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Abstract

Cell penetrating peptides (CPPs) are short peptide sequences, usually between five and thirty amino
acids long, that are able to traverse cell membranes. Since they were first discovered in 1989, CPPs
have been widely used to deliver various molecular cargoes into cells, from small molecule therapeutics
through to larger biologics such as oligonucleotides and proteins. A molecular hallmark of most CPPs
is the incorporation of multiple arginine residues in their primary sequence (e.g. 1.1 and 1.2).

@

HZN¢NWN¢H§\W ﬁl/’\r jS/'\( ijﬁ( ¢OH

HQN NH NH; HZN H, HZN%\NHZ HZNANHZ
1.1
® ® ®
HZNYNHZ HZNYNHZ HZNYNHZ HZNYNHQ

® ® ® ®
HNZ ONH,  HaNTSNH H,ND ONH,  HoNZ ONH,  HoNT NH,

Although there has been extensive research and optimisation of arginine-rich CPPs, there remain
multiple drawbacks in their utility as drug delivery agents. The most significant and limiting is their the
toxicity in vivo, associated with the high basicity gained from multiple arginine residues within the
primary sequence of these peptides. Therefore, the development of guanidine functional group
analogues to mimic the arginine side-chain, while both maintaining the hydrogen bond profile and
mitigating the associated toxicity could provide a new generation of delivery vehicles for valuable

molecular payloads.

This thesis describes the development of robust synthetic routes towards the preparation and validation

of amidines as bio-isosteres of the guanidinium functional group present in arginine.

Chapter one introduces the importance of the guanidinium group in the structure and function of
commonly used CPPs. It will also address how they interact with the cell membrane architecture so as

to be internalised into the cell.

Chapter two describes the design rationale and synthesis of CPPs containing minimal arginine residues
and compares their cellular permeability with common arginine-rich CPPs. The mechanism of cell

uptake, viability, compartmentalisation and important regions of these peptides is also evaluated.

10
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Analysis of cell uptake of a suite of CPPs demonstrated that certain low arginine-containing peptides

are more cell permeable than arginine-rich CPPs.

Chapter three describes the development of mild Chan-Evans-Lam methodology to directly arylate
amidines. The reaction mechanism was investigated and new off-cycle Cu-amidine species were
identified. Mono N-arylation of amidines was demonstrated under mild conditions on wide variety of
substrates including the synthesis of novel analogues of the clinically approved therapeutic

pentamidine.

Chapter four describes the synthesis of amidine containing amino acids building blocks for solid phase
synthesis and the incorporation of arginine mimetics into CPPs. The toxicity profile, cell uptake and
subcellular localisation reveal replacing arginine with amidines enhances uptake of peptide within cells
without any adverse toxic effects or perturbation of subcellular localisation.

Finally, Chapter five summarises the work of this thesis and suggests future directions for the

development of less toxic and less basic CPPs.

11
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Chapter 1: Introduction

12
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1.1 The ever-present problem of cellular uptake

The ability of a therapeutic to efficiently cross the cell membrane is paramount if the biological target
is intracellular. Understanding the processes that influence cellular uptake of compounds is an essential
consideration in medicinal and biological chemistry. Designing molecules that can negate the barrier
posed by the cell membrane will allow development of new drug delivery systems, provide cellular
access for non-permeable therapeutics and provide a greater understanding of cell membrane chemical
biology.

In recent years many macromolecule chemical probes and therapeutics have been developed that require
cellular delivery.> Molecules such as peptides and oligonucleotides, which themselves are often not
cell permeable, many peptides and oligonucleotides suffer from poor bioavailability and low enzymatic
stability.>* Creating species that can reliably deliver agents such as peptides and oligonucleotides would
increase the scope of therapeutics and breath of probes that can be used to study biological processes.

1.2 The molecular architecture of the cell membrane

The cellular membrane of eukaryotic cells is a semi-permeable barrier that is essential for the structure
and integrity of the cell, and ultimately controls what species can and cannot enter the cell. The ‘fluid
mosaic’ model of the plasma membrane was first established in 1972 by Singer et al. and describes the
cell membrane as a mixture of four fundamental components: phospholipids; proteins;
glycoproteins/ glycolipids and cholesterols.® Each of these components are able to freely move
throughout the plane of the membrane, interacting both with each other and the greater cellular

environment.®

1.2.1 Phospholipids

Phospholipids are amphiphilic in nature with a polar, negatively charged phosphate group attached to
two hydrophobic hydrocarbon chains via a glycerol moiety. The polar phosphate group is often attached
to a positively charged choline or ethanolamine moiety and referred to collectively as the head with the
hydrocarbon chains known as the tail. Individual lipid molecules self-assemble in a bilayer ensuring the
hydrophilic heads are orientated toward the aqueous environment while the membrane is held together
by hydrophobic interactions of the phospholipid tails (Fig. 1.1). This bilayer is the fundamental barrier

of the cell and as such acts as the major obstacle to entering the cell for extra-cellular species.

13



Guanidinium mimetics: Synthesis and application as next-generation analogues in cell penetrating peptides

Jack Robertson

-~—— Hydrophilic 'Head'

o
O %
-~—— Hydrophobic Tail'

BRE cecevioee
—646bbdd

0=R-00© Plasma
0 Cell
g Membrane
_N—
@\

13

Figure 1.1. (A) Chemical structure a typical phospholipid (1.3) and how it is arranged in the lipid bilayer. (B) A
figure of a typical eukaryote with its cell membrane.

1.2.2 Cell membrane proteins

Cell membrane proteins are involved in various processes, including acting as transporters for species
to cross the membrane and as receptors for the activation of further cellular function. One of the most
common examples of an integral transmembrane protein is the Na*/K* ATPase enzyme that allows the
cell to import K* ions while also exporting Na* across the membrane.® Peripheral proteins are not
involved in the transport of molecules across the membrane but do play pivotal roles, such as triggering
further cellular signalling pathways. An example is the Phospholipase C (PLC) enzyme family that
degrade a relatively scarce phospholipid (PIP-2), where the subsequent species are later recycled into

other important molecules such as extracellular signalling species (Fig. 1.2).”

PIP2 breakdown
by PLC protein

Signalling
molecules

® K®
K

Figure 1.2. (A) Integral proteins such as Na*/K* ATPase. (B) Peripheral PLC protein bound to the phospholipid
heads

14
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1.2.3 Glycoproteins and glycolipids

Glycoproteins and glycolipids are both incorporated at the cell surface and decorated with
polysaccharides of up to 60 monomer units in length.2 Both glycoproteins and glycolipids are
predominantly concentrated at the extracellular portion of the plasma membrane with a smaller portion
contained intracellularly. There are two major classes of cell surface oligosaccharides, N-glycosidic and
O-glycosidic structures (Fig 1.3A). N-glycosidic structures are linked to the cell membrane protein
through the amide of an asparagine residue, while the O-glycosidic units are linked via a hydroxyl group
of a serine moiety.® An important class of polysaccharides at the cell surface are the
glycosylaminoglycans (GAGs). GAGs are linear polysaccharides made up of repeating disaccharide
units, where the disaccharide is composed of an amino sugar and a uronic acid, for example chondroitin
sulphate (1.4, Fig. 1.3B).° GAGs can be either N-glycosidic or O-glycosidic depending on the specific
polysaccharide and protein pairing. Surface attached GAGs also provide a site of recognition for
exogenous proteins at the cell surface, generally binding through electrostatics involving the negatively
charged moieties of the GAG and positively charged amino acid residues in the protein.®

A -
N-glycosidic bond O-glycosidic bond
PH OH o
" / o ol l O<_NH
HO Q.- N . o} j
HO NNQ% HO X S\
NH O HNg NH e
o)
Me o Me
1.4 1.5
B _
o Polysaccharide at cell
surface
OH HN)k
oHo o o — - Protein (red)

©) oHo 0583- Q QQ - N/O-glycosidic linkage
[e) [¢] n
16 éééé Plasma membrane

Figure 1.3. (A) N-glycosidic 1.4 and O-glycosidic 1.5 structures formed within glycoproteins. (B) The repeating
disaccharide unit of chondroitin sulphate 1.6 and the representation of the polysaccharide as a glycoprotein

Similar to glycoproteins, glycolipids are categorised into two main groups; glycerol-glycolipids and
sphingo-glycolipids. These names derive from to the oligosaccharide being attached to either a glycerol
group or a sphingolipid (Fig. 1.4A). The hydrophobic nature of the lipid tails allows the glycolipid to
be held at the membrane surface. Glycolipids are found almost exclusively on the cell
surface/membranes of organelles and are very rarely found in the cytosol, with only ~5% of glycolipids
not membrane bound.!! Just like the carbohydrates of glycoproteins, the carbohydrates of glycolipids
govern their main functions and often interact with each other at the cell surface. These carbohydrate-
carbohydrate interactions can occur either within the same membrane or between two different cells.

One such example of carbohydrate-carbohydrate interactions is the sphingo-glycolipid dependent

15
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cell-to-cell adhesion process, which occurs due to trans-membrane electrostatic interactions between

the two glycolipids and a cation such as Ca?*(Fig. 1.4B).*2

A B

Glycero-glycolipid Sphingo-glycolipid

OH Glycolipid Glycolipid
o o é%/ linkage linkage
HO H HO
OH HO H
OH

Plasma | Polysaccharide Polysaccharide

© oV(o ° membrane| at cell surface  at cell surface | | 2sma
Z NH C?) \ 1 ‘ mMe
O "o O-=O S0
D) w 2+ &@
oo S d0-0
=
&0 o9

Trans-cellular
carbohydrate-carbohydrate
interactions

1.7 1.8

Figure 1.4. (A) Structures of glycero-glycolipid 1.7 and a sphingo-glycolipid 1.8. (B) Trans-cellular carbohydrate-
carbohydrate interactions between glycolipids.

1.2.4 Cholesterol

The final abundant species found in the plasma membrane are different cholesterol molecules.
Cholesterol is very lipophilic due to its sterol ring arrangement and alkyl tail. It generally embeds into
the lipidic inner region of the bilayer with its single hydroxy group interacting with the facial phosphates
and solvent exposed region (Fig. 1.5A). The presence of cholesterol makes crossing the membrane more
difficult for small hydrophilic molecules like ions or monosaccharides.®* Cholesterol principally
controls the fluidity of membrane structure. At elevated temperatures, cholesterol disrupts interactions
between lipid chains, therefore making the membrane less fluid and therefore less permeable to external
species. However, at lower temperatures this disruption maintains membrane fluidity, thus preventing
the plasma membrane from freezing. The rigid structure of cholesterol also stabilises the trans-gauche
isomerisations between the alkyl chains of phospholipids and further stabilises the bilayer
(Fig. 1.5B).1314
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Figure 1.5. (A) Schematic representation of how a cholesterol molecule (1.9) is positioned within a phospholipid
bilayer. (B) Trans-gauche isomerisations that are restricted by cholesterol species within the cell membrane.

1.3 Mechanisms of cell uptake

The cell membrane both protects and holds the cell together. The organelles of the cell are contained
either within the cytoplasm or the nucleus, meaning that important biological matter must pass through
the membrane to affect cellular function. There are four main ways that species cross the membrane in

eukaryotic cells: passive diffusion, facilitated diffusion, active transport and endocytosis.

1.3.1 Passive and facilitated diffusion

Passive diffusion requires the movement of species from a high concentration environment to that of
lower concentration across what is known as a concentration gradient.*>¢ Gases, such CO, or O, enter
cells via this route-where the molecules move from the aqueous exterior of the cell to the hydrophobic
inner region of the bilayer (Fig. 1.6A). The hydrophobicity of a specific molecule therefore directly
determines its rate of diffusion into the cell.® This process only applies to small uncharged molecules

that will not interact with the cell exterior to any great extent.'’

Molecules that are significantly larger or more polar, require the aid of a transmembrane protein to enter
the cytoplasm.'” This process is called facilitated diffusion and, again, will move the species across the
membrane down a concentration gradient in an entropically favourable manner. Channel proteins are
the key proteins for facilitated diffusion as they form an aqueous pore through the bilayer in which

high-polarity, water soluble species can enter the cell and avoid the lipophilic bilayer interior. An
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example is the GLUT1 glucose transporter that allows the small polar molecule glucose to cross the cell
membrane (Fig. 1.6B). The GLUT1 protein specifically fits the size and polarity of the glucose molecule

stopping cell invasion from other small molecules.®
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Figure 1.6. (A) Passive diffusion of O, and CO- across a plasma membrane down a concentration gradient. (B)
Facilitated diffusion of glucose via a transmembrane protein.

1.3.2 Active transport mechanisms of cell uptake

Another main method of entry into cells is active transport and, like facilitated diffusion, requires the
aid of transmembrane proteins. However, it requires the thermodynamically unfavourable movement
against the concentration gradient. The most common way to overcome this energetic barrier is the
hydrolysis of ATP to ADP and Pi. The transmembrane protein will contain an ATP binding site and
where ATP is available will bind and release the energy required to drive species against the gradient.
This is known as primary active transport as it is a single movement of a species via the same protein
into the cell (Fig. 1.7A). Secondary active transport occurs when a gradient has been established by
primary active transport and this causes a second species to be moved against its concentration gradient
(Fig.1.7B).%® A major class of active transport proteins are P-type ATPases, such as Na*/K* ATPase and
Ca?" ATPase.?’ These proteins typically catalyse cation uptake and efflux via primary active transport.
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Figure 1.7. (A) Schematic representation of primary active transport. (B) Secondary active transport.

