addition reactions. These reports using these reactions are increasing and the

methodologies developed to obtain higher yields with better enantioselectivities.% %
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Scheme 1.4: Synthesis of the unnatural a-amino acids via Ni' complexes of Schiff
bases.

A successful application of the asymmetric alkylation reaction is that between the Ni"
complex of alanine and alkyl halides. There have been many attempts by several
researchers to increase the diastereoselectivity of the alkylation step using different types
of Ni'' complex and different types of benzyl group starting from proline as a chiral
auxiliary. In 2006, Saghyan and co-workers presented the replacement of the hydrogen
with a halogen such as chlorine or fluorine at the 2-position of the benzene ring which
led to an increase in the rate of reaction together with a higher stereoselectivity
(Scheme 1.5).%
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Scheme 1.5: Synthesis of the complex and alkylation in the alpha position®

Moreover, according to Saghiyan et al. (2010), a new generation of chiral auxiliaries
substituted on BPB can raise the enantioselectivity by using fluorine in different positions
on the benzene ring.*® In 2008, Isaad and co-workers reported the synthesis of
monosubstituted Ni" complexes incorporating glycine, using different chain lengths of
the alkyl halide, where the Cs and Cs groups include triple bonds, with the diastereomeric
ratio for Cs = 71:29 (SS/SR), yield = 59 % and for C¢ = 88:12 (SS/SR), yield = 68 %
(Scheme 1.6).%
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Scheme 1.6: Asymmetric synthesis of (S)-w-alkynyl-a-amino acids.®

In recent years, Jamieson et al.*® reported the synthesis of new amino acids by alkylation

of alanine and glycine Ni" Schiff base complexes using different alkyl bromides. The

group reported that there was a higher yield with the glycine complex than with the

alanine one. Interestingly, the work also demonstrated a good ratio of complexes

stereoselectivity (dr. 95:5) while previous workers reported dr. 88:12 or 89:11. The 5-

bromopentene starting material, in both types of complex (alanine and glycine), produced

higher yields than 8-bromooctene in the alkylation reaction. Subsequently, the complex

was hydrolysed with HCI and the resulting free amino acid protected with the Fomc

reagent (Scheme 1.7).%8
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Scheme 1.7: Synthesis of unnatural amino acids according to Jamieson.*?

One of the main problem in the work occurred for the glycine complex during the
alkylation when the di-substituted product was also observed since it has two a-hydrogen
atoms. Belokon et al. examined the conditions required to prepare mono- or di-substituted
products at the alpha position of the glycine Ni'"' complex using alkyl halides that have
double or triple bonds, or aromatic substituents. Benzyltriethylammonium bromide was

used as a catalyst under basic PTS conditions at room temperature (Scheme 1.8).%7

S 0
o)
3 N\Ni\/ H HC=CCH,Br (4 eq.) _N._ O
/ TN /NI\ =
H PTS, 24 h “~N
@) N I \

34 63 98%

Scheme 1.8: Di-substitution on a glycine Ni'"' Schiff base complex.®’
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1.9.3 Synthesis of Fluorinated a-Amino Acids

In 2009, Soloshonok and Ono have reported alkylation reaction conditions for a glycine
Ni" Schiff complex using an alkyl chloride, with fluoroarene substituents, and tert-
butoxide as a base in acetonitrile for one hour. The reaction could be scaled up to multi-
gram scale to yield product with a high enantiomeric purity (95 % de) and in a high yield
90 % outcome of the alkylation of the glycine complex (Scheme 1.9).°® The main
importance of the amino acid product is that it is required to synthesis the Denagliptin
medicine (for treatment of diabetes). This can be compared to a previous synthetic route

to generate the amino acid in 55 % yield and 60 % ee.®

F F F
© 0 O
o H
N---NiT & cl N7 Oﬁ/H\ + (25.2R)
Ss N---Nio <\ >
s N t .~
f C)) NI | H KO'Bu, MeCN, t, 1 h @‘ / N7
@A\ .
: F
64

AW
48 ©® (25:25)
Ni(II), Gly, Base 1) MeOH/ 3N HCI
\Q 2) C,g-reversed phase SiO,
N F
i
7z
63 v
S COOH
65
) HN

Scheme 1.9: Asymmetric synthesis of (S)-2-amino-3,3-bis-(4-fluorophenyl)propionic
acid

Recently, Liu and co-workers demonstrated a new type of ligand to synthesise a-amino
acids with high enantiomeric purities. The alkylation reaction was undertaken with a
glycine Ni'' Schiff base complex. The resulting enantiomer was easily purified. The
reaction was optimised under different conditions of basicity, solvent and temperature to
obtain the highest yields (85.5 %) with NaOMe/MeOH at 0 °C (Scheme 1.10).1%
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Scheme 1.10: Synthesis of amino acids using new ligands

Elsewhere, a new method of alkylation has been identified by Sun and co-workers. They
presented a synthesis using palladium to catalyse the alkylation of a-arylated bromides
of the glycine Ni'" Schiff base complex. The work described formation of pure products
with 85-90 % vyield for all the synthesised derivatives. They also improved the
diastereoselectivity to obtain (20:1 dr (S,S)/(S,R)). Furthermore, the aryl starting materials
used included 4-CN, 4-CFs, 4-CO2Me, 4-F, 4-NO2, 4-CHO, 3,4-F, (Scheme 1.11).10

R—Br
O Pd,(dba);.CHCI5(5 mol %)

N___Ni{O&H ligand (10 mol %) 4/3/
™ N7 CH K3PO, (3.0 eq.) @N‘“Nl\ @

]

DMSO, 100 °C (@)

48 (9 (S,25)

+ (2S,2R)

X | CN | CF; | F |NO, | F
H H F H H
dr 46:1 | 5:1 |44 |6.3:1|1.1:1

=<

Scheme 1.11: Pd-catalysed-arylation of chiral Ni'"' glycinate complex with aryl
bromides.
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1.10 Application of alkynyl derivatives of amino acids in peptide synthesis

Synthesis of amino acid alkyne moieties with high stereochemistry became one of the
researcher’s targets. The alkyne amino acids have previously been used in two ways in
peptides synthesis: Firstly, synthesis of triazole bridges, secondly, synthesis of

macrocycle peptides or diene peptides by 1,3-diyne ring closure.

1.10.1 Synthesis of triazoles

Alkynyl derivatives of amino acids have been used to form triazole bridges by reacting
with another amino acid with an azide group on the side chain (1,3-dipolar cycloaddition
reactions) by using Cu(l) as a catalyst. This reaction concept of Cu(l)-catalysed azido—
alkyne cycloaddition (CUAAC) was introduced for first time by Sharpless (2001). It
shows great stability under acidic and basic conditions, and also oxidative and reductive
conditions.'%? Interestingly, the work also showed that the triazole bridged peptides had
good biological activity compared to the native peptides.'®® However, the triazole
bridged-peptides showed two configurations: i) 1,4-disubstituted 1,2,3-triazole; ii) 1,5-
disubstituted 1,2,3-triazole (E and Z configurations) (Figure 1.21).

i) i)
H-bond donor

H-bond accepter
~ N ™~ He No

N” N -R \ SN -<—H-bond

/
electrophilic ——sy—( N\ accepter

carbon R H H-bond R R
P4 donor /&/
distance 5.0 A distance 2.4 A

Figure 1.21: Triazole configurations: ii) 1,4-disubstituted 1,2,3-triazole; ii) 1,5-
disubstituted 1,2,3-triazole.

The click reaction mechanism, using Cu(l) as a catalyst in this reaction, showed only the
1,4-disubstituted synthetic pathway, but via two mechanisms, to form 1,2,3-triazoles as
the final product (Scheme 1.12).1%4
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A)

B)

Scheme 1.12: Proposed catalytic model for the CUAAC with a) two copper atoms b)

one copper atom
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D'Ursi and co-workers reported the first example of the synthesis of 1,2,3-triazolyl helical
structures stapled using the CuAAC reaction in positions i, i+4 for a parathyroid
hormone-related peptide.'® They used various lengths of alkynyl chains (CH2)1.4. In this
case, the positions of the amino acids to be coupled were changed and swapped. The
studies showed that all triazole staples enhanced the stability of the helices compared to

those of the native peptide (Figure 1.22).1%

n=1-4

105

Figure 1.22: Synthesis of the triazole groups in peptides.

1.10.2 Preparation of 1,3-diyne group.

Recently, researchers have shown an increased interest in 1,3-diyne group in peptide
synthesis. They used the Glaser and Eglinton reaction method between alkynyls under
mild conditions by using copper as a catalyst (in other words, oxidative acetylenic
coupling) to synthesise a variety of di-peptides and macropeptides and then examined
their stabilities.'® 1%7 Inouye et al. (2008) mentioned the significant relationship between
the 1,3-diyne group as a bridge for peptide synthesis. They found that RCM using the
1,3-diyne group increased the activity of the two amide groups on both sides of the linker.
Also, these new types of bridges had different rigidities and lengths of the associated
helices, particularly increasing the stability of short peptides. The series of peptides
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included diaminopropionic acid (Dap), diaminobutyric acid (Dab), ornithine (Orn) and
Lys in different positions, namely i, i+4; i, i +7 or i, i+11. One of the significant findings
in this study arises from the ring closure, which was suitable for the creation of stable
helical structures up to > 95 % (Figure 1.23).1%8

O
o) (0]
0 o Y
gz (©) N 0 7
g\)J\/ © \/\ /\g/;b g\)J\/O\/ © O
(0]
69 ° 70

(0]
O
O o) 1;15 (0) 0]
AR08 P e B4
o} o HN NH
| cross-linker agents < N A)

Figure 1.23: Synthesis a bridge between 1,3-diyne linker sides and the two amide
groups

Recent cases, as reported by Wessjohann et al. (2015), concerned the 1,3-diyne.
They reported that a dimeric peptoid species could be used to synthesise six-compound-
libraries of homo- and di-heterodimer peptides. They also supported the idea that dimeric
peptoids showed reasonable antibacterial activity (Gram-positive bacterium bacillus)
(Scheme 1.13).1%°
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Scheme 1.13: Apoptosis inducer C2-symmetric 1,3-diyne-linked peptide.1%®

The finding is consistent with past and indeed more recent studies. For example, Verniest
et al. (2015) demonstrated the influence of 1,3-diynes on the synthesis of cyclic peptides,
also known as macrocyclisations. The group reported more than 50 different sets of
reaction conditions; for example, temperature, copper catalyst and co-catalyst (NiCly),

base, solvent and oxidant (Scheme 1.14).11
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Scheme 1.14: Oxidative 1,3-diyne macrocyclization*°

These findings are consistent with the study by Auberger et al. who examined new

methods by which to synthesise macrocyclic peptides. The Glaser—Eglinton reaction has

been used to synthesise hexa- and octa-cyclic peptides. The peptide is constrained by a

1,3-diyne (butadiyne) bridge and lactam cyclized hexapeptides. This work also used both

propargylglycine (Pra), or N-propargylated amino acids (NPro) amino acides to make the
RCM under the same conditions (Figure 1.24).11
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I Hy

7 Mg ey N7 CONH,

Figure 1.24: Preparation 1,3-diyne of cyclic hexapeptides between two L-Pra amino
acids and between NPra amino acids!!*

1.11 Peptide synthesis

Peptide synthesis can be classified into two types: liquid phase and solid phase.

The latter type has become the principal means by which to synthesise peptides.

1.11.1 Solid phase peptide synthesis

Bruce Merrifield (1960) obtained a Nobel prize for the creation of a new method
called solid phase peptide synthesis (SPPS).1'? Peptides are prepared from the C-terminal
to the N-terminal. The main requirements for this method to become commonplace are
its relatively low cost, high efficiency and ease of use, and compatibility with liquid
methods. The main principle of the SPPS technique is the attachment of the first amino
acid to an insoluble polymeric support. Amino acids are sequentially added to the
polymer-attached amino acid/growing peptide. This strategy makes the synthesis of
peptides straightforward, without requiring purification after each step. Furthermore,
removing starting materials (unreacted) and waste is easy through repeated washing with
solvents followed by drying to become ready for next step in the reaction sequence,

because the peptide-resin remains in the reaction vessel (Figure 1.25).113: 114
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Figure 1.25: Solid phase peptide synthesis (SPPS)

Many solvents are used in peptides synthesis, such as acids, bases, polar and nonpolar
solvents; the resin should not be soluble in any one of them. Moreover, the resin has one
functional group (linker) to react with the free functional group of the amino acid. The
linker group is the connector between the resin and the amino acid. The capacity of resin
is measured in mol/gm which is required to determine the number of moles of peptides
present following reaction. There are several types of resin that can be used in peptides
synthesis. They can be classified into two kinds; the resin reacts with carboxylic acid to
form the C-terminus [e.g. 1) Merrifield resin; 2) Wang resin p-alkoxybenzyl alcohol
(PABA)] and with the amine to form the N-terminus [e.g. 3) Tentagel resin; 4) 2-
chlorotrityl chloride; 5) Rink resin 4-methylbenzhydrylamine (MBHA); 6) Rink resin
aminomethyl (AM)] (Figure 1.26).115-117
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Figure 1.26: Types of resin with the linkage.