1.3.3 Endocytosis

The entry processes discussed above are primarily relevant for smaller molecules, while endocytotic
uptake is usually concerned with macromolecules such as proteins and viruses. In endocytosis a
molecule is engulfed and effectively packaged by the plasma membrane, forming a vesicle that then
progresses through the bilayer to access the cytoplasm. The three main variants of endocytosis discussed

here are clathrin-mediated endocytosis, endocytosis via caveolae and macropinocytosis.

Clathrin-mediated endocytosis (CME) involves pits in the cell membrane that are coated with the
protein clathrin on the cells’ interior. The process begins with a substrate binding to an external receptor
protein at the cell surface (Fig. 1.8). This substrate-receptor complex coalesces with a clathrin coated
pit. The pit encircles the substrate-receptor complex with the aid of the GTPase enzyme dynamin. The
pit detaches from the plasma membrane to form a clathrin coated vesicle. The vesicle subsequently
loses its clathrin coating and fuses with small vesicles known as early endosomes. These early
endosomes typically have a pH of 6 compared to the pH 7 of extracellular fluid. This fusion causes the
dissociation of receptor and substrate, with the receptor protein being recycled back to the plasma
membrane. The early endosomes then mature into late endosomes via a carrier vesicle. Meanwhile,
transporter vesicles from the Golgi deliver acid hydrolases to the late endosome. The late endosome
further matures into a lysosome once it has received all degradation enzymes. Here the pH is further
reduced from pH 6 to 4 with the aid of H* pumps on lysosome surfaces. The substrate may now be
degraded by the hydrolases and its resulting building blocks released or, if resistant to the enzymes, the
species may enter cytoplasm upon lysosomal breakdown.?22A well-documented example of this form
of endocytosis is the entry of low-density lipoproteins (LDL) into the cell and the subsequent release of
cholesterol (Fig. 1.8).
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Figure 1.8. The clathrin-mediated endocytosis of LDL resulting in the release of cholesterol into the cytoplasm.

Another pathway of endocytosis is via caveolae. Caveolae are small enclaves at the cell membrane that
are prearranged by transmembrane caveolin proteins and contain a high density of glycolipids and
cholesterol.% The main difference to CME is that a specific cell surface receptor is not always required
to induce the internalisation of a compound.?* The exact process remains unclear but it is thought that
upon binding to the caveolins a cascade of signalling events causes the recruitment of dynamin which
facilitates the formation of a vesicle that can detach from the membrane, just as in CME (Fig. 1.8). Here
the route is similar to that previously described with CME, where the caveolins are recycled back the

membrane to reform caveolae. The vesicles then fuse to an early endosome (or a vesicle known as a
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cavesome) that eventually matures to a lysosome which can release the remains of the substrate (Fig.
1.9).2224 Many larger species including viruses can enter cells via caveolin mediated endocytosis, one

example is the simian virus 40 that upon release accumulates in the smooth endoplasmic reticulum.?
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Figure 1.9. Caveolin mediated endocytotic uptake and release of substrate S;.

Unlike either CME or caveolae mediated, macropinocytosis does not need any specific proteins or
receptors to induce its internalisation (Fig. 1.10). It begins with a rearrangement of the cell membrane
caused by cytoskeletal actin, this results in the formation of membrane ‘ruffles’. These ruffles in the
membrane are then able to fold back onto themselves to form a small vesicle that surrounds the
substrate. The vesicle traps a lot of extracellular fluid and solute as well as any biomolecules, making
this a non-specific mode of endocytosis. The vesicle then enters the cytoplasm and undergoes tubulation
before fusing to early endosomes or being recycled back to the surface. Due to its non-specific nature,
species taken up by macropinocytosis include bacteria such as Brucella and the HIV-1 virus.? The three

modes of endocytosis vary as CME typically requires specific binding to a receptor, caveolin requires
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species association to a caveolae whereas macropinocytosis can engulf a wider variety of species due

to its non-specific nature.
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Figure 1.10. The process of macropinocytosis where the plasma membrane actin cytoskeleton cause ‘ruffles' to
induce internalisation of substrate S,.

1.3.4 Permeability of synthetic small molecules

The processes discussed above demonstrate the variety of naturally occurring systems designed for cell
uptake of different specific species. However, these processes must be adapted and effectively hijacked
to ensure efficient incorporation and delivery of a synthetic species such as a therapeutic or probe. The
majority of small molecule therapeutics enter cells via passive diffusion in order to directly access the
cytoplasm without being enclosed in a vesicle or endosome structure. However, these molecules must
be polar enough to be water soluble but lipophilic enough to pass through the lipid portion of the plasma
membrane. The set of rules to overcome this fundamental dichotomy were designed by Christopher
Lipinski in 1997 (Table 1.1).#
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Table 1.1 Lipinski's Rules of 5 for cell permeability.?’

Compound Characteristic Ideal value
Molecular weight <500 g mol*
Lipophilicity LogP<5
Total hydrogen-bond donors <5

Total hydrogen-bond acceptors <10

The values were obtained from the analysis of known orally bioavailable compounds and represent a
generalised consensus. The rules also predict the cell permeability of a compound since to become
orally bioavailable the compound must also be cell permeable. First, the molecular weight limit was
proposed because as the weight of a molecule increases the ability of it to passively cross the membrane
decreases. The lipophilicity is defined by a compounds partition coefficient (P) in polar and non-polar
solvent. Molecules with a logP value <5 are expected to be lipophilic enough to cross the membrane
without becoming entrapped within it. The lipid membrane is not totally inert however, with work by
sanderson et al. demonstrating lipidation of drug like molecules.? Compounds which are notably
hydrophilic however, those with very low logP values are deemed impermeable to cell membranes. The
presence of <5 hydrogen bond donors and <10 hydrogen bond acceptors are deemed a maximum for a
molecule to be able to shed its hydration shell to cross the bilayer and passively enter the cell. Multiple
associated water molecules will cause the substrate to become trapped within the lipid portion of the
cell membrane. Drugs such as the proton pump inhibitor omeprazole are Lipinski compliant and both
cell permeable and orally bioavailable.” However, there are multiple examples of non-lipinski
compliant therapeutics such as anti-cancer drug doxorubicin and cyclosporine A which is used as a
therapeutic for various conditions including as an immunosuppressant. Despite being much larger
molecules with a significant number of H-bond acceptors these compounds are both cell permeable
with cyclosporin A also showing good oral bioavailability in some cases. This highlights that

therapeutics can take on a wide variety of characteristics beyond Lipinski’s rule of 5,303
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Figure 1.11. Examples of therapeutic agents that are both compliant and non-compliant with Lipinski's rule of 5.

1.4 Drug delivery platforms

1.4.1 Nanoparticles

Instead of relying on passive diffusion for the passage of small molecule therapeutics, synthetic systems
can be used to actively deliver small molecules and macromolecules to cells. This strategy has been
pursued with a variety of delivery systems and cell lines. One of the prominent species used for drug
delivery are nanoparticles. Nanoparticles are structures defined as being a particle that has a diameter
between 1 and 1000 nm.®? The material that makes up a nanoparticle can vary widely from metal
colloidal structures like gold to proteinaceous materials. Indeed, one of the first reported delivery
method used human serum albumin microspheres to entrap and then release doxorubicin.?* The natural
product paclitaxel has been encapsulated in chitosan nanoparticles for anti-cancer applications that
allow specific delivery of paclitaxel to certain cell types (Fig. 1.12).3* The mechanism of uptake of these
species is not defined by one process, with uptake occurring by both endocytosis and passive
mechanisms.®® An example where the uptake mechanism is determined by the structure of the
nanoparticle is given by Jewell et al.! They showed gold nanoparticles could deliver large
oligonucleotides into cells via a direct mechanism or by endocytosis by simply changing the ligands on
the outside of the nanoparticle.
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Figure 1.12. Nanoparticle encapsulation and drug delivery of paclitaxel using chitosan.

1.4.2 Liposomes

Liposomes are vesicular structures that are bilayers, and are typically composed of phospholipids,
which will intrinsically self-assemble due to their amphipathic nature. Various lipids are used to create
liposomes including natural phospholipids like phosphatidylserine 1.10 and synthetic lipids like
distearoylphosphatidylcholine 1.11 (Fig. 1.13A).% One major example of a liposome delivery system
is the clinically approved Doxil® (Fig. 1.13B). Doxil® encases the anti-cancer agent doxorubicin in a
lipid sphere which can be targeted to specific cell types using peptides or polymers. Here the Doxil®
lipids used are also decorated with polyethylene glycol (PEG) to reduce the metabolic clearance.®"*
The cell uptake mechanism of liposomes has been observed to be predominantly by endocytotic

pathways with the liposome binding to certain cell surface receptors that trigger endocytosis.*
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Figure 1.13. (A) Structure of common lipids used for liposome formation Phosphatidylserine 1.10 and
distearoylphophatidylcholine 1.11. (B) Representation of Doxil® with doxorubicin loaded into a liposome.

1.4.3 Cell penetrating peptides

CPPs are short peptides, typically between 5 to 30 amino acids in length, that are intrinsically highly
cell permeable. CPPs have been demonstrated as useful delivery vehicles for various cargoes from small
fluorophores to large oligonucleotides.*° The first CPPs were highly cationic and derived from naturally
occurring proteins such as Tat (48-60) from the transactivation domain of the HIV-1 virus and pVec
from vascular endothelial cadherin protein (Fig. 1.14A & B).**® The negative charges on the cell
surface, such as sulphates and phosphates from glycoproteins and phospholipids, interact with the

cationic peptides to initiate their internalisation which will be discussed in more detail in section 1.6.2.4°
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Figure 1.14. (A) Tat protein with CPP residues highlighted (red) and primary structure of the CPP section of Tat
(PDB code: 1TIV_1) (48-60).* (B) Structure of pVec CPP.

1.5 Peptides and peptidomimetics as probes and therapeutics

As well as CPPs, peptides in general have been developed as therapeutic agents and probes. This is
because peptides are surrogates for full-length proteins which are natural ligands for numerous
biological targets in protein-protein interactions. Various therapeutics and biological probes have been
designed based upon peptide chemistry. The variety of side-chains and intrinsic stereogenicity present
in amino acids allows for the easy construction of diverse species for most biological targets. The major
drawback of naturally occurring peptides is that they suffer from inherent poor physiochemical stability
as well as a low plasma half-life.3# To get around this, a number of chemical modifications have been
developed to enhance their stability. Leuprorelin acetate 1.12 (Fig. 1.15) is one example of a medicinal
peptide used to treat endometriosis, where the N-terminus has been modified to a lactam. Furthermore,
the C-terminus has been changed to an ethylated amide and the stereocentre in leucine has been changed

from an L- to a D-leucine to improve protease stability and oral bioavailability.*
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Figure 1.15. Peptide structure of leuprorelin acetate 1.12, highlighting the 3 non-natural modifications.

These modified peptidic structures are generally loosely referred to as peptidomimetics.
Peptidomimetics are peptides that mimic the interactions of a particular residue or section of a peptide
but do not have the same chemical structure.*” This term comes from the idea of bioisosterism, which
is employed in small molecule drug discovery. Bioisosteres are substituents or groups with subtly
different physiochemical properties that can produce the same biological response in a compound.
Bioisosteres are designed to enhance the biophysical properties of a molecule without reducing the
biological effect.** Common examples of these are the change from a hydrogen atom to a fluorine atom
as the fluorine is similar in size to the proton but not susceptible to oxidation by enzymes like
cytochrome P450.%° An early example of using bioisosterism in drug development was the change from
a CHs to a CFz in picornovirus inhibitors (Fig. 1.16A) which resulted in the enhanced metabolic
stability.®® Another bioisostere often employed is a tetrazole in the place of carboxylic acid. The
tetrazole proton has been measured to have a similar pK. to a carboxylic acid (5.08 tetrazole vs.
4.64 carboxylic acid).®* For example, the angiotensin Il antagonist losartan employs a tetrazole in a

place of a carboxylic acid (Fig. 1.16B).>
A B
[0} Bioisostere N=N.

Bioisostere )k L _ NH
P H — /F OH N

N
L A
OH n—Bu
5 CF3 n- BLI/( N

CH
B|onsostere :Q/L Blolsostere
H CM :Q/L Hacw
30—\ 3

-0

1.13 1.14 1.15 Losartan

Figure 1.16. (A) A Fluorine as a bioisostere of hydrogen used in the picornovirus inhibitor 1.11. (B) Tetrazole as
a bioisostere of the carboxylic acid found in the angotensin Il antagonist losartan.
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The modifications in leuprorelin 1.12 are examples of specifically peptidic bioisosteres as each
modification mimics the natural alternative. The N-terminal lactam and C-terminal ethyl amide mimic
peptide bonds, while the D-leucine improves the protease stability of the peptide compared to the natural

L-leucine.