However, there are a few weaknesses in using some of these peptide-resins, such
as the Wang-resin which can be cleaved under mild acid conditions and the Merrifield
resin which cannot be used for a long-sequence peptide because of the acidity of the resin.
Recently, various resins have been developed in the SPPS field to cover the demands of
peptide synthesis such as ChemMatrix® and SpheriTide®.1** Throughout, all of these
coupling and decoupling reactions need a long time to go to completion and many steps
are needed to obtain a pure peptide in high yield. In addition, there are some couplings to
amino acids that needed double steps, whilst unnatural amino acids need longer reaction

times than natural amino acids for many reasons including the fact that unnatural amino
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acids may cause more steric hindrance different than native amino acids. Accordingly,
the use of microwaves for heating has been introduced to improve and assist peptide
synthesis. Yu and co-workers (1992) reported the first successful use of microwaves
(local microwave oven) in organic reaction. In recent times, microwave techniques have
been developed to cover the requirements of certain organic reactions, such as microwave
power and reaction temperature. Recent cases reported by Smith et al. (2003) also report
the use of the microwave in new methods for peptide synthesis, including in an Fmoc-
deprotection reaction as well as in coupling reactions.!'® More recently, automated
peptide synthetic methods have been developed making them easier to use, whilst manual

techniques have been improved as well (Figure 1.27).11°

1) ChemMatrix® o~
H,N 0 ™>O~"0 NH,
H,N 0 ™>O~"0 NH,
H,N 0 ™>O~"0 NH,

2) SpheriTide®

ZT

H,N
0
HN
Q H NH
}EJ\/\/\/\/\WN o o) - ’
0 o)
NI HN
e . E
Figure 1.27: Peptide Resin 1) ChemMatrix® and 2) SpheriTide®.
1.12  Project aims

The rationale behind this project is that a highly rigid side-chain to side-chain 1,3-diyne

bridge (Figure 1.28) would act as an extremely effective configurational constraint thus
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providing peptides with high degrees of a-helical structure and improved binding affinity

(through protein-protein interactions) and physicochemical properties. The project was

undertaken to design and develop a novel hydrocarbon peptide a-helix and then to

evaluate model systems via circular dichroism CD.

The specific aims of the project are:

1)

2)

3)

4)

5)

Synthesis of novel chiral Ni" Schiff base complexes and development of the
synthetic methods to increase the yield and the purity using both of S and R
enantiomers of a fluorinated ligand. Here, the fluorinated ligand would aid in
establishing the diastereoselectivity of the products.

Synthesis of novel chiral unnatural fluorinated amino acids and alkynyl amino
acids via alkylation of the Ni'" Schiff base complexes and development of the
synthetic methods of the alkylation reaction using alkyl iodides and alkyl
bromides.

Synthesis of model linear peptides incorporating the unnatural alkynyl amino acid
using automated microwave assisted solid phase peptide synthesis and an Fmoc

protection strategy on Rink resin.

Synthesis of model 1,3-diyne bridged peptides from the alkynyl-functionalised
model linear peptides using the Glaser-Hay ring closing metathesis reaction.

Conformational analysis of the linear and the 1,3-diyne bridged peptides using
circular dichroism spectroscopy to make a comparison between these model
systems and to determine the arrangement that creates the highest % helicity.
Subsequently, the best peptide model will be applied in the synthesis of open and
ring closed Bim peptide analogues and undertake a conformational analysis of

these peptides.

Throughout the project all products will be thoroughly characterised by a range of

appropriate analytical and spectroscopic techniques.
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Synthesis of amino acids

Synthesis of the peptides

1,3-diyne bridged a-helix peptide

Figure 1.28: The aim of the progect
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2.1 Introduction

The synthesis of new unnatural amino acids has become a significant strategy since they
can be used to produce peptide-mimics and to advance peptide synthesis and properties.
The synthesis of enantiomerically pure amino acids is the primary target and this can be
achieved by using different catalysts or different chiral compounds such as Ni'" Schiff
base complexes. The new amino acids with have modified side chains and be used as
starting materials in the peptidomimetic process. The majority of researchers in this field
are focused on the synthesis of these amino acids to make a-helix peptides and to study
their protein—protein interactions (PPIs). Moreover, these workers have demonstrated
new features of the peptides, such as increased stability, increased bioavailability and

enhanced physicochemical and pharmacological properties.2% 121

Synthesis of the new amino acids started firstly by synthesising amine compounds, which
were then used in alkylation reactions. In 1976, Stork et al. presented the first types of
protected nucleophilic amino acid (glycine) suitable for alkylation reactions; these were
achiral products (Schiff bases). They protected the amine group with either benzaldehyde
or benzophenone 69, 80. These compounds were developed, by O’Donnell in 1978, who
presented new modifications by protecting the carboxylic acid with t-Bu 82 instead of
ethyl group. In recent years the methods developed have yielded products with high
enantioselectivities, mostly quaternary ammonium salts (new catalysts) were used to
obtain (99 % ee). However, the main problem of these methods is that the instability of
the starting materials and the products are low (Figure 2.1).%?

Yoy

LS S

P H Ph Ph)\ Ph

79 80 81

Figure 2.1: Achiral nucleophilic glycine substrates

The second generation of synthetic routes to unnatural amino acids started in 1983, when
Schollkopf et al. demonstrated a new method to synthesise bislactams, as chiral starting
materials for alkylation reactions of new derivatives 83-86.122 However, whilst this

method represents progress, it still has many disadvantages, such as the hydrogens on a—
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C have low acidity. This property means that harsh reaction conditions, such as a strong
base and low temperatures, for example n-BuLi at -78 °C under anhydrous conditions,

are required (Figure 2.2).1%

0)
O 0]
RN OMe P 020 X C\//
8 wld
S Ph” N N 3 \f
MeO™ N —
© o Boc Bo¢ Ph NCS
R=1-Pr, 1-Bu X=0, NMe
83 84 85 86

Figure 2.2: Chiral nucleophilic glycine

Also in 1983 another synthetic method was reported by Belokon et al., a novel method
by using a transition metal to make a complex with glycine-based Schiff bases. Cu'' was
used, with a chiral ligand (S)-2-[N-(NO-benzylprolyl)amino]-benzophenone (BPB) and
different amino acids, such as glycine, to make the complex.** However, whilst this
method gave a good yield with high diastereoselectivity, Ni'' complexes showed higher
stabilities and better reactivities than those of Cu'". Furthermore, the Cu'' complexes are
unsuitable for analysis by NMR spectroscopy due to their paramagnetic character.>® 12°
Many researchers have built upon this method and have found it to be suitable for
reactions as good nucleophiles in alkylation reactions,® e.g. the Michael reaction,?
Aldol reaction*?” and Mannich reaction.'?® There are many types of Ni'"' Schiff base
complexes which have been synthesised following this discovery, and these can be
divided into four types as outlined in Scheme 1.4. There are several factors that make this
method one of the best: (i) The metal complexes can be easily purified by
chromatography on SiO- or by crystallization. (ii) The starting material (ligand) can be
re-used. (iii) The product under any reaction conditions can be purified and analysed
using NMR spectroscopy, because the complexes are diamagnetic in character. The
diamagnetic character can be easily recognised from the red colour of the complexes.
This is related to their square planar geometry of the Ni' metal centre (3d4s4p?
hybridisation) rather than tetrahedral (4s4p® hybridisation) which are green (Figure 2.3).
In addition, the geometry has been confirmed by single crystal X-ray structure

determinations of many of the complexes.
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Figure 2.3: Shapes of the Ni' and Cu"

2.2 Synthesis of Ni'l complexes of Schiff base derivatives

Popkov et al. suggested that the benzene ring on the top of the Ni" atom in these
complexes can provide additional conformational stability. They assumed that there is a
weak interaction from above the Ni"-N,N,N,O plane between the benzene ring in the
ligand and the Ni atom. Although this suggestion could not be accepted in the absence of
the crystallographic data or theoretical calculations, they suggested that the benzene ring
could have an effect on the Ni-X distances in the square plane.'?® In related work,
Jamieson et al. proposed that there is, indeed, an interaction between the 2-fluorobenzene
group in the ligand with the Ni' atom. Although they could not confirm that there was an
interaction between the fluorine atom and the Ni atom, they did obtain single crystal X-

ray structural data on their complexes.*®

Belokon et al. published the first synthetic procedure in this research field (Scheme 2.1).
After reacting N-benzylproline with SOCI, to form the acyl chloride, reaction with O-
aminobenzophenone produced (S)-2-[N-(N’-benzylprolyl)amino]benzophenone (BPB).
The reaction was driven to get 81 % yield by using a fifty percent excess of the pre-ligand
to achieve this yield of the ligand. The complex was synthesised using glycine and alanine
amino acid , Ni" complexes of Schiff’s bases derived from BPB and amino acids were
prepared using KOH as a base to obtain a 90-91 % isolated yield with 90 :10

diastereoselectivity.!3°
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Scheme 2.1: Synthesis of the Ni' Schiff base complexs

Ueki et al. demonstrated a high conversion in the reaction of pre-ligand with O-
aminobenzophenone to obtain a 94 % isolated yield by increasing the reaction
temperature to 40-45 °C under anhydrous conditions (Scheme 2.2).13! developed this
method by reacting the N-benzylproline with MsCl, to make a good leaving group, before
reaction with O-aminobenzophenone in DCM. The pre-ligand 2.m can be isolated by
crystallisation from an ethanol solution or precipitation from an acetone solution acidified
with HCI.

R
o A)MsCL N-Melm, DCM O O 1 o
B) 2- ammobenzophenone H,N* COOH

(R) o) H
O HN_ O > N--Ni.__ R

4% Ni(NO3),.6H,0 ) S
d NaOMe, Methanol 0 )Q‘S Kg 3

(95%, >90% de)

Z .
R= @OtBu \8 Boc \8}1
91

89 (a) 90
(b) ©

Scheme 2.2: Synthesise of different complexes

The Ni'" Schiff base complexes can then be synthesised, in a single step, from reaction of

the pre-ligand with a Ni' salt in the presence of an amino acid under basic conditions.
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The complexes were obtained diastereomerically pure, with 95 % vyield. Synthesis of
complexes with various substituents on the benzene ring have been reported by De and
Thomas,** Ueki et al.,**! Belokon et al.,°” Saghiyan et al.,** % and Popkov et al.*
Throughout, the chiral centre of the proline starting material was shown to efficiently
control diastereoselectivity.

2.3 The aims of this chapter are:

To synthesise Ni'' Schiff base complexes which would then be used in the work in the
following chapters to synthesis novel derivatives of amino acids derived from glycine,
alanine, valine, leucine and phenylalanine. Beyond this, the aims included the
development of routes to synthesise both S and R pre-ligands, by starting with D or L-
proline, to allow different diastereomeric metal complexes. Throughout, a fluorinated
benzyl starting material would allow the reactions to be monitored with respect to both
purity and the diastereomeric composition of the complexes.

2.4 Synthesis of a chiral Ni'' Schiff base complexes

The synthesis of Ni'' complexes used the modified procedure of Jamison et al.,*® which
was adapted from the work of Belckon et al.'*> 3* The synthesis consisted of three steps:

alkylation reaction, amide coupling reaction and complexation.

2.4.1 Alkylation reaction

The general procedure of Jamieson was followed to synthesise of 1-(2-
fluorobenzyl)pyrrolidine-2-carboxylic acid (FBPB) from the reaction of 2-fluorobenzyl
bromide with L-proline in basic conditions (KOH), in isopropanol at 50 °C (Scheme 2.3).
A strong base is essential for this reaction. Following the reaction, neutralisation of the
reaction mixture with hydrochloric acid is a key step in the work up. In contrast to the
literature that reports, the product was a waxy yellow solid,* here recrystallisation of the
crude product twice from dry acetone yielded the product as a white powder in high purity
(as determined by *H NMR spectroscopy).
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Scheme 2.3: Reaction and mechanism of alkylation reaction on the proline

2.4.1.1 (S)-1-(2-fluorobenzyl)pyrrolidine-2-carboxylic acid

X

Br F
HO\/ o
s O .HCl s

KOH &

N (W
H OH propan-2-ol F

87 40°C,24h

93

Specifically, L-proline was reacted with 2-fluorobenzyl bromide to produce (S)-1-(2-
fluorobenzyl)pyrrolidine-2-carboxylic acid 93, as a white powder, following
recrystallisation from acetone, in a 74 % yield. The product was characterised by *H NMR
and 3C NMR spectroscopy and in the °F NMR spectrum a single peak at —116.0 ppm is
typical for the single ortho-fluorine. In the LC-MS and HRMS-ESI a parent ion peak at
224.1087 supported the characterisation. The synthetic route could be successfully scaled

up to the 25 g scale.
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2.4.1.2 (R)-1-(2-fluorobenzyl)pyrrolidine-2-carboxylic acid

X
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N ( N
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93

87 40 °C, 24h

The same procedure was used to synthesise the (R)-1-(2-fluorobenzyl)pyrrolidine-2-
carboxylic acid 2.2 enantiomer from D-proline and 2-fluorobenzyl bromide, also the
reaction could also be scaled up to give 25 g of the product. The °F NMR spectrum
showed a single peak for both enantiomers, which can not be distinguished by NMR
spectroscopy. The enantiomers were characterised by chiral HPLC which allowed
separation of the S and the R enantiomers.The product was obtained in a 74 % yield and
was identified by 'H NMR and *3C NMR spectroscopies. Further confirmation of the
identity of this species came from the LC-MS and HRMS-ESI. These results are
consistent with those reported by Jamieson.®

2.4.2 Synthesis of  (S)-N-(2-benzoylphenyl)-1-(2-fluorobenzyl)pyrrolidine-2-
carboxamide (pre-ligand (FBPB)) 95
A variety of conditions were attempted to develop and modify the Jamieson method to
increase the yield in this reaction. However, the highest yield of the isolated pre-ligand
after recrystallization was 55 %. In general, to synthesise (S)-N-(2-benzoylphenyl)-1-(2-
fluorobenzyl)pyrrolidine-2-carboxamide 95, two different routes were followed. Firstly,
(S)-1-(2-fluorobenzyl)pyrrolidine-2-carboxylic acid 93 was dissolved in dry
dichloromethane under an inert atmosphere and reacted at 0 °C with thionyl chloride,
because the reaction is very sensitive to air and moisture. The thionyl chloride should be
added dropwise to the reaction mixture at 0 °C because the reaction is exothermic.*® This
formed the acid chloride which is a more reactive group than a carboxylic acid. 2-
Aminobenzophenone, dissolved in the same solvent, was added to the reaction mixture
dropwise to maintain the reaction conditions. This reaction gave the desired product 95
as white crystals in a 32 % yield. In a second attempt using this approach, to try to increase

the yield from the reaction, extra thionyl chloride was used as both solvent and reactant
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and the reaction was heated to 45 °C. However, no reaction was observed during

monitoring the reaction with °F NMR spectroscopy (Scheme 2.5).