To employ peptidomimetics the importance of each residue in the peptide must first be investigated. A
typical method to probe the dependency of a primary amino acid sequence is known as alanine scanning.
In this process each residue of the peptide is sequentially changed to alanine and the peptides function
compared to the unaltered form.> This is the first step in defining a compounds full structure-activity
relationship (SAR) in which the important residues for activity are located. Alanine is used as it contains
a relatively small and unfunctionalized side group (methyl). It also does not incorporate any extra

backbone flexibility unlike the addition of glycine.

Mimetics of the peptide backbone are commonly used to block the action of peptidases on peptides.
This ensures the peptide has a long enough half-life to reach its biological target. There are many
isosteres considered for the amide bond in peptides, including the use of simple esters, thioamides and
fluoroalkenes.> These species have similar electronic configurations to amides and can mimic both
resonance forms of the amide (Fig. 1.17A). A common set of backbone mimetics are a-alkylated amino
acids, which include variations like dimethylated glycine (2-aminoisobutyric acid),>® cycloalkane
glycine derivatives,*® a-methyl cysteine and a-methyl threonine.>” Mimetics like these restrict the ¢ and
v dihedral angles and therefore can constrain or disrupt any secondary structure of the peptide. For
example cyclohexyl glycine has been used to control the helicity of some peptides (Fig. 1.17B).% The
use of cycles in the backbone, like diketopiperazine 1.24, has enhanced protease stability when
incorporated into short peptides and mimics both the amide bonds and a-carbons.>® Further mimetics to
the backbone are N-methyl amides and aza-amino acids. N-methyl amides have been observed to
enhance protease stability, cell permeability and bioavailability of peptides whilst maintaining the
amide backbone structure.>® Aza amino acids incorporate a nitrogen atom in place of the a-carbon,

removing the stereocentre, but have also demonstrated a global enhancement in peptide stability whilst
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maintaining biological activity.®®* Both strategies have been employed successfully to PKB/Akt

inhibitors.5!
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Figure 1.17. (A) Amide bond mimetics 1.16-1.19. (B) a-carbon substitution mimetics 1.20-1.24. (C) Dihedral
angles and rotations within peptide backbones. (D) N-methyl and aza backbone mimetics 1.25-1.26 and PKB/Akt
inhibitor 1.27.

1.6 Structure and function of cell penetrating peptides

Peptidomimetic design often attempts to enhance cell permeability of the sequence as most peptides are
not cell permeable whilst maintaining intrinsic biological activity. In contrast, CPPs aim to be
predominantly cell penetrative without themselves possessing a therapeutic function. One of the first
peptides that demonstrated cellular permeability was a derivative from the Tat protein, a protein
synthesised by the human-immunodeficiency virus (HIV).** The highly basic 13 amino acid sequence
of the Tat protein (Tat 48-60) was shown to be the key in the translocation of the whole 86 residue Tat
protein.*? Another peptide exhibiting a similar ability was the Antp peptide, a 16 amino acid peptide
derived from the third helix of the antennapedia homodomain which is a transcription factor from the

drosphilia genus.%
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1.6.1 Early developments of CPPs

Since the determination of these CPPs several more have been designed and synthesised with the aim
of understanding their capabilities to deliver permeability and ability to deliver species across cellular
membranes. Initial studies showed that the Tat peptide was able to improve iron oxide nanoparticle
uptake in mouse lymphocytes® and both Tat and Antp were shown to improve the delivery of
oligonucleotides to HeLa cells.®* Many other CPPs were developed on the back of the Tat/Antp success

(Table 1.2) but the specific mode of entry of CPPs in general is still up for debate.

Table 1.2. A selection of synthetic and biologically isolated CPPs.

Name of CPP Source of CPP Primary sequence

Tat (48-60) Tat protein GRKKRRQRRRPPQ*

Antp Antennapedia homodomain =~ RQIKIWGQNRRMKWKK®?

MAP Synthetic KLALKLALKALKAALKLAS®

Ro/R12 Synthetic Ro-R1,%¢

H5WYG Synthetic GLFHAIAHFIHGGWHGLIHGWYG¥
PVEC Cadherin LLIILRRRIRKQAHAHSK*

1.6.2 Interactions of CPPs and cell surface species

Each of the peptides (Table 1.2) contains multiple Arg, Lys or His residues and it was reasonable to
assume the highly positive and basic nature of these peptides facilitates their cellular permeability. The
phospholipid bilayer is awash with negative charges from both phosphate heads and various
polysaccharides. The first port of call for many of these peptides would be electrostatic interactions
between the oppositely charged groups. The role of the positive charges was demonstrated by alanine
scans of both the Tat 48-60 and Antp peptides.®®% Replacement of positive residues in both CPP
sequnces by alanine resulted in a decrease in cellular uptake and so reinforcing the idea that electrostatic

interactions are needed for cell uptake of CPPs.

The development of polyarginine CPPs came from these initial alanine scans into whole peptide charge
but also from studies that showed Arg itself had greater penetrating power than lysine or histidine, hence
why no polylysine or polyhistidine CPPs have been extensively pursued. This phenomenon was
demonstrated in a study by Mitchell et al. where peptides of 6 arginine residues (either D- or L- isomers)
or more were superior to the homologous lysine or histidine peptides in terms of cell uptake in Jurkat
cells.” The mechanism for this increased uptake is attributed to the guanidinium group of the arginine
side chain. The guanidinium group has the ability to form bidentate hydrogen bonds with phosphate
groups at the cell surface, whereas lysine can only form a single hydrogen bond interaction (Fig. 1.18)

meaning weaker bonding to the cell surface for lysine compared to arginine. These arginine-hydrogen
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bond complexes can then facilitate diffusion of the peptide into the cell membrane.™

A B
Arginine cell surface interaction Lysine cell surface interaction
o
[0} H
H
# M A Ay
H y o : H
0 ’\L
NH @
Lo HH
KNS 2
WM
B @ o
% [o) o" O\S’/O HO,
N HO, €] 0 o N-0SO3
o o N-0SO3 H
H (¢}
(¢} HO, 0
HO, 0 < 0-080;
) 0-080s 0oc
0ocC
0 0
K

Figure 1.18. (A) Bidentate hydrogen bonding of arginine to a cell surface glycoprotein. (B) Single hydrogen bond
of lysine to a cell surface glycoprotein.

1.6.3 low arginine content CPPs

Despite the apparent importance of arginine, there are still many different CPPs that are not dependent
on arginine or indeed any positive charge for their permeability. A key example is the pVec peptide.
Analysis of the structure-activity relationship of pVec showed that replacement of any of the first 5
amino acid residues (LLIIL) with alanine showed a distinct decrease in cellular uptake of around
50-75%.7% Alterations to the arginine residues in fact showed an average increase in cellular uptake and
clearly showed the importance of hydrophobic residues, and in particular leucine and isoleucine in the
pVec CPP.

Along with this finding, the tryptophan residue has shown to impart good cell penetration for certain
CPPs, owing to its relatively high aromaticity. Tryptophan has been demonstrated to aid the uptake of
arginine-rich CPPs. Tryptophan residues were added to the octaarginine CPP with the CPP RWix
(sequence = RWRRWRRWRRWR) and RWR (sequence = RRRRWWWWRRRR) both having the
greatest uptake in this study.” The rationale behind tryptophans effect on uptake is due to its favourable
interactions with glycosylaminoglycans (GAGS) at the cell surface. The ability of tryptophan to form
n-cation interactions with arginine residues in CPPs can increase the pK, of the guanidinium and lead
to a more basic guanidinium cation (Fig. 1.19A). This leads to a greater interaction with negative
sulphates of the GAGs. The formation of B strands with tryptophan rich CPPs, when in complexation

with GAGs, has also been suggested to lead to a more stable CPP-cell surface binding conformation.”

A further characteristic of CPPs that has shown direct effects on cell permeability is the spacing between
positive residues in the peptide backbone. Peptides developed with RWR and RWnix motifs
demonstrated this, but it has also been established with the so called (RXR)s peptides
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(X = 6-amino hexanoic acid). Rothbard et al. displayed the effects of glycine, 4-aminobutyric acid and
6-amino hexanoic acid between arginine residues (Fig. 1.19B).”™ They confirmed that the longer the
carbon link between each arginine, the higher is the cellular uptake. In addition, the RXR peptide had a
more efficient uptake than the Rio polyarginine. The X carbon spacer was determined to be the
maximum distance for spacing as an increase to 8-amino caprylic acid showed a decrease in cellular
uptake. The rationale behind these results is first, that the greater flexibility in the peptide backbone
allows for less conformationally restrained interactions between positively charged arginine side chains
and negative groups on the cell surface. Secondly, is the idea that the non-natural spacing residues make
degradation by proteases more difficult, though the tests from Rothbard et al. only contained trace

amounts of serum in their assays. This spacing has been employed in CPPs such as the Pip CPPs (Fig.
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spacers highlighted in blue.
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The Pip CPPs have been further developed to include specific (3-alanine spacers and used for cellular
delivery of phosphorodiamidate morpholino oligonucleotides (PMOs) to treat Duchenne muscular
dystrophy (DMD). These studies by Wood et al. and Gait et al. demonstrate the ability of CPPs to carry
large molecular weight cargoes across membranes with the PMO used having a molecular weight of
8582 g mol™, four times the molecular weight of the CPP.878 Other relatively hydrophobic peptides
have shown great promise in cell uptake. For example, TP-1 and TP-2 (Fig. 1.20) were synthesised and
tested by Marks et al.” These two peptides showed the capability to directly translocate across CHO
cell membranes at room temperature. The Rg peptide used in this study showed an inability for direct
translocation at room temperature with only an ability for uptake by endocytosis, demonstrating the
selective nature of uptake of CPPs to specific cell types. A truncated form of TP-1 1.28 (Fig. 1.20), was
later developed and was shown to be as highly permeable to HeLa and HEK293T cell lines as Ry.%
Interestingly, the mode of entry was determined to be direct translocation in HEK cells but endocytosis
in HeLa cells. This observation shows that the uptake mechanism is dependent on the specific cell type,
and therefore the cellular surface as well as peptide structure. The high uptake by any mechanism is a
promising finding, however no structural relationship has been established for the high permeability of
this peptide. As well as this a truncated form of TP-2 1.29 (Fig. 1.20) has shown cell uptake in CHO
cells where aggregation at the cell surface was the key initiating factor for direct translocation.®
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Figure 1.20. Structures of low arginine-containing CPPs TP-1, TP-2, 1.28 and 1.29

1.6.4 Methods of cell uptake for CPPs

There is clearly a high variability in the structure activity relationships of CPPs, though many do rely
on arginine as their key residue for permeability. The other key factor to consider is the effect of the
specific cell surface and how different cell lines exhibit different entry routes to either the same or very
closely related CPPs (Table 1.3).
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Table 1.3. Selected CPPs and their differing entry routes into cells of different cell lines

CPP Primary sequence Cell line Uptake mechanism
TP-1 PLILLRLLRGQFC CHO Direct translocation”
TP-2 PLIYLRLLRGQFC CHO Direct translocation
1.28 PLILLRLLRG HelLa Endocytosis®

1.28 PLILLRLLRG HEK Direct translocation®
1.29 PLIYLRLLRG CHO Direct translocation®
pVEC LLIILRRRIRKQAHAHSK BMC Endocytosis’

Tat GRKKRRQRRRPPQ HelLa Direct translocation?
ANTP RQIKIWGQNRRMKWKK HelLa Direct translocation*:

Direct translocation is similar to passive diffusion as the molecule is delivered directly to the cytoplasm
(unlike endocytosis pathways) but the specific processes that occur are still disputed and there are three
hypotheses for how direct translocation takes place.**%? The first possible mechanism uses inverted
micelle formation, where the positively charged CPP binds to the cell surface and the cell membrane
forms a vesicle surrounding the peptide before the membrane reorganises itself and releases the peptide
into the cytosol. The second hypothesis is centred around the formation of a pore in the membrane. The
peptide transiently inserts into the membrane forming a pore by which the peptide can pass through and
enter the cytosol. The final hypothesis focusses on a process known as adaptive translocation where the
peptide remains bound to phospholipids at the phosphate heads and the hydrophobic tails allow for
movement through the lipophilic centre of the membrane (Fig. 1.21). The other defining entry method
is endocytosis by which the formation of a vesicle at the cell surface surrounds the peptides and carries
them past the membrane. Unlike inverted micelle formation, this vesicle continues into the cytoplasm

before the eventual endosomal release (section 1.3.3).
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Figure 1.21. The 3 proposed methods of direct translocation by CPPs. (A) Inverted micelle (B) Pore formation
(C) Adaptive translocation.*

1.6.5 Clinical utility of CPPs

CPPs have progressed from their use in fundamental scientific investigations to an attractive delivery
vector for in vivo applications, with several progressing to the clinical trial stage.®? An arginine rich
CPP-PMO conjugate (named PPMO-B) was evaluated for its potency, biodistribution and toxicity in
mice for the treatment of duchene muscular dystrophy. This CPP-PMO demonstrated enhanced potency
in the cardiac, diaphragm and quadricep tissues but also enhanced target protein expression in body-
wide tissue.®® This lack of cell specificity is a concern for using this CPP for any alternative therapy as
the wide distribution of the CPP-PMO reduces its therapeutic efficacy. However, the protease stability
of these peptides was enhanced by the incorporation of the 6-aminohexanoic acid and p-alanine non-
natural amino acids. XG-102 is a Tat-conjugated D-peptide that has passed phase | and Il clinical trials
as a c-Jun-N-terminal Kinase inhibitor.8* The phase Il trial showed only mild adverse effects (fatigue
and headache) in the subjects and promising pharmacokinetic data with a plasma half-life of between
22-39 min.®* Despite the perceived success of this Tat conjugate other in vivo studies of cationic CPPs
have proven to again lack tissue specificity. A Tat-pB-galactosidase conjugate was synthesised to study

organ specificity and this conjugate demonstrated increased distribution in liver, lung and bowel
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tissue.8 Another study by Her et al. highlighted some specificity issues where an arginine-rich

CPP-Luciferase conjugate was shown to enhance body-wide cell uptake in less than 2 h in mice.%

A RXR4-PMO which is currently being used in the clinic to treat Duchene muscular dystrophy
demonstrated increased uptake in liver, spleen, kidney and lungs. This RXR4-PMO conjugate did show
high protease stability, attributed to the 6-aminohexanoic acid groups, with no sign of degradation until
6 h.8" It is clear some arginine-rich CPPs suffer from a lack of specificity, which could lead to
interactions with undesired cell receptors, proteins etc. and so leading to toxicity problems. In particular
the clinically arginine-rich CPPs discussed above accumulate significantly in the liver which can lead
to hepatotoxicity.® Though the incorporation of non-natural amino acid spacers did enhance the in vivo
stability of some CPPs the problems associated with the lack of specificity means no CPP has been
approved for therapeutic use. Further studies are required to fully understand the nature of CPP
specificity and toxicity and therefore develop a robust therapeutic.

1.6.6 Cell-penetrating peptidomimetics

One example of using cell-penetrating peptidomimetics as an alternative to cell-penetrating peptides
has been explored based on the Tat peptide. Here, both lysine and arginine in the Tat peptide were
substituted with isosteres containing ethylenediamine moieties to afford peptide 1.30 (Fig 1.22A).%8
Improved cytosolic delivery was observed in various analogues of Tat in a HEK293T cell line along
with no associated cytotoxicity with these peptides. Incorporation of a cyclic dipeptide species into a
polylysine peptide 1.31 (Fig. 1.22A) enhanced protease stability with this CPP demonstrating 96%
stability over 48 h in human blood serum.%® The uptake was comparable to the uptake of the established
polyarginine Rs peptide and the toxicity was lower than the Rg CPP. Looking specifically at arginine, a
dipeptide mimetic 1.32 has been developed by Schmuck et al. to enhance the bidentate hydrogen
bonding to a tridentate interaction (Fig. 1.22B).2° CPPs bearing tridentate mimetics of arginine were
able to deliver the protein avidin to HelLa cells specifically by GAG initiated endocytosis without any
toxicity issues. Cyclisation also increases peptide protease stability and has been employed with great
success to Tat by Hackenberger et al. (Fig. 1.22A).% Cyclic Tat 1.33 was able to deliver large cargoes
such as GFP and nanobodies specifically to the nucleolus.®*** Cyclic versions of CPPs have also been
developed by Pei et al. such as peptide 1.34 which also incorporates a naphthalene amino acid as a

bioisostere of tryptophan to mimic the & system of the tryptophan indole group (Fig. 1.22A).92%
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Figure 1.22. (A) Peptidomimetic ethylene diamine bearing Tat 1.30, cyclic dipeptide species 1.31, dipeptide
arginine mimetic 1.32, Cyclic Tat 1.33, Cyclic CPP with tryptophan bioisostere highlighted in blue 1.34. (B)
Tridentate hydrogen bonding from 1.32 to the cell surface, 1.35.
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1.6.7 Drawbacks of existing CPPs

Despite the successes of some CPPs there are still many drawbacks to the currently used CPPs, in
particular arginine-rich CPPs such as Tat. A consistent issue with these CPPs is the instability of the
peptide, with natural amino acids readily cleaved by proteases. The serine protease trypsin exclusively
cleaves amide bonds of cationic residues like lysine or arginine due to a key aspartate moiety in the
binding pocket that binds cationic residues (Fig. 1.23).%4% This enzyme has limited the application of

many linear CPPs as any arginine residues are often cleaved away.

Figure 1.23. The first step in the enzymatic cleavage of a peptide using trypsin highlighting the key Aspagg residue
required for binding.

Looking at the mechanisms of uptake for CPPs it can be seen that many species are taken up via
endocytosis mechanisms, however many CPPs can become entrapped in endosomes and not be able to
deliver a therapeutic or probe to its target at relevant concentration. It remains unclear if release of a
CPP from an endosome relies on a single specific mechanism, though due to the variation in CPP
structure a single mechanism would be unlikely.®” Arginine-rich CPPs suffer greatly from this problem.
For example, work by Ferrer et al. highlighted that a polyarginine conjugated to a cystic fibrosis
transmembrane regulator peptide would become entrapped in endosomes in U20S cells.®® Laser
irradiation was required to allow cytoplasmic and nuclear distribution of the CPPs.% Tat itself has been
confirmed to suffer from endosomal entrapment, however work by Pellois et al. has demonstrated that

a dimer of Tat, dfTat, (Fig. 1.24) can cause endosomal leakage due to its larger arginine density.%%

Though high arginine density aids dfTat and endosomal leakage, it has been associated with various
toxic side effects in vivo.1?1%2 The toxicity of arginine rich CPPs has been attributed to both their high
cationic charge and the high basicity of the peptides. Work by Gao et al. demonstrated that Tat can lead
to both hepatoxicity and cardiotoxicity in MCF-7 tumour bearing mice.X%-1% |n addition, many CPPs
show a bias towards particular cell lines leading to inefficient cargo delivery and unwanted off-target
toxicity. This issue remains prominent for the majority of CPPs due to the fact that cell membranes have
the same fundamental architecture. To overcome this problem certain targeting groups have been

conjugated to CPPs such antigen specific binders and extracellular protein binding peptides.%®
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Figure 1.24. Structure of dfTat which causes endosomal leakage.

1.7 The role of the guanidinium group to enhance cell uptake

Arginine contains a guanidinium group in its side-chain which is pivotal for the uptake of many CPPs
but can also lead to toxicity issues for arginine rich CPPs. The guanidine group is strongly basic with a
pKan of between 13-14, and upon protonation the subsequent positive charge can be delocalised across
the 3 nitrogen atoms. Each nitrogen atom carries a third of the positive charge where the protonation
occurs at the imino nitrogen (Fig. 1.25A).1971% The guanidinium structure allows CPPs to form
bidentate hydrogen bonds and an ion-pair with anionic species on the cell surface. The hydrogen bonds
between a CPP and cell surface sulphate from a glycoprotein are formed between the electron rich
oxygen atoms in the sulphate and the ¢” anti-bonding orbitals of the N-H bonds in the guanidinium
(Fig. 1.25B). The ion-pair forms due to the electrostatic attraction between the negatively charged
sulphate and the positively charged guanidinium group. This combination of interactions means the
binding between an arginine rich CPP and the cell surface can have three binding interactions per

guanidinium group (two hydrogen bonds and one ion-pair, Fig. 1.25C).
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Figure 1.25. (A) Protonation of the sp? nitrogen in guanidine 1.36 and resonance forms of the guanidinium cation
1.37,1.38 and 1.39. (B) Hydrogen bonding between the electron rich sulphate of a glycoprotein and anti-bonding
orbitals of N-H bonds. (C) The ion-pair and hydrogen bonding complex formed between the guanidinium and a
sulphate group.

1.7.1 Bioisosteres of the guanidine group

As discussed in Section 1.5 peptidomimetics and bioisosteres mimic the interactions of specific groups
to elicit a biological response. The guanidine group has been subject to many bioisosteric replacements
in both drugs and peptides.’®® Examples of guanidine bioisosteres include cyclic structures in the
arginine side-chain such as racemates 1.40 and 1.41, where the guanidinium is held in either a 5- or 6-
membered ring (Fig. 1.26).° To reduce the basicity of the guanidine group, and therefore its associated
toxicity, a carbonyl group can be introduced adjacent to the guanidine where the pKan is reduced to 7-8
from 13-14. The use of acetylguanidine linkage has been applied to histamine H2 antagonists 1.42 and

1.43 along with the racemic non-natural amino acid, 5-keto arginine 1.44 (Fig. 1.26).111-113

Figure 1.26. Guanidine peptidomimetics. Cyclic guanidine arginine analogues 1.40 and 1.41. Histamine H2
antagonists with alpha carbonyl guanidines 1.42 and 1.43. Arginine peptidomimetic 5-keto arginine 1.44.

1.7.2 Amidines as isosteres of guanidine

Amidines are analogous structures to guanidines with one less nitrogen atom. They are similar to an
amide where the carbonyl is replaced with an imino-type carbon-nitrogen bond. Amidines are less basic
than guanidines with pKan values typically in the range of 11-12.** As with the guanidine group
protonation again occurs at the sp? nitrogen to form the amidinium cation (Fig. 1.27A). The delocalised

cationic charge is shared across both nitrogen atoms, analogous to a carboxylate anion.
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Figure 1.27. Protonation of the sp? nitrogen 1.45 with formation of the amidinium cations 1.46, 1.47 and 1.48 and
the analogous carboxylate anion 1.49.

Due to their matching electrospacial properties to the guanidine group amidines have been employed
as bioisosteres for arginine. Amidines are commonly employed as serine protease antagonists. The
amidine group is able to form bidentate hydrogen bonds and an ion-pair with carboxylate moieties in
the serine protease binding pocket (Fig. 1.28A).1> There are many therapeutics utilising the amidine
motif such as the pro-drug dabigatran and work by Clement et al. further investigated amidine
containing serine protease inhibitors like amidine 1.50 (Fig. 1.28B).1%117 Finally amidines have been
developed as DNA minor groove binders in species such as pentamidine and distamycin A (Fig. 1.28B)

but have seen limited use in peptides.®
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Figure 1.28. (A) Bidentate hydrogen bonding formed between a carboxylate and an amidine in serine protease
antagonists. (B) Amidine containing drugs Dabigatran, Distamycin A, Pentamidine and serine protease inhibitor
1.50.

In summary, the cell membrane provides a barrier for the access to the cytosol. To deliver synthetic
molecules to the cell Lipinski’s rules are often used to design species that are both orally bioavailable
and cell permeable. Peptides also offer an alternative to other types of drug delivery systems through
the use of CPPs. CPPs are often rich in arginine residues which allows for binding interactions with the
cell membrane but also lead to problems such as toxicity from high basicity. Because of this no CPPs
are currently utilised in therapeutic approaches. The importance of the guanidinium groups in CPPs is
well established and although many types of bioisosteres have been employed in medicinal compounds,

the use of a guanidine mimetic placed in the side chain of a CPP has not been investigated so far.
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1.8 Hypothesis

The hypotheses to be tested in this thesis is that non-arginine rich CPPs have as high a cell uptake as
arginine rich CPPs such as Tat and Pip6, and that replacement of the guanidinium group with an amidine
group will maintain the same level of cell uptake in these CPPs. The assumption is that amidinium
groups will form bidentate hydrogen bonds and ion-pairs with cell surface anionic species such as
glycoproteins, but will have a higher hydrophobicity (Fig. 1.29). Further it is hypothesised that the
replacement will produce a reduction in the toxicity generally associated with the guanidinium-rich

CPPs, since amidinium groups are less basic than guanidinium groups.
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Figure 1.29. Use of amidines as mimetics of the guanidinium group to maintain CPP cell uptake and reduce
basicity associated toxicity.

1.9 Aims and objectives of this thesis

The specific aims of this project are to:

Q) Synthesise and subsequently analyse the cell uptake of low arginine-containing CPPs.
(i) Establish robust routes to prepare amidine-containing building blocks (1.51 - 1.52)

suitable for use in solid phase peptide synthesis of CPPs.

N < NH,
Fmoc}—:\l%\( FmocHN
1.51

Figure 1.30. General structures of amidine containing building blocks 1.51 and 1.52.