A) Synthesis

0 o7 cl
o o J - P
N
SO, R cl R o o
cl
B) Hydrolysis
H
D H
P P 1 2
5 )\ S )k +  HC
R o7 al y o al R, T on SO
2
H,0 HO

Scheme 2.4:Mechanism of the acid chloride synthesis and the hydrolysis!®

HO__  Thionylchloride O O Thionyl chloride HO_,,
HCl1 = 2-aminobenzophenone 2-aminobenzophenone -HCI e
O S OO
. DeEM/o=c N 0°C, 15 min, F
overnight, rt d 45 °C, overnight
F

93 95 94

Scheme 2.5: Synthesis of (S)-N-(2-benzoylphenyl)-1-(2-fluorobenzyl)pyrrolidine-2
carboxamide 95

In the second route to synthesise (S)-N-(2-benzoylphenyl)-1-(2-fluorobenzyl)pyrrolidine-
2-carboxamide 95, methanesulfonyl chloride (1 equivalent) was added to a solution of
(S)-1-(2-fluorobenzyl)pyrrolidine-2-carboxylic  acid (1  equivalent) and N-

methylimidazole (2.2 equivalents) in dry dichloromethane at 0 °C, followed by 2-
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aminobenzophenone (0.9 equivalents). The reaction mixture was heated at 45 °C
overnight (16-19 hours). Table 2.1 shows the optimisation of the reaction conditions to
obtain the best results, through changing the time duration, the temperature and
equivalents of N-methylimidazole. The reaction conditions (Table 2.1, Entry 5) that gave
the best yield required an increase in the equivalents of N-methylimidazole from 2.2 to
3.2 for 24 hours instead of 16 hours, and the product was isolated as white crystals in a
74 % vyield. It was identified by *H and *C NMR spectroscopy, also, °F NMR
spectroscopy showed a single peak at —117.6 ppm and by HRMS-ESI which showed a
parent ion peak at 403.1822. It was also identified by chiral HPLC which showed the

high enantiomeric purity.

Table 2.1: Synthesis of the pre-ligand 2.3 by using different equivalent reagent, time
and temperature

HO N-methylimidazole O O
=0 i
HCl s methanesulfonyl chloride

©\/\ N 2-aminobenzophenone O HN \?O
F DCM NTY
93 F
95

Entry Quantity (g) Temp. ('C)  Time (h) Eg.of N- Yield (%)
methylimidazole
1 0.1 45 18 2.2 25
2 0.1 50 18 2.2 35
3 0.1 45 18 3.2 55
4 1 45 24 3.2 70
5 27 45 24 3.2 74

Following the reaction by TLC allowed the exact time necessary for the reaction to reach
completion to be identified. To purify the product, two methods were used. Firstly, the
acidification of the product with concentrated hydrochloric acid to obtain a salt which
was then collected as a precipitate after allowing crystallization in the fridge for 24 hours
to give a 74 % vyield. Secondly, the product was isolated by extraction from the reaction
mixture with dichloromethane, followed by purification using column chromatography
(15 % ethyl acetate/hexane) (Scheme 2.6).48
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HO N-methylimidazole
HCI \\¢O methanesulfonyl chloride N
. g (s 2-aminobenzophenone : () F
N Q DCM = A NH O
F 0°C, 5 min
45°C, 24 h
93
74% 05

Scheme 2.6: Synthesis of (S)-N-(2-benzoylphenyl)-1-(2-fluorobenzyl)pyrrolidine-2-
carboxamide 95

However, the enantiomeric purity (97-98 % ee) of the 2-FBPB 95 after column
chromatography was acceptable. Therefore, the product was recrystallized from hexane
and few drops of ethyl acetate to increase the amount of the target enantiomer product to
> 99 % ee. The purity was demonstrated via the HPLC technique which showed a single
peak at 15.2 minutes (Figure 2.5). Crystals suitable for a single crystal X-ray structure
determination were grown by slow evaporation of the compound from ethylacetate that

confirmed the (S) stereochemistry of the product.

In comparison to the literature,*® the reaction conditions and the equivalents of reagent
had been modified; these new conditions gave higher yields and better enantiomer purity
(ee) than previously reported. The fluorine at (S)-N-(2-benzoylphenyl)-1-(2-
fluorobenzyl)pyrrolidine-2-carboxamide 95 could be one of the factors leading to a

greater overall yield for this reaction.

2.4.3 Synthesis of (R)-N-(2-benzoylphenyl)-1-(2-fluorobenzyl)pyrrolidine-2-

carboxamide 96
N-methylimidazole
methanesulfonyl chloride N

HO
O
.HCl
® 2-aminobenzophenone ®) F
N DCM i} o) NH O
F 0°C, 5 min
45°C, 24 h
94
96

The reaction between the (R)-1-(2-fluorobenzyl)pyrrolidine-2-carboxylic acid 94 and 2-

aminobenzophenone was carried out under the same reaction conditions and the reaction
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was scaled up to 25 g. The reaction was monitored by *°F NMR spectroscopy to show a
single peak for the pure product at —117.5 ppm. The product was purified via column
chromatography and recrystallization from hexane and a few drops of ethyl acetate, and
was isolated in a 78 % yield as pale orange crystals. It was further characterised by H
NMR and *C NMR spectroscopies, and by HRMS-ESI mass spectrum which showed a
characteristic peak at 403.1822 (calcd for CasH24N202F" [M+H™] 403.1822) (A = 0.0
ppm); HPLC (OD-H column, hexane (5 %)/'PrOH isocratic): 13.05 min. A single crystal
X-ray structure determination was carried out on crystals grown by slow evaporation of
a solution of the compound in ethylacetate which confirmed the chirality of the pre-ligand
as (R) (Figure 2.4).

Here, both enantiomers have been synthesised which allows a comparison to be made
between the S and R compounds. The chiral HPLC showed distinct peaks for the two
enantiomers at 15.2 and 13.5 minutes respectively; there is a different retention time for
each. When the two enantiomers are mixed, the chiral HPLC reveals both peaks (Figure

2.6). The X-ray structures of both enantiomers were also determined (Figure 2.5).
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b) R ligand 96

Figure 2.4: Crystal structure of compounds: 95 and 96
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2.5 Synthesis of Ni'' Schiff base complexes

o)
F_ o H

0 HN._O

0
dp 95 (S) or 96(R)

Ni(NO;),.6H,0

Valine

55(S,5), 97 (R.R)
99 % 99 %

101 (S, 5), 102 (R, R)

KO'Bu  methanol 98 % 93 %

50 °C w\
1.5h

then
70 °C

Glycine
O
Y
H

N--Ni._
P
TS

56 (S), 988 (R)

phenylalanine

1.5h

91 % 92 %

100 (S, S)
0
F o H 98 %
N--Ni__
{ TN
99 (S, S) o N rk‘
99 %

We were particularly interested in advancing the chemistry of Ni' complexes of amino
acid derived Schiff bases. The complexation of compounds 95 (S) or 96 (R) was carried
out using nickel nitrate under basic conditions using the modified procedure of Jamieson
by using freshly ground KO'Bu instead of KOH in methanol in the presence of a series
of amino acids (glycine, alanine, valine, leucine, and phenyl alanine) to give the nickel
Schiff base complexes. KO'Bu was used because it is easier to dissolve in methanol than
the KOH pellets. Different types of amino acid were used which have different side
chains. In general, this method gave more than 91-99 % yield for the complexation
reaction as red crystals. All the complexes were formed in high purity and with excellent
diastereoselectivity from 98 % to more than 99 % de. Only the glycine complexes needed
to be purified using column chromatography. The progress of the reactions was
monitored with °F NMR spectroscopy and by TLC. The °F NMR showed a
characteristic peak for each complex. Mass spectrometry, 'H NMR and *C NMR

spectroscopy provided the evidence for the formation of the complexes (Table 2.2).

(S)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-phenyl}phenyl
methylene)-alaninato-N,N’,N",0} nickel™ 55 has been obtained in a 99 % yield. The
product was identified with **F NMR spectroscopy, which showed a single peak at -113.9

ppm
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(R)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-phenyl}phenyl
methylene)-R-alaninato-N,N’,N",0} nickel' 97 has been prepared in a 99 % yield. The
complex was identified via °F NMR spectroscopy, which showed a single peak at -113.9

ppm and by *H NMR and 3C NMR spectroscopies and mass spectrometry..

(S)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-phenyl}phenyl
methylene)-glycinato- N,N’,N",0} nickel(Il) 56 has been synthesised in a 91 % yield.
The product was indicated via °F NMR spectroscopy, which showed a single peak at —

113.7 ppm and by *H NMR and *C NMR spectroscopies and mass spectrometry.

(R)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-
phenyl}phenylmethylene)-glycinato-N,N’,N",0} nickel” 98 has been achieved in a 92
% yield. The product indicated via ‘°F NMR spectroscopy, which showed a single peak
at -113.6 ppm and by *H NMR and 3C NMR spectroscopies and mass spectrometry.

(S)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-phenyl}phenyl
methylene)-phenylalaninato-N,N’,N”,0} nickel™ 99 has been achieved in a 99 % vyield.
The product identified via 1°F NMR spectroscopy, which showed a single peak at -113.9
ppm and by *H NMR and *3C NMR spectroscopies and mass spectrometry.

(S)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-phenyl}phenyl
methylene)-(S)-leucinato-N,N’,N"”,0} nickel™ 100 has been achieved in a 98 % yield.
The product identified via *°F NMR spectroscopy, which showed a single peak at -113.9
ppm and by *H NMR and *3C NMR spectroscopies and mass spectrometry.

(S)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-phenyl }phenyl
methylene)-S-valinato-N,N’,N",0} nickel 101 has been achieved in a 99 % yield. The
product identified via *°F NMR spectroscopy, which showed a single peak at -113.8 ppm
and by *H NMR and *C NMR spectroscopies and mass spectrometry.

(R)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-phenyl}
phenylmethylene)-R-valinato-N,N’,N”,0} nickel! 102 has been achieved in a 94 %
yield. The product identified via 1°F NMR spectroscopy, which showed a single peak at
-113.8 ppm and by *H NMR and *3C NMR spectroscopies and mass spectrometry.
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Table 2.2: General Complexation Reactions

R
R
o) H

OHN_O Ni(NOy),.6H,0 &-Nﬂ
- > i N R
d N KOH 0 m
F Methanol
95

Entry  Compound Aminoacid  dr(S:R) Product °FNMR  Yield

(%)
1 S-ligand glycine - 55 -113.93 99
2 R-ligand glycine - 97 -113.91 99
3 S-ligand L-alanine 98:2 56 -113.65 91
4 R-ligand D-alanine 98:2 98 -113.63 92
5 S-ligand L-phenylalanine 99:1 99 -113.92 92
6 S-ligand L-leucine 99:1 100 -113.94 98
7 S-ligand L-valine 99:1 101 -133.80 99
8 S-ligand D-valine 98:2 102 -113.82 94

Forming crystals suitable for X-ray crystallography studies was achieved for the
compounds 55, 97, 99-102, (Figure 2.6). Their solid-state structures showed a Ni'' centre
supported by an unsymmetrical N, N, N, O pincer ligand in a distorted square planar
geometry. The bond lengths and angles around nickel are compared in Table 2.3, and
show only slight differences between the complexes which are than 0.03 A. These data
are comparable to those seen for other Ni' Schiff base complexes. The Ni(1)-N(2) bond
lengths showed the longest in 97 is 1.857(5) A, however, the shortest shown in 55 is
1.825(7) A, The Ni(1)-O(1) bond lengths showed the longest in 55 is 1.872(5) A, however
the shortest was shown in 101 and is 1.851(2) A. The Ni(1)-N(1) bond lengths showed
the longest in 100 is 1.852(5) A, however the shortest shown in 97 is 1.835(5) A. The
Ni(1)-N(3) bond lengths showed the longest in 100 is 1.942(5) A, however the shortest
shown in 97 and is 1.835(5) A. Furthermore, these determinations show that the
intramolecular interaction between the Ni'' and the fluorine atom on the benzyl group are
all different and all longer than that reported by Jamieson.*® All the bond angles around

the Ni' centres showed some deviation from the right angle expected for a regular square
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planar coordination geometry. Overall the angles are within + 5° of the right angle. As

expected, the angles are all slightly strained due to presence of the heteroatoms in each

corner of the square (Table 2.3).

Table 2.3: Key bond lengths (A) and angles (°) for 2.5, 2.6, and 2.9-2.12

punodwo)

97
99
100
101
102

punodwo)

97
99
100
101
102

Ni(1)-N(2)

1.825(7)
1.857(5)
1.833(4)
1.840(5)
1.847(3)
1.833(4)

o(1)-
Ni(1)-
N(@3) A
91.2(3)
92.3(2)
91.97(18)
91.58(19)
92.22(10)
91.97(18)

NG)

E

Ni(1)-O(1)

1.872(5)
1.861(5)
1.857(4)
1.854(4)
1.851(2)
1.857(4)

N(2)-
Ni(1)-
N(@3) B
87.4(3)
86.4(2)
87.06(19)
86.7(2)
87.06(11)
87.06(19)

Bond Lengths (A)

Ni(1)-N(1)  Ni(1)-N(3)

1.836(6)
1.835(5)
1.837(4)
1.852(5)
1.843(3)
1.837(4)

Bond Angles (°)

o(1)- N(2)-
Ni(1)- Ni(1)-
N@)C  N@)D
86.7(3)  94.9(3)
86.8(2)  94.5(2)

1.925(7)
1.940(6)
1.934(4)
1.942(5)
1.935(3)
1.934(4)

N(2)-
Ni(1)-
O(1) E
177.0(3)
178.2(3)

86.57(18) 94.36(19) 178.4(2)

86.80(18)  94.9(2)

86.49(10) 94.25(11)

178.3(2)

86.57(18) 94.36(19) 178.4(2)

57

178.9(11)

Ni(1)...F(1)

3.1
3.1
3.1
3.1
3.0
3.1

N(L)-

Ni(1)-

N(3) F
175.3(3)
179.1(3)
177.8(2)
177.2(2)
177.7(11)
177.8(2)
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C) Phenylalanine complex 99 (S, )
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F) Leucine complex 102 (S, S)

Figure 2.6: Crystal structure of compounds: 55, 97, 99-102
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2.6 Conclusions

The synthesis of both S and R 1-(2-fluorobenzyl)pyrrolidine-2-carboxylic acid 2.1 and
2.2 as a white crystals, in high purities, has been achieved by recrystallization from

acetone.

Synthesis of the ligands 95 and 96, as pure, with high enantiomeric purity (>99 %) has
been achieved by a modification of the Jamieson method by increasing the equivalents
of N-methylimidazole to 3.2 and by increasing the reaction time to 24 h. Here,

enantiomers were distinguished via chiral HPLC.

Synthesis of the eight examples of Ni'' Schiff base complexes from the pre-ligands, a
nickel(I1) salt and an amino acid has been achieved. Some of these are diastereoisomers
of others, such as: (S,S) 55 and (S,R) 97; (S,S) 101 and (S,R) 102; (S,S) 56 and (S,R) 98.
The diastereoisomers will be used in the alkylation reaction and aldol reaction in Chapters
3 and 4 for the synthesis of unnatural amino acids and to study any effect of steric

hindrance on the reactivities of these complexes.
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3.1 Introduction

Alkynyl amino acids have found extremely wide application in peptide synthesis by use
in (i) click reaction, (ii) synthesis of 1,3-dyne dimer, (ii) synthesis of macrocyclic
peptides. The newest field for the alkynyl amino acids is using the Sonogashira reaction
to modify the alkynyl derivatives. In general, there are two types of amino acid that have
been used for these reactions with different lengths of the side chain of the amino acids
(Figure 3.1).

H,N—{ R
R=H, CH, COOH

n=1,2,3

Figure 3.1: Types of alkynyl derivitives of amino acids

3.2 Synthesise of alkynyl derivatives of amino acids

In 2015, Langer and co-workers introduced the synthesis of optically pure alkynyl amino
acids derivatives ((S)-2-amino-5-pent-4-ynoic acids) using different procedures to
synthesise the new amino acid via alkylation. They synthesised ((S)-2-amino-5-pent-4-
ynoic acids) by an alkylation reaction on the glycine Ni' Schiff base complex under
phase-transfer conditions (PTC) followed by Sonogashira coupling reactions
(Scheme 3.2)**® with either aryl bromides and or 1,4-dibromobenzene to synthesise the
dimer. The products were shown to be good selective inhibitors for both ALR1 (aldehyde
reductase) and ALR2 (aldose reductase), enzymes which play important roles in the

polyol and glucose metabolism pathways (Scheme 3.1).%%7

62



Chapter 3

Br/\

BuyNI, NaOH (30 %),
3-bromopropyne,

|
o’ N DCE, 20 °C (2) MeONa, o N
MeOH, 20 °C
27 s 103
O- ArBr
(12cq)
» A

MeOH (10 ml),
HCI (12 M, 1.5 ml),
H,O (5 ml), 60 °C, 20 min.

MeOH (10 ml),
HCI (12 M, 1.5 ml),
H,0 (5 ml), 60 °C, 20 min.

7N
.
Y
-
=]
=
-

HO,C 107 COH

CO,H

105

A= Pd(PPh;), (5 mol %), Cul (10 mol %), HNiPr, (1 ml/0.25 mmol),
1,4-dioxane (1 m1/0.25 mmol), 90 °C, 3—4.5 h.
Ar = Phenyl, 4-Fluorphenyl, 4-Chlorophenyl, 4-(Trifluoromethyl)phenyl, 3-Methoxyphenyl,

Scheme 3.1: Synthesise of mono and bis-aryl-alkyne amino acids by Sonogashira
Coupling reactions

R;NH, X
RIX L 32
|
Ri=Pd-X Cu—=R,
L RN
Pd’L, R,
H—--Cu*X
H
G
—P — x- el
R—=R, Ry E R, Cu'X H R,

L= phosphane, base, solvent or alkyne

Scheme 3.2: Sonogashira coupling reaction mechanism
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In 2014, Soloshonok and co-workers*®® presented the synthesis of different types of the
alkynyl amino acids, such as (2-aminohex-5-ynoic acid), and fluorinated amino acids
using a different type of glycine Ni'"' Schif base derivative. The reaction was carried out
under PTC conditions and used a few different alkynyl halides to synthesis the amino
acid derivatives. The reactions gave good yields, with high diastereoselectivity (>98 : 2

dr), as determined by *H NMR spectroscopy (Scheme 3.3).

Fo 0 o) © R
H — .
e e A
‘N <
N ! R 1\1 | R,
o) o)
R1= 108 H,C—C=CH (yield= 89 %, 98 : 2 dr)

R=55 H, 56 CH,
109 H,C—C=C—CH,—CH; (yield=81 %, 98 : 2 dr)

Scheme 3.3: Synthesis alkyne amino acids

Many researchers have investigated methods to increase the side chain length of the
alkyne by introducing alternative spacer groups,'® either by acylation or alkylation
reactions. In general, the alkylation reaction was carried out on the side chain of protected
amino acids such as serine!®® 14!, threonine'#? and tyrosine'*® (Figure 3.2), whilst the
acylation reactions were performed on acidic or basic amino acids such as lysine, aspartic

acid and glutamic acid.*®

R'HN_ _COOR? R!HN_ _COOR?2 R!'HN_ _COOR?

T

\[O/\ S/\

110 111

O/\

R!= Boc, Fmoc

R2_ Bn, Me

Figure 3.2: Derivitives of amino acids: a) serine b) threonine c) tyrosine

Rutjes and co-workers have prepared alkynyl amino acids by alkylation of methyl-N-

(diphenylmethylene)glycinate or by Strecker reaction and subsequent partial hydrolysis
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of the cyanide to the amide (Scheme 3.4).1* The racemic mixture of the amino acids was
treated with Pseudomonas putida ATCC 12633 and a genetically modified

Strecker Reactions ~
/\R B + R
HO R a,b j\ H d /\R
e
NN N ey [ (" — NTTcon, S
N NH H,N~ “CONH,
113 Ph
(0]
114 116
Ph 115
Alkylation
R
Ry
T~ j\ d AR
—_—
Br R N >CcoMe T
\ H,N” “CONH,
Ph Ph
117
118 119
R~ C=—CH;, C=CH
R= C=—CH;, C=CH, H,C—==—CH,

Reagents: (a) (COCI),, DMSO, Et;N (b) NaCN, NH,Cl, 25 % NHj; in H,0
(¢) NaOH, PhCHO, 25 % NH; in H,0 (d) Me,CO, HCI (con.).

Scheme 3.4: Synthesis of amino acid via Strecker reaction and alkylation reaction

organism, leading to the enantiomers pure (S)-acids and (R)-amides. The main
significance in this paper was being able to scale up the enzymatic pathways route to

form enantiomerically pure un-natural amino acids (Scheme 3.5).

R aminopeptidase R R
)\ from /_'\ )\
H,N~ “CONH, > N
N 'CONH, " H,N” >COOH
) Pseudomonas 121
120 racemic putida R 122 §
A ATCC 12633
PhCHO
— R R
1) HO o : 1)H' /H,0 E
~=N""CONH, >  H,N” “COOH
+ 2) HCI, heat
2)H /H,0
123 R 124 R

Scheme 3.5: General biocatalytic pathway
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3.3 Aims of Chapter 3

The fundamental aim of the work in this chapter is the synthesis of novel enantioenriched
mono- and di-substituted alkynyl amino acids by the use of chiral Ni'' Schiff base
complexes. New types of alkynyl amino acids have become one of the main target in
peptides synthesis. The unnatural amino acids afford new starting materials to prepare
new peptidomimetics for exploration and for use as staples to stabilise peptide structures.
Some alkynyl amino acids are commercially available, but these contain small side chains
such as propargylglycine and 2-aminohex-5-ynoic acid. For peptide stapling, the distance
between the positions i, i+4, i, i+7 and i, i+11 (used to make the 1,3-diyne bonds) are
longer than the length of the side chains in these amino acid, such that they are only
suitable for creating peptides (eg. dimer'®; Scheme 1.13) or macrocyclic peptidest!
(Scheme 1.14) not staple-bridged peptides. Here, different chain lengths are needed for
different types of alkynyl amino acids, all with high diastereoselectivities. The longer
side chains will be used to synthesise novel 1,3-diyne stapled peptides, and different long
side chains are required for different positions in the peptides: i, i+4, i, i+7 and i, i+11
(Figure 3.3). Three types of iodoalkyne have been used in the alkylation reaction in this
work (C5, C6, and C7) to generate side chains on the glycine, alanine, valine, leucine and
phenylalanine Ni'' Schiff base complexes. The glycine and alanine derivatives C6 and C7
have been synthesised with good yields and excellent diastereoselectivities, and,
therefore, these have been selected for the synthesis of the novel 1,3-diyne stapled

peptides.

66A

101A

Figure 3.3: Distances between i, i+4, i, i+7 in peptide a-helix
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3.4 Synthesis of the iodoalkyne electrophiles

Li salt (trimethylsilane acetylene)

T
\/\/\/ hexamethylphosphoramide R _— \/\/\/
THF cl
-30 °C, 10 min. 126
3h, 1t
85 %
\\ K,CO,4
acetone cl methanol
° 48 h, rt
80 °C,48 h 127
66 % 81 %
NaH MsCl, TEA
A/\ - 2" on
H,N
2 \/\NHZ DCM
130 o .
82 % 0°C, 15 min
45 °C, overnight
Nal

= T oM
P =

acetone
45 °C, overnight
83 %
(over 2 steps)

128 131

The key starting materials required for the preparation of the alkynyl derivatives of amino
acids are the electrophilic alkynyl iodides: 5-iodopent-1-yne (C5) and 7-iodohept-1-yne
(C7). In contrast, 6-iodohex-1-yne (C6) is commercially available. Whilst bromoalkynes
have been used in the alkylation reaction of Ni'' Schiff base complexes in the previous
studies, the iodoalkynes are stronger electrophiles than either bromoalkynes or
chloroalkynes, which is related to the electronegativity of the halides (I>Br>Cl). 7-

lodohept-1-yne (C7) has been prepared by two methods:
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3.4.1 Method A

Here, the synthesis of 7-iodohept-1-yne was carried out in three steps according to a

literature procedures from 1-chloro-5-iodopentane.'®®

3.4.1.1 Synthesis of 7-chlorohept-1-yn-1-yl trimethylsilane

Li salt (trimethylsilane acetylene) ~_ /
[ hexamethylphosphoramide _— Si
R N
Cl THF Cl
125 -30 °C, 10 min. 126
3h, 1t

Hexamethylphosphoramide (HMPA) was added to dry THF then 1-chloro-5-iodopentane
125 was added to the reaction mixture. HMPA was used as both a Lewis base catalyst for
the reaction*® as well as the solvent. It is a highly polar solvent and aprotic solvent. The
iodine is more reactive than the chlorine in nucleophilic substitution reactions of alkyl
halides.!*” A commercially available 0.5 M solution of the lithium salt of trimethylsilyl
acetylene in THF was added to the reaction mixture dropwise at low temperature, before
the reaction mixture was allowed to warm to room temperature to improve the yield. The
reaction was monitored by GC every 30 minutes until all the starting material had been
converted. A saturated aqueous ammonium chloride solution was added to quench the
reaction mixture. The reaction afforded 91 % of the crude (7-chlorohept-1-yn-1-
yhtrimethylsilane 126 which was higher than the reported literature value of 76 %. Mass
spectrometry showed a peak in the ESI"™-MS spectrum at m/z 202 as expected for the
product as M+H*. *H NMR spectroscopy showed that the triplet peak at 3.1 ppm in the
starting material, which is assigned to the CH2 neighbouring the iodine, had disappeared
and a singlet (integral 9) at 0 ppm for the SiMes group had appeared. Purification by
column chromatography was extremely hard because the product and the starting material

are not UV active.
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3.4.1.2 Synthesis of 7-chlorohept-1-yne

Si K,CO
- \\ — » \\\/\/\/Cl
Cl
methanol
126 48 h, rt 127

The crude product (7-chlorohept-1-yn-1-yl)trimethylsilane 126 was added to a solution
of K2COz in methanol at room temperature and the terminal alkyne group generated by
removal of the protecting group ’’SiMez’’ (TMS) under these basic conditions. The
reaction was monitored by GC which showed that the reaction was not complete during
the time detailed in the literature. So, the reaction time was increased from overnight to
48 h at room temperature to give the target terminal acetylene 127 in good purity in 86
% yield. The ESI*-MS spectrum gave a peak at m/z 131 for the product assigned as M+H",
whilst the *H NMR spectroscopy showed the disappearance of the singlet (integral 9) at
0 ppm for the SiMes group.

3.4.1.3 Synthesis of 7-iodohept-1-yne

\\\/\/\/Cl —>Nal \\\/WI
acetone
127 80 °C, 48 h 128
The main reason to carry out this reaction is that, for alkyl halides, iodides react faster
than chlorides, which is necessary in the alkylation reaction of the Ni'' Schiff base
complexes.'*® In other words, the iodide is a better leaving group than the chloride in
alkylation reactions. The reaction to form the alkyl iodide is known as the Finkelstein
reaction; it is an Sn2 nucleophilic substitution reaction. Nal is soluble in acetone that
gives | . Crude 7-chlorohept-1-yne 127 was dissolved in acetone as an aprotic solvent.
The reaction mixture was stirred in a sealed tube at 80 °C for 48 h; the reaction was done
under high pressure to reduce the time and to increase the conversion. The reaction was
monitored by GC to complete conversion. The solvent used for extraction was changed
from ethyl acetate that was described in the literature to diethyl ether, to allow easier
removal in vacuo. *H NMR spectroscopy showed the appearance of a triplet peak at 3.1
ppm for the CH2 group neighbouring the iodine. In contrast, the triplet peak at 3.4 ppm
for the CH2 group neighbouring the chlorine had disappeared. The final alkynyl iodide

was isolated in an 81 % vyield and used in the subsequent alkylation reactions without
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further purification. The product was an oily pale-yellow colour. However, method A
used here to synthesise 7-iodohept-1-yne 128 from 1-chloro-5-iodopentane 125, the
product could not be purified and, therefore, it was used as a crude product in the
alkylation reactions with the Ni'' Schiff base complexes.