(iii) Develop mild synthetic methodology to directly arylate amidines for potential application
as CPP bioisosteres (Fig. 1.31).
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Figure 1.31. Direct arylation of amidines to be investigated.
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Chapter 2: Toxicity and uptake of low arginine-containing CPPs
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2.1 Introduction

2.1.1 Synthesis of peptides

Peptides are highly desirable due to their biological importance and broad applications as both
therapeutics and probes, including CPPs.* The synthesis of peptides today is typically carried out on a
solid support in what is known as solid phase peptide synthesis (SPPS).11%120 The first synthetically
produced peptide was reported by Curtius, where the synthesis was completed in solution using glycine
salt 2.1 to synthesise an N-protected glycine-glycine dipeptide 2.3 (Scheme 2.1A).12 Building on this,
Fischer et al. reported the first synthesis of glycine-glycine dipeptide 2.6 with an unprotected N-
terminus that was synthesised via a piperazine intermediate 2.5 (Scheme 2.1B).1%? Fischer then reported
the synthesis of peptides up to 18 amino acids in length when using an acyl chloride coupling strategy,
though the peptides were limited to glycine and leucine amino acids only (Scheme 2.1C).123124
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Scheme 2.1. (A) Dipeptide synthesis from silver salts reported by Curtius.*?! (B) Synthesis of dipeptide with an
unprotected N-terminus reported by Fischer et al.'?2 (C) Peptide synthesis using a chlorination strategy reported
by Fischer.123124

The methods developed by Curtius and Fischer remained limited in scope to peptides containing glycine
and leucine and also containing difficult to remove protecting groups.'?**2* To synthesise unprotected
N-terminal amino acids and allow for easy sequential amino acid couplings, Zervas et al. reported the
use of the Cbz protecting group which can be removed by hydrogenolysis (Scheme 2.2A).1?° The Chz
group still could not be employed on all amino acid residues as sulphur containing methionine and
cysteine poisoned the Pd catalyst thus halting the hydrogenolysis.'?® The Chz method of protection and
deprotection was utilised by Du Vigneaud et al. for the first synthesis of the peptide oxytocin, though
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the final deprotection was carried out using a Birch reduction due to the presence of cysteine residues
(Scheme 2.2B).1% The next development in peptide synthesis, by Albertson et al., was the utilisation of
the Boc protecting group at the a-amino position on an amino acid (Scheme 2.2C).1?” The Boc groups
acid lability meant it could be used orthogonally to Cbz in the synthesis of peptides and Albertson et al.
were able to synthesise tetrapeptide 2.15 using a Boc protection strategy (Scheme 2.2).%%
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Scheme 2.2. (A) Chz deprotection by hydrogenolysis. (B) Cbz deprotection used in the synthesis of oxytocin.
(C) Boc deprotection strategy used by Albertson et al for the synthesis of 2.15.1%"

Though the synthesis of more complex peptides had been achieved in solution the purification and
isolation of multiple intermediates made the process both time-consuming and low yielding. Merrifield
et al. demonstrated that peptide synthesis could be carried out on a solid support without the need to
isolate intermediate species and demonstrated the entire peptide could be cleaved from the solid support
in a single step (Scheme 2.3).12 The Merrifield synthesis used excess reagents to ensure successful
amide formations and any side products or unreacted reagents could be easily removed by filtration.
The original Merrifield synthesis utilised chloromethylated nitropolystyrene polymer 2.16 as the solid

support to synthesise tetrapeptide 2.22 (Scheme 2.3A & B).1%
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Scheme 2.3. (A) Chloromethyl nitropolystyrene resin 2.16 used by Merrifield.*?® (B) SPPS conducted by
Merrifield for the synthesis of tetrapeptide 2.22.1%8

Further work by Merrifield demonstrated that a Boc protection strategy could be employed as well as
Cbz meaning a non-nitrated solid support could also be used to access a nonapeptide.*?® A different
amine protection strategy was later described by Carpino et al. using the base labile Fmoc group on a
variety of amino acids (Scheme 2.4A).1%131 The reactivity of the liberated fulvene 2.26 meant the Fmoc
group was less suitable for solution phase peptide synthesis, however a solid phase approach does not
exhibit the same limitations (Scheme 2.4B). The ability to wash away side products from the resins
allowed for the use of Fmoc chemistry in SPPS by Atherton et al. where peptides 2.28 and 2.29 were

synthesised on polydimethylacrylamide resins (Scheme 2.4C).132133
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Scheme 2.4. Fmoc protecting group cleaved using piperidine 2.24. (B) Side reaction between fulvene 2.26 and
piperidine 2.24. (C) Peptides 2.28 and 2.29 synthesised on solid support using Fmoc protection chemistry by
Atherton et al.**

The advent of Fmoc chemistry in SPPS was developed along with orthogonal acid sensitive resins upon
which peptides could be grown. Resins are made of cross-linked polymer networks where the initial
attachment of the first amino acid occurs at the C-terminus. Solid phase approaches, however, require
sufficient penetration of reagents which is dependent on good swelling of the resin increasing the
diffusion rate of reagents in the expanded resin network (Fig. 2.1).134135 For polystyrene resins it was
reported by Merrifield that swelling was far greater in DCM than DMF for the free resin but that DMF
induced swelling was greater with increasing length of the attached peptide chain.®*® This observation
is advantageous for Fmoc chemistry as DCM is not compatible with piperidine due to its cross
reactivity.'¥ Therefore, DMF is generally used for coupling and deprotection steps on solid support and

DCM for initial resin swellings.
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Figure 2.1. Effect of swelling on resin pores and how it improves access of reagents.

An acid sensitive resin was developed by Wang et al. for the synthesis of carboxylic acids at the
C-terminus. The Wang resin contains a benzyl alcohol functionality which forms ester 2.31 upon
coupling with an activated amino acid, at which point subsequent couplings can occur while the growing
peptide chain is anchored to the resin (Scheme 2.5A).1* The free acid of the peptide can be liberated
from the wang resin using acids such as TFA, leaving a cationic resin that can be quenched with
nucleophilic species such as water, phenol or various thiols to prevent unwanted side reactions.**® Work
by Rink et al. demonstrated that two further acid sensitive resins, rink acid linker 2.34 and rink amide
linker 2.37, could anchor peptides through either an ester or amide linkage (Scheme 2.5B & C).} As
with Wang resins, Rink linkers are acid sensitive and can deliver carboxylic acids or primary amides at

the C-terminus and the resulting cationic resin can be quenched with addition of nucleophiles.4014

A
o]
HO Peptide/(O
o SPPS | o TFAH,0 %
2.30 2.31 2.32 2.33
B o

OH Peptide//<

o OH

w0 Q
\
SPPS © o O o) o
o}

/ c TFAH,0
/ TR, ) +
@O ’ Pep“dE/%OH / o
2.34 2.35 2.32 2.36

(o3 o

NH aeX
2 Peptide NH OH

\OP ﬂ,\"o 0 \Oo

TFAH,0 .
/ _TATY ol /

h@ Oho o 0@0
237 2.38 2.39 2.36

Scheme 2.5. (A) Wang resin linker. (B) Rink acid resin linker. (C) Rink amide resin linker,138:140

Extensive research into appropriate coupling agents that can be employed using Fmoc protecting groups

and acid sensitive solid supports has been carried out previously by various groups. To date there are
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three main classes of amide coupling agents employed in SPPS: carbodiimides, uronium salts and

phosphonium salts. 114120

The carbodiimides typically used in peptide synthesis are DCC, DIC and EDC (Scheme 2.6A). Amide
bond formation with carbodiimides begins with nucleophilic attack of carboxylic acid 2.40 to form
activated O-acylisourea 2.42. Species 2.42 then undergoes nucleophilic attack from an amine group that
releases the desired amide bond product 2.44 and urea side product 2.45 (Scheme 2.6B).142143 DCC was
also the first carbodiimide to employed in 1955 by Hess et al. in peptide synthesis.!** Due to the
formation of highly a insoluble cyclohexylurea by-product further carbodiimides were sought after for
use in SPPS. The carbodiimindes DIC and EDC were developed by Sheenhan et al. and Chen et al. for

to overcome the formation or cyclohexyl urea when using DCC, 145146
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Scheme 2.6. (A) Structures of carbodiimides DCC, DIC and EDC. (B) General mechanism for a carbodiimide
mediated amide coupling using Fmoc amino acids.

A major problem with amide couplings using a-amino acids is the epimerisation of the a-carbon
stereocentre.’*” The mechanism of epimerisation can occur via two base catalysed pathways
(Scheme 2.7).147148 In both pathways the initial activation of the amino acid takes place to form an
activated species 2.47. In pathway one, deprotonation occurs at the a-carbon to form enolate 2.48.
Subsequent protonation can occur at either face of the enolate resulting in a loss chiral purity and species
2.49. The final step in pathway one is the nucleophilic substitution and amide formation to form epimer
2.50. In pathway two deprotonation occurs on the amide bond to form imidate 2.51. A 5-exo-trig
cyclisation then occurs to form oxazolone 2.52. Deprotonation of 2.52 forms enolate 2.53 which can be
protonated from both faces to form oxazolone 2.54. Final nucleophilic attack by an amine then returns

the epimer 2.50.
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Scheme 2.7. The two base catalysed epimerisation pathways that can occur during amide couplings.

The epimerisation problem is prominent for carbodiimide mediated amide couplings due to the high
reactivity of O-acylisourea.}*® The addition of triazoles such as HOBt and HOAL has been used to reduce
the level of epimerisation when using carbodiimides. The less reactive triazole activated ester 2.55

formed reduced the ability to form oxazolones compared O-acylisoureas intermediate 2.56 (Fig 2.3).24%
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Figure 2.2. (A) Structures of triazole additives HOBt and HOALt. (B) Triazole activated ester 2.55 and O-
acylisourea 2.56.

Two other forms of amide coupling agents, phosphonium and guanidinium salts, take advantage of
triazole activated esters but are often formed in situ, without the addition of extra triazole reagents (Fig.
2.3). Phosphonium salts agents contain a triazole moiety bound the phosphorus via an oxygen atom and
were first used by Kenner et al. before the development of BOP by Castro et al. in 1975.25215% The BOP
reagent was found to produce the toxic by-product, hexmethylphosphorotriamide (HMPA), during
activation and this led to the development of other agents such as PyBOP and PyAOP where the
dimethylamino groups are replaced with pyrrolidine species.!®*1% Guanidinium salt agents contain a
guanidinium group and an N-oxide unlike the phosphonium group in BOP, PyBOP or PyAOP. HBTU
was the first guanidinium agent to be developed by Dourtoglu et al. and its structure confirmed by
Abdelmoty et al. in 1994.15615" On the back of HBTU other guanidinium agents were developed
including HATU and HCTU. Currently, HATU has been reported as returning the highest coupling

yields and lowest levels of epimerisation compared to either PyBOP or HBTU,151.18.159
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Figure 2.3. Structures of phosphonium and guanidinium salt amide coupling reagents.

The conditions for amide formation when using either phosphonium of uronium salts typically require
and excess of base, often a tertiary amine such as DIPEA (Scheme 2.8A). When using phosphonium
agents, such as PyBOP, carboxylate 2.58 attacks the electrophilic phosphonium in PyBOP to form
phosphonium 2.59 and release triazole 2.60. Subsequently 2.60 and 2.59 react to form activated ester
2.62 and release phosphine oxide side product 2.61. Activated ester 2.62 can then undergo nucleophilic
substitution after addition of unprotected amine 2.63 to form the amide product 2.64. This has become

the accepted mechanism when using phosphonium agents such as PyBOP,120:14.160

Guanidinium salts, such as HATU, function in a similar way to phosphonium agents where excess base
is required to generate carboxylate 2.58 (Scheme 2.8B). Carboxylate 2.58 then attacks the guanidinium
species to form O-acylisourea 2.65 and triazole 2.66. Both 2.65 and 2.66 then react to form activated
ester 2.68 and release urea 2.67 as a side product. Upon addition of an amine the activated ester 2.68

can again undergo nucleophilic substitution to afford the amide product 2.64.119.120.161
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Scheme 2.8. (A) Mechanism for amide formation using PyBOP. (B). Mechanism for amide formation using
HATU.

To date both the phosphonium and guanidinium agents are extensively used in SPPS for the synthesis

of a variety of peptides. Combined with a Fmoc protection strategy, a general protocol for SPPS has
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become well-established (Scheme 2.9).12%120 The protocol begins with an initial resin swelling and
coupling of the first amino-acid to the solid support before coupling side products are washed away.
The resin bound amino acid is then deprotected and Fmoc side products washed from the resin. The
next amino acid building block is then activated and added to the resin to be coupled to the resin bound
amino acid. Repetitions of deprotections and amide couplings are performed until the desired peptide
sequence has synthesised on the solid support. The full peptide is finally cleaved from the resin under
acidic conditions, typically using a cleavage cocktail containing TFA.
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Scheme 2.9. Solid phase peptide synthesis using a wang resin. (A) Resin loading with first amino acid building
block. (B) Fmoc deprotection. (C) Amide coupling of next amino acid. (D) Fmoc deprotection of new elongated
peptide chain. (E) Amide coupling of next amino acid building block. (F) Cleavage of peptide from the resin using
TFA.

2.1.2 Monitoring cell permeability of peptides

Upon synthesis of peptides the evaluation of their biological applications will often require them to be
cell permeable. There are numerous ways to assess cell permeability and they include: synthetic model
membranes; monolayer assays; cell lysate analysis and live cell fluorescence assays.®” Each of these
methods have advantages and disadvantages over each other and have widely been applied to the field
of CPPs.

2.1.2.1 Synthetic model membranes

One of the first model membrane assays developed was PAMPA by Kansy et al.'®> The membranes
formed for PAMPA make use of a lipid in an alkane solution with Kansy et al. using 10% egg-lecithin
(which contains several different phospholipids including POPC) in dodecane (Fig. 2.4A). The assay

involves two compartments, a donor and acceptor, separated by the synthetic lipid membrane.
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Compounds are added to the donor well and after an incubation period the acceptor well contents are
quantified, typically by UV-vis or mass spectrometry (Fig. 2.4B).1%%1%4 Many PAMPA methodologies
have been developed to mimic naturally occurring membranes, including the blood brain barrier and
gastrointestinal tract.’® The principle advantage of the PAMPA s its quick preparation and high
throughput capacity, with many assays performed in a 96-well plate format.
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Figure 2.4. (A) Structure of POPC, a constituent of egg-lecithin. (B) Diffusion of a compound through a synthetic
lipid alkane membrane in a PAMPA.