Cl

©
Na1 o — M X
® *:____J/_—J/_ixt:: — Q§§\\v//\\¢/”\\//1 +  NaCl

127 128

Scheme 3.6: Alkylation substitution reaction.

3.4.2 Method B

An alternative strategy involved the synthesis of 7-iodohept-1-yne according to a
different literature procedure from hept-2-yn-1-ol via the Zipper reaction.}*® In 1975,
Brown and Yamashita demonstrated the first alkyne Zipper reaction using potassium 3-
aminopropylamide (KAPA), which had been prepared immediately from potassium
hydride as a strong base and 3-aminopropylamide in dry trimethylenediamine solvent.>°

The synthesis was carried out in three steps:
3.4.2.1 Synthesis of hept-6-yn-1-ol 130
NaH

///\\//A\\S§§\\/i)}[ é22(/~\\//~\\//~\cn{

129

Sodium hydride (60 % in mineral oil) was added, in small portions due to the exothermic
reaction, to ethane-1,2-diamine at 0 °C under nitrogen. Hept-2-yn-1-ol 129 was added at
40 °C and the reaction monitored by TLC and stained with potassium dichromate. When
100 % conversion of the starting material was achieved, the reaction mixture was
quenched with water followed by 2 N HCI at 0 °C, since the acid-base reaction is
exothermic; the reaction generates hydrogen gas, NaCl and N1,N2-dichloroethane-1,2-
diamonium salt. After extraction with diethyl ether, the combined organic phases were
extracted with Na>2SO4 to remove unreacted ethane-1,2-diamine, which is water soluble.
After purification by flash column chromatography hept-6-yn-1-ol 130 was obtained in
an 80 % yield. *H NMR spectroscopy showed a triplet at 3.1 ppm has appeared, which is
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assigned to the CH=C and a triplet peak at 0.96 ppm had disappeared, which is related to
the CHs group (Scheme 3.7).

HN) I:I K' k HN) @IK HN)

_,H)

L H—>R>
Rﬂ %tH H R%

H H HH l

/—.\—H <
H*/H,0

N :) : <O ; = HHH

Scheme 3.7: Mechanism of the alkyne zipper reaction

3.4.2.2 Synthesis of 7-iodohept-1-yne 128

MsCl, TEA

/\/\/\OH
é DCM

130 131 128

The hydroxyl group is not a good leaving group, so methanesulfonyl chloride in DCM,
in the presence of triethylamine as a base, was used to convert create a good leaving
group. An excess of methanesulfonyl chloride (1.5 eq.) was added to ensure 100 %
conversion of the starting material. The reaction was quenched with water to get rid of
the excess of methanesulfonyl chloride. The crude product was then used in a Finkelstein
reaction to form the desired alkyliodide by reaction with Nal in acetone. The crude oil
product was purified by Biotage column chromatography (hexanes/ethyl acetate 80:20)
to obtain the product, 7-iodohept-1-yne 128, in 84 % vyield. *H NMR spectroscopy
showed the appearance of a triplet peak at 3.2 ppm for the CH> group neighbouring the
iodine. The product was also identified by LC-MS and HRMS-ESI mass spectrometry
with an ion peark at 222.9979.
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3.4.3 Synthesise of 5-iodopent-1-yne 133

Acetone

132 133

KI

Y

Finkelstein reaction conditions were also used to synthesise 5-iodopent-1-yne from 5-
chloropent-1-yne. The progress of the reaction was monitored by TLC stained with
potassium chromate until 100 % conversion of the starting material was reached. The
crude oil product was purified via Biotage column chromatography (hexanes/ethyl
acetate 80 : 20) to obtain the product 133 in 99 % yield. The product identity was
confirmed by LC-MS and HRMS-ESI mass spectrometry with a parent ion peak at
194.9665 (calc. for [M+H]* 194.9671) (A = -3.1 ppm) and *H NMR spectroscopy.

3.5 Alkylation reaction

The initial aim was to synthesise novel unnatural amino acids via alkylation reactions
with different electrophiles, such as alkynyliodides and alkynylbromides, to generate
appropriate amino acids required for i, i+4 and i, i+ 7 peptide hydrocarbon staples. The
amino acids unsaturated moiety, with different side chain lengths, was the target for
subsequent peptide synthesis because of their wide scope through click reactions and 1,3-
dyne dimerisation. "® 147 15115 The key step of the alkylation reaction requires the
generation of an enolate, as an intermediate, at the beginning of the reaction. Several
bases, such as NaOH, KOH, NaH, NaOMe, NaO'Bu and KO'Bu, in different solvents,
such as DMF, acetonitrile, MeOH and DCM, have previously been used in this type of
study. The general mechanism, via the enolate,*>*%® shows the possibility for

diastereoselectivity (Scheme 3.8).1%8

In this work, the alkylation of various Ni'"" Schiff base complexes initially involved the

formation of the enolate, as an intermediate, under strong basic conditions, followed by
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addition of the electrophilic alkyl halide under Sn2 reaction mechanism. Generally, the
reaction could be optimised to give the desired products in good yields with high
diastereoselectivities (>95 : 5 dr). While many of the reactions used KO'Bu as base in
DMF, the results showed that the glycine Ni'" Schiff base complex required less harsh

reaction conditions.

— re-(back) —

o Base NaO'Bu)

Fo e R!- CH2
-0 solvent
N--Ni’_ — —-N1 -Nl
{4 N R N
T @ 6‘@ °

si-(front)

Scheme 3.8: Possibility of alkylation reaction re or si substitution
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3.5.1 Alkylation of alanine Ni'' Schiff base complex

- F
CH --Ni’
|
0°C15min. O N N\
55 2h,rt
134
\/\/\/I
KO'Bu Q
0
N--Ni.__
0 °C 15 min. I\f N =
2h, rt o}

135

The alkylation of the alanine Ni'"" Schiff base complex has only one possibility because
the alanine already has one group substituted (Me) and has only one a-proton; so the
reaction can only form an unsymmetrical a,a-di-substituted product. When it was first
attempted with 4 equivalents of KO'Bu in DMF and 3 equivalents of the electrophile for
1 h at 50 °C,*® the reaction formed both the 2S diastereoisomer (major) and 2R
diastereoisomer (minor) as a mixed product. The reaction conditions were modified by
increasing the time to 2h at room temperature. The reaction gave pure 2S diastereocisomer
in a good yield.

The reaction was scaled up under the optimum conditions to 4.2 g of alanine Ni" Schiff
base complex with 6-iodohex-1-yne to synthesis compound with high diastereoselectivity
(>99 : 1 dr) in 64 % yield. Similarly, 7-iodohept-1-yne was used to synthesis 134 under
the scaled up optimum conditions using 3.5 g of the alanine Ni"' Schiff base complex to
form the disubstituted complex in a 70 % yield and with high diastereoselectivity (>98 :
2 dr).
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& c8A C12A

Figure 3.4: X-ray crystallography for the compound 134
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3.5.2 Alkylation of glycine Ni'' Schiff base complex

F
H _ .
N ) N--Ni.
G THF & LN
0 °C 10 min. o N H\' N\

10 min ,rt

64%

F o
H
THF @I\:_Ni\
4 N —
0 °C 10 min. o TN =
10 min ,rt

76 % 137

During the alkylation of glycine Ni'' Schiff base complexes there are two possibilities for
substitution because there are two hydrogen atoms on the a-carbon. The reaction can be
controlled, by the use of different bases with different pKas, to form either the a-mono-
or the a,a-di-substituted product. The first a-proton has pKa 11, which can be easily
deprotonated under basic conditions, whilst the second a-proton has a higher pKa of 15.48
When the glycine Ni'" Schiff base complex was first reacted under the literature
conditions, 4 equivalents of KO'Bu in DMF and 3 equivalents of the 6-iodohex-1-yne
(electrophile) at room temperature for 15 min,*® the reaction gave a mixture of both a-
mono- and a,a-di-substituted alkylation products. The product was shown to be a mixture
(2.2:1) by °F NMR spectroscopy. Attempts to obtain pure products from this mixture
were not successful because they have nearly identical Rrvalues (0.19) ina EtOAc : DCM
1:1 eluent system. The main reason a mixture was obtained here is that the alkyl iodide
is more reactive than the alkyl bromide used in the literature.?” Decreasing the reaction
time to 5 min gave a similar result (Table 3.1, Entry 2). Reducing the amounts of the
electrophile to 2 equivalents and 1.2 equivalents also gave similar results (Table 3.1,
Entries 3 and 4). These results are similar to those reported by Belokon and co-workers
for the alkylation reaction, however they used NaH as the base and reported a 70 % yield
of the bis-substituted product.®” Changing the solvent to MeCN with 2 or 1 equivalents
of the alkyl iodide gave similar results (Table 3.1, Entries 5 and 6), whilst reducing the
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electrophile to 1 equivalent and the KO'Bu to 1 equivalent in MeCN gave the mono-
substituted product, but in a low conversion (23 %) and with many other unknown side
products which made it difficult to purify (Table 3.1, Entry 7). On changing the solvent
to THF (Table 3.1, Entry 8), the amount of side products had been reduced and that the
product had been formed with excellent diastereoselectivity (>90 : 10) in a good yield

after a short reaction time (5min.).

Table 3.1: Alkylation of glycine Ni'' complex

F (O&H F 0
N---Nil__ KO'Bu, rt N---Nil_ H
& / ‘II\I H > & /I N
(0] m Solvent o) Ni yk < \\\\
56 136
Entry  Electrophile KO'Bu(eq.) solvent Time Product
(eq.) (min.) (S:R)
1 3 4 DMF 15 1.75: 1
2 3 4 DMF 5 2.16:1
3 2 4 DMF 5 2.2:1
4 1.2 4 DMF 5 2.1:1
5 2 4 MeCN 5 55:1
6 1 4 MeCN 5 6.5:1
7 1 1 MeCN 5 8.5:1
8 1 1 THF 5 51:1

The reaction was scaled up under the optimum conditions to 4 g of the glycine Ni'" Schiff
base complex and 6-iodohex-1-yne to synthesise the mono-substituted amino acid (136)
with high diastereoselectivity (>95 : 5 dr) in a 64 % yield. Similarly, using 0.9 equivalents
of 7-iodohept-1-yne (to reduce the possibility of forming the disubstituted complex) was

used to synthesis 137 under the optimum conditions on a 5 g scale.
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Crystals suitable for X-ray crystallographic analysis were achieved for the compounds
134 and 135 (Figure 3.5). The solid-state structures of these compounds showed that they
adopt square planar geometries related to the parent Ni'' complex. The Ni'' centres are
coordinated by unsymmetrical N, N, N, O pincer ligands, with a distorted square planar

geometry in which the Ni-X bond lengths and the bond angles are nickel are not equal.

a) Solid-state structure of C6(H) 136
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c26 car

c13

c12

b) Solid-state structure of C7(H) 137

Figure 3.5: X-ray crystal structures for the compounds 136 and 137

Crystals suitable for X-ray crystallographic analysis were analysed for 134 (Figure 3.4).
Selected bond lengths and bond angles for 134, together with those for the related
glycine-containing complexes 136 and 137, are given in Table 3.2. For 134, there are two
slightly different complexes within the unit cell, but both show the nickel" metal centre
supported by an unsymmetrical N, N, N, O pincer ligand in the anticipated distorted
square planar geometry. The crystallographic showed the Ni(1)-N(2), Ni(1)-N(3) and
Ni(1)-O(1).bonds length are longer in complex 137 1.848 A, 1.941 A and 1.857 A
respectively more than in the 134 and 136 complexes. Wilts in the 134 complex showed
Ni(1)-N(1).bond length 1.872 A, which is longer than the length bond in 136 and 137
complexes (Table 2.2) , however, the bonds are between the same element and in same
type of the complexes. Moreover, the angles was also different between them, complex
134 showed the largest angle in N(2)-Ni(1)-N(3) and N(2)-Ni(1)-O(1) angles 87.4(2) and
177.1(2) respectively than in the 136 and 137 complexes. wilts complex 136 showed the
largest angle in O(1)-Ni(1)-N(1) and N(2)-Ni(1)-N(1) angles 87.7(2), and 97.4(3)
respectively than in the 134 and 137 complexes. While the 136 complex showed the
larger angles in O(1)-Ni(1)-N(3) and N(1)-Ni(1)-N(3) 92.37(3) and 175.8(2) than 134
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and 136 complexes. The solid states for compound 134 as a dimer and the F-Ni" showed

different lengths 3.153 and 4.417 (A).