Another use of synthetic membranes is by forming unilamellar vesicles. Using lipids such as POPC,
vesicles can be formed and uptake of a fluorescent probe, for example in work by Almeida et al., can
be monitored upon treatment with a CPP then the uptake quantified (Fig 2.5).2% The major drawback
of this method is it requires the peptide to form pores in the membrane to allow the fluorophore to be
released and fluorescence to be measured. Similar protocols have been used looking at permeability of
cyclic CPPs in multilamellar vesicles to determine the direct translocation capacity.'®” Despite the ease
of using both PAMPA and vesicle assays, they remain limited to monitoring permeability by passive
diffusion only. As active processes such as endocytosis are not possible, the permeability of many
biomolecules cannot be assessed by PAMPA and vesicular methods.
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Figure 2.5. Fluorescene based permeability assay using synthetic a unilamellar vesicle.

2.1.2.2 Monolayer assays

Often employed to assess permeability through a single layer of cells, the most common monolayer

assays are CaCo-2 and MDMK. CaCo-2 cells are used to mimic enterocytes and therefore the
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environment of the small intestine, whereas MDMK cells are nephrocytes and mimic the renal
environment.®81%° The monolayer assays have a similar set up to the PAMPA but with the key
difference being the use of live cells as the membrane barrier within each well (Fig. 2.6). Compounds
are added to a donor well where they can pass through the monolayer of cells and be analysed from the
acceptor well, by LCMS or HPLC techniques.!’® The monolayer assays offer an advantage over
synthetic membranes as active methods of uptake can occur, therefore not only direct translocation of
compounds is monitored. However, a compound must pass through the cell to the acceptor well so
species which are retained or exhibit slow transport through the cellular environment will not be
registered as permeable. Though both monolayer and synthetic membrane assays can allow for a high

throughput screen of compounds neither technique can be used to observe sub-cellular localisation.

Donor well ® = Compound

Monolayer of
cells

Acceptor well

Figure 2.6. Representation of a monolayer assay like the CaCo-2 or MDMK assays.

2.1.2.3 Cell lysate analysis

The analysis of cell lysate is a technique that allows for the quantification of total cell uptake of a
compound. A compound is incubated with live cells before the cells are washed then lysed for the
species within the cell to be quantified (Fig 2.7). Lysate analysis was first used to identify the uptake of
a peptide substrate by Oehlke et al. where cells were incubated with a peptide then washed with a diazo
aniline which would react with extracellular peptide. The cell lysate was then analysed by HPLC or
MALDI-TOF-MS and unmodified peptide detected was deemed to have been internalised.’® An
alternative to HPLC quantification is the use of MALDI-TOF-MS, work by Ekman et al. and Burlina
et al. used MALDI-TOF-MS to accurately quantify the amount of peptide within a cell.}’%"2 The
method requires an isotopically labelled form of the peptide which allows accurate quantification from
the semi-quantitative MALDI spectrum. Cell lysate based assays have the advantage over synthetic
membranes as using live cells allows uptake by both active and passive pathways, therefore detection
does not require a compound to passively cross membranes. The analysis of cell lysate, however, is
often complicated by the vast amount of species within the cell. Therefore, the methods generally
require multiple washing and fractionating steps to separate cell species from the molecule of interest.
The use of HPLC and mass spectrometry also requires synthesis of authentic standards which reduces

the throughput since this requires synthetic effort.

57



Guanidinium mimetics: Synthesis and application as next-generation analogues in cell penetrating peptides

Jack Robertson

® = compound

[ ]
® ¢ Py d Wash and .; ®
Cell uptake (] lyse cells = Analysis
°® — = e o Aa -
®. ~
[} ® .Q
[ ]

Figure 2.7. Protocol that quantifies cell uptake of a compound from cell lysate.

2.1.2.4 Fluorescence based cell uptake assays.

The use of fluorophores to monitor and quantify uptake in live cells is one of the most commonly used
methods, particularly in the field of CPPs. The two main analysis techniques, typically used in tandem,
are fluorescence microscopy and flow cytometry. Microscopy is a non-destructive technique that allows
for the imaging of a monolayer of live cells and the subsequent guantification of a fluorophore of
interest. It can often be difficult to distinguish cell surface bound and internalised compound by images

of monolayers and thus accurately quantify cell penetration.

Flow cytometry analysis requires a suspension of cells within a liquid which are taken up and focussed
through a nozzle into a flow chamber one cell at a time (Fig. 2.8).2" A laser pulse hits the cells as they
pass through the chamber and the transmitted light is measured in either forward or sideways direction,
as well as at the specific wavelengths of the attached fluorophore. Forward scattered light (FSC) is
detected along a path in line with the laser, while side scattered light (SSC) is measured perpendicular
to the incident light.1* The FSC is directly proportional to the diameter of the cell due to the singular
diffractions of light around the cell. The SSC detects the granularity or internal complexity of the cell,
as species within the cell cause light to refract or reflect.}”* A particular population of cells within a
certain range of FSC and SSC can then be measured for their level of fluorescence to quantify the uptake

of a fluorophore.®” For microscopy and flow cytometry experiments, to ensure any non-permeable
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compound is not analysed, the cells are incubated with the fluorescently labelled compound before

being washed repeatedly with combinations of trypsin and buffered salt solutions.®’

1.0M T

800K T

GO0K T

Laser |
Flow __| \ 00K = -

FSC 2 '
chamber 1.+

Fluorescence ]

measurements 200K

o 200K 400K GO0K 200K 1.0M
FEC-AFEC-A

Figure 2.8.(A) Representation of flow cytometry. (B) FSC and SSC plot of cells used for flow cytometry analysis.
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The major caveat of fluorescence-based techniques is that the compound must be labelled with a
fluorophore, thus changing the structure and chemical properties of the molecule of interest. However,
since the overall aim of a CPP is to deliver species to a cell the addition of a fluorophore can demonstrate

the peptides ability to deliver a cargo.
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2.2 Aims of Chapter 2

Many of the current CPPs rely on arginine residues to facilitate their efficient cell uptake, though it has
been reported that there are toxicity concerns over using arginine rich CPPs,1%21%.17 Tyo CPPs that are
effectively arginine deficient are TP-1 and TP-2. These peptides have been previously investigated and
found to proceed via a direct translocating mechanism in CHO cells but require endocytotic uptake in
HeLa cells.”# Their specific mechanism of uptake in human cell lines is unknown but they could offer
a less toxic alternative to current arginine rich CPPs. Furthermore, the importance of the arginine

residues in both uptake and retention within a cell has not been assessed for either TP CPPs.
The specific aims of this chapter are to:

Q) Prepare fluorescently-labelled TP-1, TP-2 and arginine-rich CPPs for cell uptake analysis.

(i) Determine the toxicity of this peptide series.

(iii)  Investigate the specific mechanism of uptake for the TP CPPs using flow cytometry and
compare these with arginine-rich CPPs.

(iv)  Identify any differences in subcellular localisation within the CPP series.
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2.3 Results and discussion

2.3.1 Design and synthesis of CPPs

Both TP-1 and TP-2 CPPs contain only two arginine residues, each separated by two leucine residues
to give an RLLR motif (Fig 2.9). To understand the importance of this motif upon a peptides
permeability two peptides were designed that might possess cell penetrating properties, 2.68 and 2.69
(RLLRLLR and RLLRRLLR), based on the common repeating unit (Fig. 2.9). Peptides 2.68 and 2.69
contain three and four arginine residues respectively, which may allow for cell uptake based on the

arginine content alone.

TP CPPs
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Figure 2.9. Structures of TP CPPs and RLLR motif peptides 2.68 and 2.69. Arginine residues highlighted in red.

The TP CPPs also contain lipophilic residues at the N-terminus (PLILL and PLIYL) which may allow
for insertion into a lipid membrane as reported by Wimley et al. for TP-2.16 Amphipathicity of CPPs
has been highlighted as a property that can enhance cellular uptake due to a balance in lipophilicity and
hydrophilicity allowing binding and insertion into plasma membranes.’® The amphipathic nature of the
TP CPPs and the RLLR motifs could also be important for their mechanism of uptake. The helical
wheels of the TP CPPs highlights both arginine groups on the same side of the helix (Fig 2.10A). Both
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2.68 and 2.69 contain an arginine-rich, hydrophilic helical face balanced with a hydrophobic side of the
helix (Fig 2.10B).
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Figure 2.10. (A) Helical wheels of TP-1 and TP-2. (B) Helical wheels of 2.68 and 2.69. Nonpolar residues
highlighted in yellow and polar residues highlighted in red.

The ability of arginine to bind to the anionic species of the cell membrane could allow 2.68 and 2.69 to
interact with cell surface. The hydrophobic leucine region of both peptides would aid in insertion of the

lipid bilayer via hydrophobic interactions.

Of the techniques discussed in section 2.1.2, fluorescence monitoring of labelled peptides by flow
cytometry allows for quantification of cellular uptake of CPPs in live cells. The method has many
advantages as firstly, there is no need for the synthesis of additional standards required for mass
spectrometry techniques. Secondly, no destructive techniques are required to analyse the cell interior

unlike cell lysate experiments. Finally, using live cells allows for all possible energy dependant uptake
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mechanisms to be investigated, unlike artificial membrane assays like PAMPA or CaCo-2. Based on

these advantages fluorescent CPPs were to be synthesised for flow cytometry analysis.

The specific fluorophore used will inevitably change the properties of the CPP. Several fluorogenic
species have been used to track and identify the TP peptides, including TAMRA 2.70,
carboxyfluorescein 2.71 and coumarin 2.72 (Fig 2.11).°8! Both 2.70 and 2.72 were attached to the TP
peptides using a cysteine at the C-terminus to react with a maleimide on the fluorophore. When using
2.71 the CPP was coupled directly to the N-terminus forming an amide bond. Both maleimides 2.70
and 2.72 require the addition of a cysteine at the C-terminus for conjugation, whereas 2.71 could be
conjugated directly to the peptide. Dye 2.70 exists as zwitterion at physiological pH whereas 2.71 is
anionic. This fundamental change in overall charge has been shown to directly affect the permeability
of the peptide conjugates which was reported to be greater using TAMRA based dyes than fluorescein
based dyes.!’’
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Figure 2.11. Structures of dye-CPP attachments previously used for TP CPPs.

Based on the increased difficulty of delivering fluorescein over TAMRA dyes, fluorescein
isothiocyanate (FITC) was selected as a relevant and challenging marker to label CPPs for uptake
studies. An isothiocyanate forms a thiourea linkage at the N-terminus of a corresponding peptide.
However, it has been shown that thioureas attached directly to the N-terminal amine in a peptide can
undergo an Edman degradation (Scheme 2.10A). The sulphur of thiourea 2.73 can attack the amide
carbonyl of the adjacent amino acid residue in a 5-exo-trig cyclisation. The resulting thiazolinol 2.74
forms thiazolinone derivative 2.75 and subsequently releases the peptide 2.76 with a free amine at the
N-terminus. Thiazolinone 2.75 finally undergoes a rearrangement to afford the thiohydatoin 2.77. To
avoid the Edman degradation during FITC labelling of a CPP, a spacer group can be used to stop the
cyclisation step. Amino hexanoic acid (Ahx) has been widely used to this end and ensures that the
Edman cyclisation would be the highly disfavoured 9-exo-trig and thus significantly reduces the loss of

dye from the peptide.
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Scheme 2.10. (A) Edman degradation of fluorescein thiourea peptide. (B) Ahx spacer used to prevent Edman
degradation. (C) Synthesis route to FITC labelled TP-2.

The fluorescently-labelled CPPs were synthesised using a standard Fmoc strategy SPPS with HATU as
the amino acid activating agent (e.g. scheme 2.10C). A rink amide resin was used in order to return an
amide at the C-terminus for all CPPs. In addition, Ahx was used as a linker between the final residue
on the peptide and the FITC fluorophore to reduce Edman degradation.

To accompany the TP peptides and RLLR motifs two arginine-rich CPPs, Tat and Pip6, were
synthesised with analogous fluorescein labels to compare the effect of arginine content on toxicity and
uptake of the peptides (Fig. 2.12).
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Figure 2.12. Fluorescently labelled arginine-rich CPPs, Pip6 and Tat, that were synthesised using SPPS.