Table 3.2: Comparison between bond lengths and angles around the Ni'' centres for
compounds 134, 136 and 137

Bond Lengths (A)

punodwo)

Ni(1)-N(2)  Ni(1)-0(1)  Ni(1)-N(1)  Ni(1)-N3)  Ni(1)...F(1)

134 1.832(5) 1.849(4) 1.872(5) 1.919(5) 4.417(6)
& 3.153(6)

136 1.843(6) 1.841(5) 1.855(6) 1.942(6) 2.985(5)

137 1.848(4) 1.857(4) 1.865(4) 1.941(5) 3.023(5)

Bond Angles (0)

O
3 ow N(2)- o(1)- N(2)- N(2)- N(1)-
2 Ni()-  Ni()-  Ni()-  Ni(Q-  Ni@)-  NiQ)-
NG)A N@B NOC NULD O1E NQF
134 919(2) 87.4(2)  86.6(2) 943(2) 177.1(2) 1748(2)

136 89.9(3) 858(3) 87.7(2) 97.4(3) 1729(3) 1725(3)

137 92.37(17) 85.77(19) 86.86(18) 95.22(19) 176.4(2) 175.8(2)
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3.5.3 Alkylation of leucine Ni'' Schiff base complex

O

\/\/\I
100 -
X
PTC \\fdirl
n=2,3
KO'Bu
0 O
((F.o
N
N

{ N
N, ‘AN

138, 139

“

F
N--Ni._
PR
N

(0] O

The general reaction procedure was used and also the optimum conditions were used in
attempts to synthesise compound 138 by alkylation of the leucine Ni' Schiff base
complex using the literature conditions (4 equivalents of KO'Bu and 3 equivalents of 6-
iodohex-1-yne in DMF at 50 °C) were unsuccessful (Table 3.3, Entry 10). The **F NMR
spectrum of the crude reaction product showed only unreacted starting material.
Changing the solvent to dry THF under the same good conditions (Table 3.3, Entry 2),
changing the temperature by increasing it to 70 °C for 2 h (Table 3.3, Entry 3) or by
decreasing it to room temperature for 2 h (Table 3.3, Entry 1) or to -30 °C for 4 h or
overnight (Table 3.3, Entries 4 and 5) had no impact on the reaction, with starting material

identified in all cases.

Alkylation under phase-transfer catalysis (PTC) conditions is a common alternative,
reaction method, first presented by Starks in 1971. In general, the reaction mechanism
has been shown to proceed in two ways: Starks’ extraction mechanism (Scheme 3.9, 1)*%°

and Makosza’s interfacial mechanism (Scheme 3.9, 2).1%°
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RH

+ - = + -
QX QR <7‘; Q HO
+
(organic phase)
H,0
(interface) ~ananne
(aqueous phase)
+ = +_ -
MOH + Q X ——= MX + Q H,0
1) Starks extraction mechanisum
+ - -_
RH Q “X QR
“ + )‘( L (organic phase)
+ -
e MOH + RH MR + H,0 MX QR ww (interface) wwmnnr
ﬂ (aqueous phase)

MOH

2) Makosa interfacial mechanisum

Scheme 3.9: The PTC reaction mechanisum 1) Starks extraction mechanism 2)
Makosza interfacial mechanism

Since the previous reactions had all failed, the PTC method was attempted as an
alternative approach for the alkylation of the leucine Ni"' Schiff base complex using the
literature conditions.*6! 162 Generally, these conditions are relatively mild and had
previously led to formation of mono-alkylation products.®> However, here, a variety of
PTC conditions were attempted in order to promote this alkylation reaction. Decreasing
the reaction temperature, using tetrabutylammonium bromide (TBAB) or
tetrabutylammonium fluoride (TBAF) as phase-transfer catalysts with 30 % aqueous
NaOH and DCM, or increasing the reaction time, failed to give product in all cases
(Table 3.3, Entries 6-9).
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){O cat. Q+*)Z (0
:§:Nva§01<+ RX = #N%o‘g‘

solvent, MOH

asymmetric
induction O

8
O
FnSog s TNy
/\MX Q+*)Z

RN

o
a :§:N\/\O M
b

+ (organic phase)

Mww(interface) NN
Y (aqueous phase)

MOH H,0

MX

+ - + +
Q*R + R-X—» R-R + Q*X

Scheme 3.10: Alkylation reaction leucine Ni'" Schiff base complex under PTC
conditions (refer to Scheme 3.10 in the text)

Returning to the general conditions (3 equivalents of electrophile and 4 equivalents of
base in DMF solvent) but at low temperature (0-5 °C) (Table 3.3, Entry 11) was also
unsuccessful. Reducing the temperature further to -30 °C and leaving the reaction at this
temperature for much longer (48 h) finally generated the desired product. Analysis by '°F
NMR and *H NMR spectroscopy showed the crude product to be 1: 1 mixture of
diastereomers in a 56 % conversion. On scaling the reaction up to a 1 g scale, the yield
was increased to 66 %. The °F NMR spectrum showed two peaks for the crude
diastereomeric mixture: S, S (-133.9): S, R (-113.7) ina 2.9 : 1 ratio. Unfortunately, these

diastereomers could not be separated by flash column chromatography.

Table 3.3: Alkylation of leucine Ni'" Schiff base complex with 6-iodohex-1-yne
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Entry  Electrophile

(eq.)
1 3
2 3
3 3
4 3
5 3
6 3
7 3
8 3

Base (eq.)

(4) KO'Bu
(4) KO'Bu
(4) KO'Bu
(4) KO'Bu
(4) KO'Bu
(1)TBAI,
NaOH 30 %
in 5 ml,
(1)TBAI,
NaOH 30 %
in5ml
(1)TBALI,

NaOH 30 %

in 5 ml

Chapter 3

solvent  Time
(h)

THF
THF 2
THF 2
THF 4
THF 18

DCM/ 4
H-.O

DCM/ 4
H-.0O

DCM/ 18
H-.O

84

Temperature
(°C)

rt

50

70

rt

50

50

Outcome

n/r

n/r

n/r

n/r

n/r

n/r

n/r

n/r



10

11

12

13

14

15

Scale

up to
1g

w

w

(0.25TBAF  DCM/

NaOH 30 %

in5ml

(4) KO'Bu

(4) KO'Bu

(4) KO'Bu

(4) KO'Bu

(4) KO'Bu

(4) KO'Bu

(4) KO'Bu

H.O

DMF

DMF

DMF

DMF

DMF

DMF

DMF

18

24

48

48

50

0-5

Chapter 3

n/r

n/r

n/r

n/r

n/r

n/r

56 %

66 %

Changing the electrophile to 5-iodopent-1-yne using DMF at -30 °C for 48 h allowed the

desired product to be formed, but again as a crude diastereomeric mixture. Again,

purification by flash column chromatography was unsuccessful but a small amount could

be purified using the Biotage instrument. The two separated products were not pure but

one had an 11.8:1 ratio of the S, S : S, R diastereomers whilst the second has a 6.2:1 ratio

of the S, R : S, S diastereomers from °F NMR spectroscopy. The overall yield of the

products was 66 % when carried out on a 1 g scale.
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Table 3.4: Alkylation reaction for the leucine complex under different conditions

E o /\/\ -,

N o 1 = g
wl AT N
o N/ |N K'OBu, solvent H (S Nl\

(0] N/
00 O
. 138
Entry solvent Time (h) Outcome
1 DCM 24 n/r
2 DCM 48 n/r
3 DMF 24 n/r
4 DMF 48 66 %

3.5.4 Alkylation of phenylalanine Ni"' Schiff base complex

1(55 o) Q 7/; /Q
N--Ni’ F
@_ NJ(%CQ T KOBu N”Nif\o\ : O

° m g m

140 (S.5) 141 (S,R)

The general reaction procedure was used successfully in this alkylation reaction under
the same reaction conditions used previously (4 equivalents of KO'Bu and 3 equivalents
of 6-iodohex-1-yne in DMF at 50 °C) to synthesis compound 140 on a 1 g (of the
phenylalanine complex starting material) scale. The product was obtained in a good yield
(80 %) but with poor diastereoselectivity. The °F NMR spectrum showed the
diastereomers in a 1.8 : 1 ratio of the S, S (-114.6 ppm): S, R (-113.8 ppm). The main
reason for getting a mixture results from the steric hindrance of the benzyl group of the
amino acid which looks like one hand of the main rotor blade of a helicopter. However,
purification could not be achieved by column chromatography but the product was
purified using the Biotage instrument (EtOAc/DCM 1:1) to give the product 140, in a 68
% yield as a reddish-orange solid as the pure S, S diastereomer (-114.6 ppm) by *°F NMR
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spectroscopy. Moreover, the **F NMR spectrum of the residue showed a mixture of

diastereomers, although the majority was the S, R diastereomer.

The formation of crystals suitable for X-ray crystallographic studies was achieved for
both the purified S,S diastereomer of 140 and from the residue after separation of the S,R
diastereomer of 140 (Figure 3.6). These solid states structures of S,S 140 and S,R 141
diastereomers showed the expected Ni'' centre supported by an unsymmetrical N, N, N,
O pincer ligand in a distorted square planar geometry. The bond lengths and bond angles
around the Ni centres for both crystals were very similar, showing on minor differences,
which might be expected since the complexes are the same with only different chiral
centres at the a-carbon only (Table 3.5). However, the crystal structure showed

significant differences in the non-bonding F....Ni distances arising from the

configurational differences between the diastereomers.

a) Solid-state structure of 140 (S,S)
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c19

b) Solid-state structure of 141 (S,R)

Figure 3.6: Single crystal X-ray structures for showing a) (S,S) 140 and b) (S,R) 141
configurations
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Table 3.5: Comparison of bonds length and the angles around the Ni'' centres between
the a) (S,S) 140 and b) (S,R) 141 configurations for 140

Bond Lengths (A)

g
E
2 Ni()-N@)  NiD)-0() NN  Ni(D)-N@E)  Ni(l)...F(1)
140 8334y 1847(4)  1879(4)  1.952(4) 4,612
(S.5)
141 8aa(a) 1.838(3) 1.878(3) 1.946(3) 3.881
(SR) ' ' ' '
o Bond Angles (0)
3 o) N()- o-  N@-  N@-  NQO-
S Ni(1)-N@) Ni(1)-N@) Ni@)-  Ni)-  Ni(1)-  Ni()-
= A B N()C N@1)D OQ)E N(3) F
140 g934(18) 86.93(19) 87.61(17) 96.39(19 HoAr 178
(S.9) .34(18) 93(19) 61(17) 96.39(19) 18) (19)
141 173.06  177.49
01.47(13) 84.62(14) 87.73(13) 96.42(13)
(SR) (14) (14)
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3.5.5 Alkylation of valine Ni'' Schiff base complex

101, 102
KO'Bu KO'Bu
\/\fI
% o)
/ < F O
F O he
N"IIII\\N N
\
N
O

A

The general reaction procedure was followed in this alkylation reaction under the same
reactions conditions to synthesise new valine derivatives. All the reactions were
monitored by °F NMR spectroscopy, TLC and mass spectroscopy. Unfortunately, all of
the reaction conditions failed to yield alkylated products. This included (Table 3.6):
reactions at room temperature for 1 h and 2 h; increasing the reaction temperature to 50
°C for 2 h; decreasing the reaction temperature to 0 °C for 2 h; changing the solvent to
dry THF and repeat the other conditions that were used in the previous entries: the PTC
method under the literature conditions;%% 162 PTC using tetrabutylammonium bromide
(TBAB) or tetrabutylammonium fluoride (TBAF) as catalysts for 1, 2, 3 and 4 h; PTC
using tetrabutylammonium bromide (TBAB) at room temperature for 1 2, 3 and 4 hrs;
changing the electrophile from 6-iodohex-1-yne to  1-(bromomethyl)-4-
(trifluoromethyl)benzene for 1, 2 and 3 h. Unfortunately, all the reactions to obtain valine
Ni"' complex (S) derivatives under 27 different sets of conditions were unsuccessful.
Lastly, changing the complex from the valine Ni'' complex (S) to the valine Ni'' complex
(R) as a final alternative was investigated. The reaction mixture was heated for 2 h at 50
°C, but again this reaction was unsuccessful. Hence, all the reaction conditions showed
that it is too hard to alkylate, under either PTC conditions or in dry solvents, either the
valine Ni'" complex (S) or the valine Ni"' complex (R), using either alkyl bromides or

alkyl iodides as electrophiles.
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Table 3.6: Alkylation reaction with valine complex in different condition

/Q N Q, °

N---NiT N---

Entry Base (4 eq.) solvent Time(h) Temp.(°C)
1 KO'Bu DMF 1 rt
2 KO'Bu DMF 2 rt
3 KO'Bu DMF 1 50
4 KO'Bu DMF 2 50
5 KO'Bu DMF 1 0
6 KO'Bu DMF 2 0
7 KO'Bu THF 1 rt
8 KO'Bu THF 2 rt
9 KO'Bu THF 1 50
10 KO'Bu THF 2 50
11 KO'Bu THF 1 0
12 KO'Bu THF 2 0
13 (0.25) TBAF NaOH 30 % in5ml  DCM/H.0 1 rt
14 (0.25) TBAFNaOH30%in5ml  DCM/H,0 2 rt
15  (0.25) TBAFNaOH 30 % in5ml  DCM/H,0 3 rt
16 (0.25) TBAF NaOH 30 % in5ml  DCM/H.0 4 rt
17 (1 eq)TBAI, NaOH 30 % in 5 ml DCM/H20 1 rt
18 (1 eq)TBAI, NaOH 30 % in 5 ml DCM/H.0 2 rt
19 (1 eq)TBAI, NaOH 30 % in 5 ml DCM/H.0 3 rt
20 (1 eq)TBAI, NaOH 30 % in 5 ml DCM/H20 4 rt
21 (1 eq)TBAI, NaOH 30 % in 5 ml DCM/H20 4 50
22 (1 eq)TBAI, NaOH 30 % in 5 ml DCM/H.0 18 50

valine complex(R)
23 KO'Bu DMF 2 50
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3.6 Hydrolysis or decomplexation of Ni'' Schiff base complexes

3.6.1 Acidification hydrolysis

3M HCl1
F 0 CH, methanol

__N.‘
@ LN 90 %
A\

134

Generally, the Ni"' Schiff base complexes are stable under base conditions and, vice versa,
they are decomposed under moderately strong acids such as 1-6 N HCI.1%3 164 These
properties are significant factors for the creation of new amino acids via substitution
reactions under base conditions, such as alkylation, Aldol reaction and Mannich reaction.
The second step in this sequence is hydrolysis of the complexes to release the newly
formed amino acids; the side product is the ligand that can be re-used again. Mostly
researchers achieve the hydrolysis of the complexes in acidic conditions, such as HCI in
methanol heated to reflux for 30-60 min (Scheme 3.11). Here, a literature route to
decomplexation has been followed.*® 1 After hydrolysis, the ligand was removed from
the crude product by extraction three times with DCM. The most difficult step was the
separation of the aqueous layer mixture of components; these include the new amino acid
and Ni'" salts. The mixture was separated with an ion-exchange column used Dowex
50WX2 200 H™ resin and used specific eluents 20 % NHsOH-EtOH (1:1 (v/v)) as a liquid
carrier (base eluent) to purify the amino acid and leave behind the NiCl; salt on the
column. Generally, this method is cheap but it includes several steps in the workup to

obtain pure amino acids.
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Scheme 3.11: Hydrolysis of the complexes under acid conditions

Compound 134 was decomplexed under acidic conditions using HCI in methanol. The
red colour of the starting material changed to green during heating at reflux for 20-30

min, but the heating was continued for up to 1 h to ensure that all of the complex had
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decomplexed. The methanol was removed by evaporation leaving aqueous solution. The
ligand was removed by extraction with DCM. The aqueous layer was purified by column
chromatography with ion-exchange resin. Before attempting the separation, the resin was
washed with water: ethanol (1:1) which was checked with litmus paper until the pH
reached 7. The amino acid was purified with base eluents 20 % NHsOH-EtOH (1:1 (v/v)).
The pure fractions were collected and the solvent evaporated under high vacuum. The
identity of the product was determined by mass spectrometry and *H NMR spectroscopy.
Compound 143 was obtained and purified in an 84 % yield after ion-exchange and freeze
dried. It is important to keep the product in the fridge because the new amino acid is
unstable at room temperature. The same procedure was used to de-complex compound

142 to produce compound 144 in a 63 % vyield.

Table 3.7: Hydrolysis of the complexes under acid conditions

6] 1) 3N HCI/MeOH

F O . X
4 M 2) Dowex resin
N-}\Il\\\S( ¢ (ion-exchange) HQN%HMe
N" R
0 m \ COOH
Ligand
95
Aty SR s (i I camp Product Yield
(%)
: Vi 84
O
.o CHj,
N--Ni._
AR,
o N N
134 Lo,
143 COOH
2 63
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3.6.2 Hydrolysis of the complexes under neutral conditions (chelation)

OH
N\
0) P
F L0 R . R :R
N--Ni7 acetonitrile-water S‘
I N R > COOH

o N I rt, overnight HoN

During this research, another method, published in a patent,' 67 was seen as an
alternative approach to the decomplexations using HCI by the use of 8-hydroxyquinoline
as a chelator. There are many organic compounds that can be used for chelation to nickel,
such as tartaric acid, oxalic acid, EDTA, acetylacetone and 8-hydroxyquinoline. The
patent showed that 8-hydroxyquinoline is the most effective for the hydrolysis of the Ni'
Schiff base complexes. Using this method would decrease the number of steps required
for the workup in the previous method (hydrolysis under acidic conditions). Furthermore,
the patent showed that an excess of 2 equivalents of the chelator were required to
hydrolyse the Ni'' complexes at room temperature. The procedure was modified by
increasing the amount of 8-hydroxyquinoline to three equivalents, the time to 24 h and
the temperature to 30 °C (Error! Reference source not found.). The reaction was
monitored by °F NMR throw convert the complex to the ligand peak at § —117.6 (s).
After the 24 h the reaction mixture was extracted with DCM, EtOAc and diethyl ether
respectively. The combined organic layers were collected and the solvents removed in
vacuo. The residue included the ligand and the Ni" salt as a bis-hydroquinoline,
[Ni(hydroquinoline)z], which was purified by column chromatography to re-use the
ligand. The aqueous layer was dried by freeze drying to obtain the pure amino acid which
made the purification simpler than that by the acidic hydrolysis method.
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Table 3.8: Hydrolysis of the complexes under mild conditions

0_ 0
F R, R
@I\:_}\H\‘N 8-hydroxyquinoline HzN_<'"R1 N (\) SR
R . = =
o N MeCN/ H,0 \ COOH N
30°C, 24 h
Ligand
95
Entr Starting material (Nill complex Product Yielda
y g p
(%)
1 84
0
F o H
N--Ni7_
P
o<l
136
2 73
0
N--Ni.__
@*ﬁ N =
135
HzN "'”CH3
146  COOH
0
F o H
>~ N =
137
H,N—"'H
147 COOH
4 \\ 80
0
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In entry 1 after the decomposition of compound 136 and extraction, the °F NMR
spectrum of the aqueous layer did not show any fluorine peak whilst the organic layer
had a single peak associated with the S-ligand 95. (S)-2-aminooct-7-ynoic acid 145,
isolated from the aqueous phase, was been obtained as a white powder in 84 % yield. The
identity of the amino acid 145 was be determined by the *H NMR and *C NMR

spectroscopies, LC-MS mass spectrometry and the HRMS-ESI mass spectrum.

In entry 2, compound 146 was formed from the decomposition of 135. (S)-2-amino-2-
methylnon-8-ynoic acid 146 was obtained as a white powder in 73 % yield. The *H NMR,
13C NMR and the spectrum. LC-MS demonstrated the purity of the product and the
HRMS-ESI mass spectrum had a parent ion at 184.1339.

(S)-2-aminonon-8-ynoic acid 147 (Entry 3) was obtained as a white powder in a 75 %
yield from compound 137 by hydrolysis under the same conditions. The new amino acid
was identified by the *H NMR and *C NMR spectroscopies, and the LC-MS and HRMS-
ESI mass spectrometry showing a parent ion peak at 170.1178.

On hydrolysis of (S)-({2-[1-(2-fluorobenzyl)benzyl)pyrrolidine-2-carboxamide]-
phenyl}phenylmethylene)-(S)-1-pentyl-leucinato-N,N’,N”,O}nickel™ 140 (Entry 4) the
amino acid (S)-2-amino-2-benzylhept-6-ynoic acid 148 was generated. The product was
analysed via The *H NMR and *C NMR spectroscopies, The new amino acid was also
identified by LC-MS and HRMS-ESI mass spectrometry with a parent ion at 232.1342.

3.7 Protection of Amino acids

Protecting

group 3

Protecting N . Protecting

H g ©
0]

Figure 3.7: General protecting groups for amino acids for using in SPPS

Generally, amino acids have three active groups, two (carboxylic acid and amine) of
which need to be protected to become ready for peptide synthesis (Figure 3.7). The main

purpose for these protections is to force the reaction in the SPPS synthesis to only have

97



Chapter 3

one reaction with the resin. Protecting group three is used when the amino acid has an

active group in side chain such as hydroxyl, amine or carboxylic group. The second group

of protection (such as methyl, t-butyl or benzyl) is used when the resin used in the SPPS

has a carboxylic group free to react with the anime group of the amino acid in the coupling

reaction.

The first group of protection is used when the resin (Rinke resin) has a free

amine group, which reacts with the free carboxylic acid in the coupling reaction, and

include groups such as t-butyl carbamate (Boc), benzyl carbamate (Cbz) and 9-

fluorenylmethyl carbamate (Fmoc). In this work, Fmoc will be used to protect the amine

group in the new amino acids for many reasons;

(i)
(i)

(iii)

Entry

The resin to be used in SPPS is Rinke amide.

All the reactions in the peptide synthesis were carried out under acidic

conditions

Fmoc is easy to remove, as necessary, under mild basic conditions.

Table 3.9: General procedure for Fmoc protection of amino acids

R, Fmoc-OSu R, o)
potassium carbonate
H,N—{ "R » FmocHN—\'"""R * O-N
. /
COOH H,0, Dioxane COOH H d
24h at 30 °C
amino acid Product(Fmoc-AA) Yield(%)

50
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2 A\ O 87

O‘
<
Vi

HzN 2000 'CH3
146 COOH

3 Q 61
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. O _N©® 7
o)
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4 61

Lo M
Oy o7

147 COOH

The new amino acids prepared in this work were reacted under basic conditions with
Fmoc-OSu  N-(9H-Fluoren-9-ylmethoxycarbonyloxy)succinimide, one of Fmoc
reagents. In general, the reaction results in the protection of the amine group with
production of N-hydroxy-succinimide as a side-product. An excess of Fmoc-OSu was
used in the reactions to promote them and to increase the conversion to the desired
products. The reactions were monitored with TLC using ninhydrin as a stain. At the end
of the reaction, the mixture was extracted with ethylacetate to remove the excess of Fmoc-
OSu and the side product as the Fmoc-amino acids are more soluble in water as salts.
Then, the aqueous layer was acidified to pH = 1 to regenerate the Fmoc-amino acids
which were extracted with ethylacetate three times. The resulting Fmoc-amino acids were
fully characterised with LC-MS, and *H NMR and 3C NMR spectroscopies, and also

tested negative with ninhydrin indicator.

99



Chapter 3

(S)-2-amino-2-methylnon-8-ynoic acid 143, entry 1 (Table 3.9), was also reacted under
the same conditions to give (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-
methyloct-7-ynoic acid 149 as a white powder in a 50 % yield. This new Fmoc-amino
acid 149 was identified similarly by LC-MS and HRMS-ESI. Furthermore, on HPLC
only one peak was observed: (OD-H column, hexane (50 %)—iPrOH isocratic +0.1 %
AcOH): 5.55 min.

In entry 2, (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-methylnon-8-ynoic
acid 150 was obtained, from reaction of (S)-2-amino-2-methylnon-8-ynoic acid 146
under the same, as a white powder in a 61 % yield. The new Fmoc-amino acid 150 was
also identified by LC-MS and HRMS-ESI. Furthermore, on HPLC only one peak was
observed: (OD-H column, hexane (50 %)—iPrOH isocratic +0.1 % AcOH): 5.58 min.

(S)-2-Aminooct-7-ynoic acid 145 Entry 3, was reacted under the same conditions to
produce (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)oct-7-ynoic acid 151 as a
white powder in a 70 % yield. The new Fmoc-amino acid 151 was also identified by LC-
MS and HRMS-ESI. Furthermore, on HPLC only one peak was observed: (OD-H
column, hexane (50 %)-iPrOH isocratic +0.1 % AcOH): 6.43 min.

In entry 4, (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)non-8-ynoic acid 152 was
obtained from reaction of (S)-2-aminonon-8-ynoic acid 147 as a viscous colourless oil in
a 87 % yield. In the TH NMR spectrum, multiple peaks for 8H are assigned to the aromatic
CH, and the 3C NMR spectrum show the expected number of related peaks for aromatic
carbon. The new Fmoc-amino acid 152 was also identified by LC-MS and HRMS-ESI.
Furthermore, on HPLC only one peak was observed: (OD-H column, hexane (50 %)-
iPrOH isocratic +0.1 % AcOH) in 6.27 min.

3.8 Conclusions

Three iodo-alkynes have been used in this work. 7-lodohept-1-yne has been prepared by
two methods: As a crude product, in three steps, by method A, but, unfortunately, the
yield was poor. Method B was used as an alternative, to give 7-iodohept-1-yne in good
yield and high purity in three reaction steps (alkyne zipper reaction; Conversion of the
hydroxyl group to a good leaving group: Finkelstein reaction). 5-lodopent-1-yne was
synthesised in one step via a Finkelstein reaction. 6-lodohex-1-yne was commercially

available.
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The new Ni" Schiff base complexes 134-152 have been synthesised by alkylation
reactions of Ni" Schiff base complexes described in Chapter 2 (containing glycine,
alanine, valine, and leucine and phenylalanine amino acids). The alkylation of the alanine
Ni" Schiff base complex 55 was successful following the Jamieson group procedure,*
using alkyl iodides instead of alkyl bromides, to give the desired products in great yields
and high diastereoselectivity. Compound 134 was formed by alkylation with 6-iodohex-

1-yne whilst 7-iodohept-1-yne was used in the synthesis of 135.

However, these reaction conditions were unsuccessful for the alkylation of the other Ni'"
Schiff base complexes. The method was modified for reaction of the glycine Ni" Schiff
base complex 56 by changing the solvent from DMF to THF, using just one equivalent
of the base (KO'Bu) and one equivalent of the alkyne iodide for 5 min at room
temperature to synthesise the mono-substituted compounds 136, on reaction with 6-

iodohex-1-yne, and 137, on reaction with 7-iodohept-1-yne.

Compound 139 was synthesised by reaction of the phenylalanine Ni'" Schiff base
complex with 5-iodopent-1-yne under these new conditions in good yield and with high
diastereoselectivity. Unfortunately, compounds 138 and 139, which were synthesised by
reacting the leucine Ni'' Schiff base complex with 5-iodopent-1-yne and 6-iodohex-1-yne
respectively, had low diastereoisomers. Finally, the valine Ni'"' Schiff base complex 101
is unsuitable for these alkylation reactions, presumably because of steric hindrance of the

two methyl groups.

Two methods for the de-complexation of the Ni'' Schiff base complexes to generate new

amino acids have been investigated.
A) Hydrolysis of the complexes under acid conditions.
B) Hydrolysis of the complexes under neutral conditions (chelation).

Both methods were good, but the second had an easier work up to obtain the amino acids.
However, the diastereoisomeric products could interconvert if the products were heated
to reflux for a long time under acid conditions. Compounds 143 and 144 were obtained
by method (A) with good yields and high diastereoselectivities, whilst compounds 137,
145-147 were obtained via method (B).
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Protection of the amino acids 149-152 were achieved by reaction with N-(9-
fluorenylmethoxycarbonyloxy) succinimide under base conditions (potassium
carbonate), since a Rinke amide resin is going to be used for peptide synthesis, to find
the best 1,3-diyne staple peptides, using the SPPS method in Chapter 5. The peptide
syntheses will be done under acidic conditions and the Fmoc protection group is

straightforward to remove under mild basic conditions.