Pip6 is a CPP that has previously been used to delivery PMO cargos for the treatment of duchenne
muscular dystrophy and so would provide a robust comparison to the TP and RLLR CPPs. Both labelled
TP CPPs were isolated in overall yields of 5% and 7% after purification. The shorter labelled RLLR
motif peptides, 2.80 and 2.81, were isolated in 23% and 25% overall yield after purification (Fig 2.13,

HPLC traces in appendix chapter 2).
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Figure 2.13. FITC labelled TP CPPs and RLLR motif peptides to be assessed for the toxicity and cell uptake.
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2.3.2 Cell-viability with fluorescently-labelled CPPs

To test the hypothesis that a high arginine content in CPPs is associated with higher toxicity, the
viability of several relevant cell lines was assessed using an alamarBlue assay with exposure to each of
the labelled CPPs. AlamarBlue is permeable to mammalian cells but not fluorescent, however it is
reduced by the metabolic environment of a living cell (NADPH and NADH can both reduce
alamarBlue) to its fluorescent derivative.}’® The viability was first assessed in HeLa cells (Fig. 2.14A
& B). Both TP-1 and TP-2, containing only two arginine residues each, showed near 100% viability at
30 uM and close to 90% viability at 100 uM. Along with the TP peptides the first RLLR motif 2.82
displayed a similar viability profile in HeLa cells with slightly lower viability at 100 uM at near 80%.
The common CPP Tat, which contains six arginine residues and an overall positive charge of 8, only
showed a reduction in viability at 100 UM near 75%. The Pip6 CPP, containing eight arginine residues,
appeared to be the most toxic peptide with a cell viability of near 10% at 30 uM and less than 10% at
100 pM. Finally, the second RLLR motif 2.83 returned a higher cell viability than Pip6 at 30 uM, but
cell viability reduces to similar levels at 100 uM peptide.

A B
—=—Tat
120 - —a—TP-1 [ 100 um
—=—TP2 I 30 um
100 —=—Pip6 B 10 um
—=—2.82
—=—2.83
80
2 60
3 z
s g
> 404 g
204
0 -
T T T T
-1 0 1 2 Tat TP-1 TP-2 Pip6 2.82 2.83

Log,, Concentration (uM)

Figure 2.14. (A) Viability of Hela cells treated with CPPs using an alamarBlue assay after 24 h incubation at
37 °C. (B) Viability of Hela cells treated with CPPs at 100 uM, 30 uM and 10 uM.

To assess if the toxicity profiles of each peptide were consistent between different cell lines, viability
was quantified of the osteoblast cell line U20S using the same CPP treatments (Fig. 2.15A & B). As
with HeLa cells, U20S cells exhibited high viabilities near 100% at 30 uM and similarly at 100 uM
when incubated with both TP peptides. Cells were viable at around 90% with both Tat and 2.82 even
at 100 uM concentration. Similar to HeLa cells, U20S cells had significantly lower viabilities with
Pip6 and 2.83 at 100 puM with cells only being around 10% viable with Pip6. At 30 uM Pip6 showed
a marginal improvement to 30% viability, though cells with 2.83 improved to 90% viable at 30 pM.
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Figure 2.15. (A) Viability of U20S cells treated with CPPs using an alamarBlue assay after 24 h incubation at
37 °C. (B) Viability of U20S cells treated with CPPs at 100 uM, 30 pM and 10 pM.

From the viability experiments it can be seen that the most toxic peptides are Pip6 and 2.83, which
appears to show that high charge and arginine content is not the only prevailing factor in CPP toxicity.
This is demonstrated most notably by Tat as it was less toxic than 2.83 despite carrying a high charge
and three more arginine residues. The toxicity profiles of Pip6 and 2.83 are similar across both HelLa
and U20S cell lines with both having near 100% viability at 10 uM concentration. This suggests that
any toxicity is more likely to occur via a general necrotic mechanism since an apoptotic mechanism
would cause a dose response change in viability, not an increase in 80% viability from 30 uM to 10

MM, as observed in HelLa cells.
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2.3.3 Uptake of fluorescently labelled peptides

Flow cytometry was utilised in order to quantify the level of uptake of each FITC labelled CPP. Based
on the viability studies, a 5 UM concentration was selected for the uptake experiments in order to
minimise any toxicity to each cell line. The first experiment conducted was ran over 4 h in HeLa cells
to compare the uptake of both TP-1/TP-2 against the arginine-rich CPPs Pip6 and Tat
(Fig. 2.16 A & B). Intriguingly, both TP peptides returned higher median fluorescence intensities (MFI)
than both Tat and Pip6 over 4 h, with TP-2 returning the highest MFI value. This suggests that both
TP peptides, in particular TP-2, are taken up and remain within the cell at higher concentrations than
both the arginine rich CPPs after 4 h. Furthermore, both RLLR motif peptides 2.82 and 2.83 returned
relatively low MFI values compared to all other CPPs, suggesting somewhat low cellular penetration
for both peptides. This implies the RLLR unit within both TP peptides is not the principle contributor
to their cell permeability. Finally, the low uptake of 2.82 and 2.83 also highlights that increasing
arginine content within a CPP does guarantee improved uptake and cellular retention, as both TP CPPs
had higher MFlIs.
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Figure 2.16. (A) Comparison of uptake of FITC labelled CPPs at 5 uM after incubation at 37 °C for 4 h in HeLa
cells. Error bars are mean £ SD of triplicate experiments. (B) Overlay of histograms of CPPs after 4 h incubation
at 37 °C with HeLa cells.

To further understand the mechanism of cellular uptake of the TP and arginine rich CPPs, the
experiments were performed over 1 h (Fig 2.17 A & B). In this shorter time period both arginine-rich
CPPs gave significantly higher MFI than over 4 h with Pip6 showing over a 4-fold decrease in
fluorescence between 1 h and 4 h. In contrast, both TP peptides showed relatively similar fluorescence
values between 1 h and 4 h with a small but significant decrease over time observed with TP-1 whereas
a small increase over time was observed with TP-2. The reduction in MFI over time for both Tat and
Pip6 indicates that both CPPs are initially taken up at a higher rate than both TP peptides, but are either

exported from the cell or degraded at a significantly higher rate. The less pronounced changes over time
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seen with TP peptides suggests that they are potentially less susceptible to degradation and export from

the cell but are not taken up in as great a quantity as the Pip6 peptide over 1 h.
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Figure 2.17. Comparison in uptake of CPPs after incubation at 37 °C for 1 h and 4 h with HeLa cells. Error bars
are mean + SD of triplicate experiments.
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As these peptides could be entering cells by either a direct mechanism or via an endocytotic mechanism
(mechanisms discussed in chapter 1 sections 1.3.3 and 1.6.4) the incubation of peptides with cells was
conducted at 4 °C to depress all energy dependant processes within the cell (Fig 2.18 A, B & C). First
looking at the TP peptides, there is reduction in MFI of both peptides with around a 50% reduction in
fluorescence for TP-1 and a near an 80% reduction with TP-2 (Fig 2.18A). These results highlight that
the uptake of both TP peptides in HelLa cells is via an energy dependant mechanism, such as
endocytosis. This uptake of TP-1 has been identified as endocytosis in HeLa cells previously, though
no specific mechanism was established.®® When comparing all CPPs a significant increase in MFI is
observed for both Tat and Pip6 upon a decrease in incubation temperature (Fig 2.18B). The increase in
MFI for both arginine rich CPPs first highlights that the uptake of both peptides is via an energy
independent mechanism such as direct translocation. Secondly, as the low temperature will likely
disable any proteolytic and exocytotic mechanisms this could prevent the degradation and expulsion of
each peptide, hence a much higher intracellular concentration of CPP is maintained within the cell over
a 4 h time period.
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Figure 2.18. Comparative analyses of cell uptake of (A) TP peptides after incubation at 37 °C and 4 °C for 4 h,
and (B) TP peptides with Tat and Pip6 after incubation at 37 °C and 4 °C for 4 h. Error bars are mean + SD of
triplicate experiments. (C) Overlay of histograms of CPPs after 4 h incubation at 4 °C with HeLa cells.

From the 4 °C experiments it was demonstrated that both TP peptides are taken up via an energy
dependant process, such as endocytosis. To investigate the specific mechanisms, three endocytosis
inhibitors were investigated: Chlorpromazine (CPZ), Nystatin (Nys) and Wortmannin (Wort)
(Fig 2.19). Chlorpromazine causes assembly of adaptor proteins and clathrin at endosomal membranes,
which in-turn leads to depletion of clathrin at the cell surface. This effectively stops both
clathrin-mediated endocytosis and endosomal recycling to the cell surface.’”® Nystatin is a polyene that
binds to cholesterol within the plasma membrane and causes disassembly of caveolin at the cell
surface.*® Finally, Wortmannin inhibits the PI3 kinases (P13K) which has been demonstrated to affect
macropinosome closure and actin reorganisation to cause membrane ruffling.8! Each of these inhibitors
were successfully employed in a H358 cell line by Arora et al. to identify the endocytotic mechanism

of uptake for peptidomimetics.?
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Figure 2.19. Structures of endocytosis inhibitor Chlorpromazine, Nystatin and Wortmannin.

To investigate clathrin-mediated endocytosis cells were pre-incubated with chlorpromazine before the
addition of each CPP and then analysed by flow cytometry after 4 h incubation (Fig 2.20A & B). When
comparing the MFI values of the TP peptides at 4 °C, 37 °C and with CPZ, a small increase in
fluorescence was observed with TP-1 upon addition of CPZ. Increases in incorporation upon inhibition
of clathrin-mediated endocytosis have been reported in various cell lines, where upregulation of other
endocytotic pathways can occur, which could explain subtle fluorescent increases upon treatment of
CPZ.18 For TP-2 there is a minor reduction but not at the same level as with 4 °C incubation. As both
TP peptide MFI values were not reduced significantly, and in the case of TP-1 a small increase, this
implies that the mechanism of uptake for the TP CPPs is not via clathrin-mediated endocytosis. For the
Pip6 peptide CPZ incubation returned an increase in MFI compared to 37 °C alone, similar to the
increase seen at 4 °C. Taking into account the previous results and significant increase when suppressing
energy dependant mechanisms, potentially inhibition of clathrin endosome recycling could minimise
the expulsion of the Pip6 peptide but that clathrin-mediated endocytosis does not play a role in uptake.
With the Tat peptide a similar MFI value was observed with CPZ and without at 37 °C indicating that

clathrin endosome recycling does not play a role in either uptake or expulsion of this CPP.

Caveolin-mediated endocytosis was probed by pre-incubating the cells with Nystatin before the addition
of FITC CPP. Looking at the TP peptides, neither showed a reduction in fluorescence with the caveolin
uptake pathway inhibited. The slight increase observed in fluorescence signals for both the TP CPPs in
the nystatin experiment can be attributed to Nystatin upregulation of non-caveolae dependant
endocytosis, as reported by Lu et al. for the uptake of the endostatin protein.!8 Both arginine rich CPP
experiments, Tat and Pip6, showed no significant change in fluorescence upon incubation with nystatin
compared to the standard 37 °C. The minimal fluorescence change observed for Tat and Pip6 upon
nystatin treatment further confirms uptake and cargo expulsion for these CPPs does not proceed via the

caveole-mediated endocytosis pathway.

The final inhibitor used was wortmannin, to inhibit macropinocytosis. TP-1, as with CPZ and nystatin,

showed no reduction in fluorescence compared to the 37 °C. The fact that no fluorescence reduction
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occurs for TP-1 with wortmannin signifies that macropinocytosis is not a major pathway for its uptake
into cells of TP-1. Looking at TP-2, there was a noticeable reduction in fluorescence upon incubation
with wortmannin, though not to the same extent as with 4 °C incubation. The reduction in TP-2
fluorescence indicates that macropinocytosis may play a role in the uptake of TP-2 though it is not the
major pathway of cell uptake. For Tat, like with CPZ and nystatin, no significant change in fluorescence
was observed confirming the uptake of Tat to be via a direct mechanism in the HelLa cell line.
Wortmannin incubation with Pip6 demonstrated a 2-fold increase in fluorescence which could signify

macropinosome recycling is another, though less significant, pathway for expulsion of the Pip6 peptide.
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Figure 2.20. Comparative analyses of (A) CPPs after incubation at 37 °C, 4 °C and with CPZ, Nystatin and
Wortmannin for 4 h in HeLa cells, and (B) TP CPPs with endocytotic inhibitors. Error bars are mean + SD of
triplicate experiments.

The U20S cell line was assessed in parallel to quantify the penetration of each of the CPPs and to
identify any differences in uptake profiles across a different cell line. First, looking at a comparison
between RLLR maotifs 2.82 and 2.83 and the TP peptides, it can be seen that both RLLR motif peptides
are taken up more poorly than both TP peptides in U20S cells after 4 h (Fig. 2.21A). The low uptake
of the RLLR peptides is consistent with HeLa cell observation, again highlighting that uptake of both
TP CPPs is not solely dependent on the RLLR motif within each peptide. Next, to compare the TP
peptides with Tat and Pip6 both 1 h and 4 h incubation experiments were carried out. It can be seen
that over 4 h both TP peptides and Pip6 return similar MFI values to each other whereas the Tat CPP
has the lowest concentration in U20S cells the least after 4 h (Fig 2.21B). Upon incubation over 1 h a
similar result to HeLa cells observed, where both arginine-rich CPPs show a significantly higher
incorporation. The higher fluorescence after 1 h for both Tat and Pip6 indicates that, like in HeLa cells,
both arginine-rich CPPs are potentially degraded and expelled from U20S cells between 1 h and 4 h
incubation. The TP peptides return similar MFI values after 1 h as with 4 h suggesting they are not

expelled significantly from U20S cells after a further 3 h incubation.
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Figure 2.21. Comparative analyses of (A) TP, arginine-rich and RLLR CPPs after incubation at 37 °C for 4 h in
U20S cells, and (B) CPPs after incubation at 37 °C for 1 h and 4 h with U20S cells. Error bars are mean + SD of
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Assessing the mechanisms of uptake of the TP peptides and arginine-rich CPPs was conducted again
with 4 °C, CPZ, nystatin and wortmannin experiments (Fig 2.22). When comparing fluorescence values
of the TP peptides at 4 °C, 37 °C and with CPZ it can be seen that both TP values were not reduced
upon the addition of CPZ but were by incubation at 4 °C. A reduction in MFI of near 80% for both TP
peptides at 4 °C implies that, like HeLa cells, an energy dependant mechanism is responsible for their
cell uptake. As no reduction in fluorescence was observed with CPZ, a clathrin-mediated endocytotic
mechanism can be ruled out for the uptake of TP CPPs in U20S cells. The nystatin experiments show
an increase in fluorescence for TP peptides, which again suggests potential upregulation of alternative
endocytosis pathways but no uptake via caveolin-mediated endocytosis. Similarly, wortmannin
incubation experiments showed only a small fluorescence reduction, indicating that macropinocytosis
is not a major uptake pathway for either TP peptides in U20S cells.