102



Chapter 4

Synthesis of Fluorinated Aromatic
Amino Acids via Schiff Base Ni'"
Complexes

UNIVERSITY OF
LEICESTER




Chapter 4

4.1 Introduction

Drug candidates containing the element fluorine have become one of the most common
categories of industrial pharmaceutical. This small halogen, with the highest
electronegativity in the periodic table, has a remarkable impact on the chemical reactivity
and physical properties of organic molecules, especially in terms of their metabolic
stability, binding affinity and particular physicochemical properties. There have been
various reviews published in latest few years on the new fluorine-containing
pharmaceutical compounds, which have impact on different therapeutic modes (activate
or inhibit the activities).%> 16817 The inclusion of fluorine can result in highly stable
intermolecular interactions (hydrogen bond) whilst the carbon-fluorine displays
increased lipophilicity compared to that of the carbon-hydrogen bond, both of which
impact upon their physicochemical characteristics. The main significant advantages from
substituting fluorine atom(s) in the medicines (peptides) are enhanced metabolic stability,

improved physicochemical properties and altered binding affinities.®®

Metabolic solubility is another significant factor affecting drug discovery. Substituting
fluorine into organic compounds increases the polarity of the compounds. In general, the
halogen increases any dipole moment due to its electronegativity, which leads to an
increase in polarity. Alternatively, fluorine has been used as a label in compounds to show
the purity, or follow metabolic pathways, including rates, routes or extent of the
metabolism of the medicine. In 1954, the U.S. Food and Drug Administration (FDA)
presented the first steroid containing a fluorine moiety, which was approved as a new

type of medicine, (9a-fluorohydrocortisone acetate) (Figure 4.1).1"

HOo O

Figure 4.1: Structure of 9a-fluorohydrocortisone acetate

Also, fluorine has become a common component in protein design with the creation of
non-natural fluorinated amino acids. The design of new fluorinated amino acids is
intended to increase the stability of the peptides. In general, hydrophobic amino acids
that include fluorine atom(s) will change the stability and functionality of the protein
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structure. The solubility of the proteins influenced the polar side chain residues of the
amino acids, which will have an effect on the types of methods used to separate them
from other proteins, with non-polar residues, during purification. Hydrogen bonds are
among the strongest intermolecular interactions, because of the large difference in the
electronegativities of the atoms. Hydrophobicity affects both entropic (AS) and the Gibbs
free energy (AG) of a system.

[ AG=AH-TAS B

Unfolded < = Folded
[F] AG 9= -RTInKeq
Keq =
[U]
Keq < 1 favours folded state AG © < 0 favours folded state
Keq > 1 favours unfolded state AG©® > 0 favours unfolded state
Keq = 1 equal mixture of U and F AG© = 0 equal mixture of U and F

Figure 4.2: Gibbs equation for folded and unfolded proteins

The Gibbs free energy (Figure 4.2) of folding becomes more favourable as the
hydrophobicity of the protein increase. The surface area of the hydrophobic residues
results in spontaneous folding. Fluorinated side chains amino acids generally increase the
stability of the folded structure and, as a result, increase the thermodynamic stability of
the protein.” 172 In general, an aliphatic side chain has a lower hydrophobicity than an
aromatic side chain. When the aromatic side chain has mono-, di- or tri-fluorination(s)
dipole-dipole moment interactions inside the protein increase, and also there is a greater
tendency to form hydrogen bonds, and thus the proteins favour the folded conformation

to achieve greater stability.}”317

Another area in which fluorinated organic compounds are being used is to decrease the
pKa of organic compounds such as trifluoroacetic acid (TFA) (strong acid), where pKa
decreases with increasing numbers of fluorine atoms.**® In addition, this phenomenum

can also be seen in alcohols and amines (Figure 4.3).17

105



Chapter 4
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Figure 4.3: Effect of increasing fluorine atom number on pKa

Elsewhere, fluorinated side chain amino acids have become a significant strategy to
monitor the behaviour of proteins in complex mixtures by working as an indicator. For
examples: analysis, following purifications, studying proteins interactions and optimising
biopharmaceutical properties in vivo and in vitro using °F NMR spectroscopy
(Figure 4.4; Figure 4.5). This technique is appropriate methodology, especially for large
proteins, as a probe of biological protein-protein or peptide-protein interactions, which is
easier to undertake and interpret than either °N or **C NMR spectroscopies. In addition,
the diffusion coefficient can be used to determine the mass of the peptide using UV-Vis
spectroscopy,'’”1® and this technique can also be used to study conformations of
peptides, such as a-helices or B-sheets, as well as other biological interactions of peptides
(Figure 4.5).17°
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Figure 4.4: Purification of the proteins with and without fluorine
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Figure 4.5: Probing Biological Interactions (fluorinated peptides) using **F NMR
Spectroscopy*’®

4.2 Fluorination in peptide and protein

The °F nucleus has spin % and the abundance in nature is 100 %, NMR properties that
are comparable to those of the proton, which means that it has excellent sensitivity in 1D
NMR spectroscopy. The significant benefits of °F NMR spectroscopy include this
substantial sensitivity, the virtual absence of fluorine in nature and that its chemical shift
depends on the local chemical environment. Moreover, the span of *°F NMR chemical
shifts is ~400 ppm, which is greater than that in *H NMR spectroscopy (~15 ppm). For
this reason, since the local chemical environment of the peptide can be affected by a large
number of factors, the °F NMR signal can be used as an excellent protein probe.*°
Therefore, there are a large numbers of the benefits of °F NMR spectroscopy for studies

in the biological molecules especially the proteins. Moreover, the fluorine in the aromatic
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system acts as a withdrawing group, which have been ordered by arranging electron
withdrawing effectiveness depending on the substitution position in the aromatic system:
m-F > o-F > p-F. Relating to distance, o-F substitution has the strongest o-withdrawing
effect than p-F substitution. Whilst, the m-F has a strongest electron accepter and the
others are weaker electron accepter, as a result of this fact, the fluorine atom work as an
electron withdrawing inductive effect because of the resonance positions in the benzene
ring(Figure 4.6).18

. F
F F
AP
m- o- p-

170 -

H,N" "COOH increase the withdrawing

-
et

increase the electron accepter

Figure 4.6: Fluorinated aromatic amino acid

A new report, published in 2017 by Oberlies et al. described the synthesis of a new
modification of the peptides of fungal strains MSX70741 and MSX57715 (Figure 4.7),
which had been labelled with a fluorinated amino acid (2 or 3-fluoro-DL-phenyl alanine).
The new peptide derivatives showed improved and excellent activity against human
cancer cells than the native peptide. The peptides were fully characterised via NMR
spectroscopy including °F NMR, 1D and 2D NMR. The fluorinated amino acid was used
as an indicator to monitor the biological activity, which has played a pivotal role in

increasing their potential as anticancer agents.
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Figure 4.7: Structures of MSX70741 and MSX57715 connected with a substituted a-
and B-fluoro-amino acid'®2
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There are many other factors that could be affected by the presence of fluorinated amino
acids in the peptides, including conformational pre-organization (gauche effects),

interactions with other phenyl groups (n-x stacking) and hydrogen bonding.
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4.2.1 Conformational pre-organization (gauche effects)

Michel and co-workers have presented the best example to date of using a fluorinated
aromatic amino acid in a collagen peptide. The new derivatives of collagen showed a
higher stability than the original collagen to high temperature, as a result of the gauche
effects of the fluorinated amino acid. The collagen peptide consists of three amino acids
(Glu, Pro and Hyp), with this triplet repeated. They used 4(R)-fluorinated proline instead
of normal proline with the aim of improving the stability of the peptide. However, they
also discovered that the melting point had increased from 69 °C to 91 °C. Here, increasing
the stability arises from the proline in an exo-conformation and the backbone amide bond
in a trans-conformation due to the gauche effect, which was subsequently demonstrated
by NMR spectroscopy (Figure 4.8).183
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Figure 4.8: The effect of fluorine in the proline ring in the gauche form as a mimic for
collagen peptides.

4.2.2 Substituted aromatic amino acids interaction (t-m stacked)

In sp? hybrid aromatic systems (benzene) the carbon atoms have higher
electronegativities than the hydrogens they are bonded to (C = 2.75 and H = 2.48).18 In
benzene, the centre of the ring has a partial negative charge and the outside of the ring
(the hydrogen atoms) have a partial positive charge. A polar-rm interaction in such
aromatic molecules is one of the most common factors that increase the stability of a
large number of the organic compounds. This phenomenon can be used positively in
peptides synthesis for extra stability from both protein-protein interactions and peptide
folding.
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In recent years, several studies have been published that show the advantages of using
fluorinated aromatic amino acid instead of the solely hydrogen containing aliphatic or
aromatic amino acids. There are a large number of examples in the literature related to
the synthesis of the fluorinated aromatic amino acids, leading to studies of the biological
activity of peptides after modification. Of particular interest have been protein-protein
interactions. Generally, benzene rings can form n-m interactions with other benzene rings
in three possible ways: offset-stacked, edge-face stacked and face-face stacked with
respect to the other two. For example, Pace and Gao (2012) demonstrated the
effectiveness of using different types of fluorinated aromatic amino acids in the
synthesise of HP35 peptides, in which they replaced the amino acids in the sequences at
positions 6, 10 and 17. Their studies showed that the fluorinated amino acid side chains
allowed new polar-n interactions between the dimeric helices. These interactions between
the fluorinated aromatic amino acids affected the folding of the peptides, introducing new
folding conformations that were non-existent in the original peptides. When the two
fluorinated and non-fluorinated peptides were mixed they preferentially formed a
heterodimer peptide instead of the homodimers, due to enhanced face-face interactions

in the former(Figure 4.9).84

These are influenced by the electronegativity of the benzene ring when it is substituted
by fluorine atoms in comparison to unsubstituted benzene rings,'8* where the face-face
stacked arrangement, as demonstrated by single crystal structure determinations, is dis-
favoured with respect to the other two arrangements. For example, Pace and Gao (2012)
demonstrated the effectiveness of using different types of fluorinated aromatic amino
acids in the synthesis of HP35 peptides, in which they replaced the amino acids in the
sequences at positions 6, 10 and 17. Their studies showed that the fluorinated amino acid
side chains allowed new polar-n interactions between the dimeric helices. These
interactions between the fluorinated aromatic amino acids affected the folding of the
peptides, introducing new folding conformations that were non-existent in the original
peptides. When the two fluorinated and non-fluorinated peptides were mixed they
preferentially formed a heterodimer peptide instead of the homodimers, due to enhanced

face-face interactions in the former (Figure 4.10).184
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Figure 4.9: Benzene rings can form various possible n-x interaction, the blue numbers
are for the C atoms and the red numbers for the hydrogen or fluorine atoms
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Figure 4.10: Polar-rt interactions between dimeric helices

4.2.3 Effect of hydrogen bond between H-F

It is well known that fluorine is strongly electron withdrawing in the fluoro-substituted
organic compounds when compared to non-substituted compounds. These withdrawing

groups are the main factors that increase the acidity of the organic compounds, which
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have active groups such as hydroxyl, amine, amide and carboxylic acids. The fluorine
atom also has three non-bonding lone pairs of electrons that can form strong hydrogen
bonds; both inter-molecular and intra-molecular H---F interactions. Fluorine can form an
electrostatic interaction with the hydrogen atom of an amine and the carbon atom of a
carbonyl group. Oleson and co-workers showed a good example of these interactions
with fluorine, when using a para substituted amino acid in peptide synthesis. Here, in the
crystal structure of thrombin, between the ligand and the protein complex, there is an
interaction between the fluorine and the hydrogen in the alpha position (CH) and the
carbonyl group in the backbone of the Asp98 unit (Figure 4.11).18°
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Figure 4.11: X-ray crystallographic study showing the binding of tricyclic thrombin
inhibiter and the C-F-+HN and C-F--CO interactions

Although there are various methods to synthesise fluorine-substituted phenylalanine in
good yield, in general a racemic mixture is obtained, from which it is extremely difficult
or impossible to isolate the enantiomers. For example, Samet and co-workers developed
a direct synthesis of fluorinated amino acids using a reduced number of steps which starts

with the Erlenmeyer reaction to produce an azalactone and is followed by ring cleavage.
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This new method is impressive in the sense of obtaining an acceptable yield in only two
steps, but less useful in the sense that the product was a racemic mixture, (S)-2-amino-3-
(2-fluorophenyl)propanoic acid was obtained in 42 % yield, whilst (2-amino-3-(4-
(trifluoromethyl)phenyl)propanoic acid obtained in 32 % yield (Scheme 4.1).18¢
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Scheme 4.1: Samet’s new amino acid synthetic method

In the last few years, several new procedures for the synthesis of fluorinated amino acids
in high yields and excellent optical purities have been developed that make use of
biocatalysts. One of the main primary methodologies to synthesise them via biocatalysts,
for example, uses microbial cells or enzymes derived as catalysts in the amino acids
synthesis.'®” In 2015, Turner and co-workers presented a new method to synthesise pure
enantiomers amino acids in increased yield using derivatives of cinnamic acids and
phenylalanine ammonia lyase (PAL) amination via chemoenzymatic deracemization.
Whilst this new method is an acceptable means of achieving D or L-fluorinated amino
acids, it can be only be used for small scale production (Scheme 4.2).18 So,
commercially, non-natural fluorinated amino acids remain expensive, especially when

required in high enantiomeric purity (ee).
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Scheme 4.2: Reaction of cinnamic acid derivatives by using PAL amination and

LAAD/NH3: BH3 deracemization

4.3 The aims of the work in this chapter are:

(i)

(i)

(iii)

Using the Ni'' Schiff base complexes, that were synthesised in Chapter 2,
to extend the methodology to synthesise new complexes via alkylation
reactions with fluorine-containing aryl substrates such as 1-
(bromomethyl)-4-(trifluoromethyl)benzene and  1-(bromomethyl)-2-

fluorobenzene.

Using these Ni'' Schiff base complexes derivatives to develop an
alternative approach for the synthesis of new complexes via Aldol reaction

with benzaldehyde or 2-phenyloxirane.

Synthesis of new fluorinated amino acids in good yields and 