For the Pip6 peptide, 4 °C and CPZ incubation returned a significant increase in MFI compared to
37 °C alone. Like HeLa cells, this could suggest that inhibition of clathrin endosome recycling reduces
expulsion of the Pip6 peptide but the uptake of the CPP occurs most likely via a direct translocation
mechanism. With the Tat peptide, unlike HeLa cells, a 4-fold increase in MFI was observed with CPZ,
though a 20-fold increase is seen after 4 °C. The changes seen with Tat suggest clathrin endosome
recycling may play a role in expulsion of this CPP, though the major pathway of degradation and
expulsion is not clathrin-mediated. Both the nystatin and wortmannin experiments returned similar
fluorescence levels to 37 °C for the arginine-rich CPPs, implying that neither caveolae-mediated
endocytosis or macropinocytosis play a key role in the uptake or expulsion of Tat and Pip6 in U20S
cells.
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Figure 2.22. Comparison in uptake of CPPs after incubation at 37 °C, 4 °C and with CPZ, Nystatin and
Wortmannin for 4 h with U20S cells. Error bars are mean + SD of triplicate experiments.

When looking at histograms of U20S cells treated with TP peptides, distinct cell populations with
higher MFI were observed (Fig 2.23A). A discrete second population is not formed of a distinct size or
shape as the cells from this population display a random distribution across forward and side scatter
variance (Fig 2.23B). This could indicate a small amount of cells uptake the CPPs at higher levels.
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Figure 2.23. (A) Histogram of TP-2 treated U20S cells after 4 h at 37 °C. (B) Overlay of cell populations from
peaks 1 and 2 showing both have similar forward and side scatter distributions.

Overall similar trends in uptake for each CPP were observed across both cell lines, indicating a non-

cell line specific mechanism of uptake for each CPP.

2.3.4 Sub-cellular localisation of CPPs

In order to investigate if there were any differences between the TP peptide and arginine rich CPPs in
localisation within cells, confocal microscopy was used to image HelLa cells after treatment with

fluorescein labelled CPPs. In addition to the CPPs, the HeLa cells were treated with the nuclear stain
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Hoescht 33258 (Fig. 2.24). Hoescht 33258 is a bis-benzimide that binds to the minor groove of DNA
and is fluorescent with an excitation/emission of Aexem = 365/465 nm.*# The fluorescence characteristics
of Hoescht 33258 mean it does not overlap with fluorescein and so allows identification of the nucleus
as well as the subcellular localisation of the peptide. The use of a nuclear dye also allows for the
discrimination between the nucleus and the cytoplasm of the cell, with any overlay of the two different

colours indicating nuclear localisation.
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Figure 2.214. Structure of Hoescht 33258.

Looking first at the arginine-rich CPPs, Tat and Pip6, after 4 h incubation it can be seen that Tat is
generally nuclear excluded with no specific overlay with the nucleus (Fig 2.25A). In addition to being
excluded from the nucleus the peptide appears as small round puncta throughout the cytoplasm. Round
puncta in cells has often been associated with endosomes, however it is unlikely to be endosomal
entrapment from cell uptake as flow cytometry suggested a non-energy dependant uptake mechanism
for Tat.*"18 puncta in HeLa cells have been previously observed with Tat.1%18” A potential explanation
for the appearance of puncta is that these are vesicles associated with the expulsion of Tat from the cell.
Pip6 appeared to have some overlay with the Hoescht stain suggesting that Pip6 was localised within
the nucleus along with some general cytoplasm location (Fig 2.25B). The small amount of nuclear
localisation of Pip6 could be associated with its high cationic charge and thus strong electrostatic

interactions with anionic DNA allow it to be retained in the nucleus to some degree.

A

Figure 2.25. HelL a cells treated with (A) Tat and Hoechst 33258. (B) Pip6 and Hoescht 33258.
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Looking at both the TP peptides it can first be noted that there is no clear nuclear overlay with either
TP-1 or TP-2 (Fig. 2.26A & B). However, there does appear to be some green fluorescence in the
nucleus, though this is not as bright as the rest of the cytoplasm (Fig. 2.26C). The images indicate that
both TP peptides a present throughout the cytoplasm and do not appear as any puncta, therefore
suggesting the TP CPPs can escape any potential vesicle they use during uptake. They also appear to
permeate the nucleus though are not present in the same level as in the cytoplasm.

A B

Figure 2.26. HelL a cell treated with (A) TP-1 and Hoescht 33258. (B) TP-2 and Hoescht 33258. (C) TP-2
showing lower concentration in the nucleus.
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2.4 Summary of Chapter 2

Fluorescein labelled CPPs were synthesised by SPPS to investigate their cell uptake and viability in
both HeLa and U20S cells. Viability was first investigated across the two different cell lines with both
arginine-rich and low arginine containing CPPs. Across both HeLa and U20S cell lines, the established
arginine rich CPP Pip6 showed greater toxicity than both low arginine containing CPPs, TP-1 and
TP-2, with less than 30% viable cells at 30 uM peptide.

The uptake of the CPPs was then assessed at a non-lethal concentration of peptide. The RLLR motif
contained within both TP peptides was assessed for its cell permeability through the analysis of peptides
2.82 and 2.83. It was identified in both cell lines that simple repeating units of RLLR is not sufficient
to achieve good cell permeability. The RLLR motif within the TP peptides is not the sole factor that
confers their cell permeability.

Across both cell lines it was observed that both TP peptides had similar, or even higher, concentrations
to Pip6 or Tat within cells after 4 h incubation. Upon further timed experiments it was identified that
both arginine-rich CPPs are taken up at greater levels than the TP CPPs after 1 h. This appears to
indicate that Pip6 and Tat are degraded and/or expelled from the cell significantly more than the TP
CPPs after 4 h.

Further uptake inhibition experiments identified that both TP CPPs are taken up via an energy-
dependant mechanism, through the major pathway is not one of the three main endocytosis mechanisms
(clathrin-mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis). The
arginine-rich CPPs enter cells via an energy independent mechanism. The expulsion of Pip6 observed
over time could be dependent on clathrin endosome recycling as inhibition of this process gave an

increased level of Pip6 cargo within both cell lines.

The TP CPPs also appear to localise in the cytoplasm of HeLa cells and thus escape any endosomes

involved in their cell uptake.
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2.5 Experimental

2.5.1 Peptide synthesis

Peptide synthesis was completed on an automated Tribute® peptide synthesiser with an IntelliSynth
UV-monitoring system and feedback control system. Rink amide resin (100-200 mesh), Fmoc-Phe-OH,
Fmoc-Gly-OH, Fmoc-Tyr(O'Bu)-OH, Fmoc-Pro-OH, Fmoc-Leu-OH, Fmoc-lle-OH,
Fmoc-GIn(Trt)-OH, Fmoc-Arg(Pbf)-OH and Fmoc-¢Ahx-OH were purchased from Merck Millipore
and used without further purification. Fluorescein 5-isothiocyanate (FITC) was purchased from sigma-

aldrich and used without further purification.

2.5.2 Analytical HPLC

RP-HPLC was carried out using Aeris 3.6 um RP 250 x 4.6 mm widepore XB C18 column using a
DIONEX 3000 series HPLC equipped with a VWD3400 photodiode array detector. Purifications were
performed using water (0.1% TFA) as Solvent A and acetonitrile (0.1% TFA) as Solvent B and were

run at a flow rate of 1.0 mL/min. For HPLC traces see appendix chapter 2.
Analytical RP-HPLC method A:
Absorbance detection was set to 220 nm.

Table 2.1. Gradient used for analytical RP-HPLC method A

Time (min) = Solvent A Solvent B

0 95% 5%
5 95% 5%
50 10% 90%
55 10% 90%
60 95% 5%

2.5.3 Purification of products

Semi-preparative reversed-phase HPLC purification was carried out on a kinetex 5 um RP 150 x
21.2 mm XB C18 column using a DIONEX 3000 series HPLC equipped with a VWD3400 variable
wavelength detector. Purifications were performed using water (0.1% TFA) as Solvent A and

acetonitrile (0.1% TFA) as Solvent B and were run at a flow rate of 12.0 mL/min.
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RP-HPLC method A:
Absorbance detection was set to 220 nm.

Table 2.2. Gradient used for RP-HPLC method A.

Time (min) = Solvent A Solvent B

0 95% 5%
5 95% 5%
45 10% 90%
50 10% 90%
53 95% 5%

2.5.4 Mass spectrometry

High-resolution mass spectra were recorded on a Bruker Micro TOF Il at the university of Edinburgh.

2.5.5 Peptide characterisations

General peptide synthesis protocol A

On a Tribute® solid phase peptide synthesiser, Rink amide resin (0.15 mmol) was swelled in DCM (5.00
mL) for 30 min. Two 10 min agitations with 20% (v/v) solution of piperidine in DMF (5.00 mL) was
used to deprotect terminal Fmoc groups. Activation of Fmoc protected amino acids (0.45 mmol, 3.00
equiv) was achieved using HATU (0.38 mmol, 2.50 eq) and 0.5 M DIPEA in DMF (5.00 mL). The
reaction mixture of the activated esters of Fmoc amino acids were then added sequentially to the resin
and agitated for 20 min at room temperature. Upon final coupling of appropriate residue the resin was
washed with DCM (5.00 mL) and dried under N». The resin was then removed from the automated
synthesiser and manually swelled in DCM (5.00 mL) for 30 min. After swelling the resin was washed
with DMF (4 x 2.00 mL) and two 10 min agitations with 20% (v/v) solution of piperidine in DMF (5.00
mL) was used to deprotect the terminal Fmoc group. Separately in a 5.00 mL glass vial FITC (117 mg,
0.30 mmol) was dissolved in DMF (1.50 mL) and DIPEA (183 pL, 1.05 mmol) was added to form a
bright red solution. The red FITC solution was then added to the resin, protected from light and agitated
for 16 h at room temperature. After the 16 h agitation the resin was washed with DMF (4 x 2.00 mL)
before being washed with MeOH (4 x 2.00 mL) and finally DCM (4 x 2.00 mL). The peptide was then
cleaved from the resin using a mixture of TFA:phenol:water: TIPS (90:5:5:2, 3.00 mL) and agitated for
4 h. The cleavage solution was then filtered from the resin and the peptide precipitated using cold Et,O
(30 mL, -20°C) to afford an orange precipitate. The solid was washed with Et,O (3 x 10 mL) to remove
excess TFA and the resulting orange solid was purified by RP-HPLC method A.
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FITC — XPLILLRLLRG (TP-1)

(e} (0] Y (0] Y O(: (0] Y
NH
HaN™ “NH
HN
s=A
NH
HO,C O
.2CF3CO,H
ot -
HO
oA
(o]

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (14 mg, 5 %).

HRMS: CgyH127N16016S%* Theoretical: 832.9709 Observed: 832.9710.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
31.3 min, 96%.

FITC — XPLIYLRLLRG (TP-2)

2
ST \H
HO,C O
HO O b
o O 2CF4CO,H
o

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (19 mg, 7 %).

HRMS: CgsH125N16017S%* Theoretical: 857.9605 Observed: 857.9672.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
28.4 min, 97%.
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FITC — XRKKRRQRRR (Tat)

OH

o} ! CO,H

JORe XWN¢EN¢B\WN¢E\WN¢% ¢NH2

R 1,

.8CF,CO,H )\ A

N NH2 HNZNH,  HN” “NH,

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (22 mg, 6%).

HRMS: CgoH133N33016S** Theoretical: 658.3235 Observed: 658.3228

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
17.4 min, 100%.

FITC — XRLLRRLLR (2.83)

OH

o O CO,H HQN

"¢
NH H

A

Ho,N7 SNH

NH

ACF4CO,H

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (70 mg, 23%).

HRMS: C75H1190N23014S%* Theoretical: 798.9508 Observed: 798.9549.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
24.3 min, 98%.
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FITC — XRLLRLLR (2.82)

SR AT T

2e b
HZNANH

.3CF3CO,H
(o}
Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (68 mg, 25%).
HRMS: C59H107N1901352+ Theoretical: 720.9003 Observed: 720.9060.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
24.6 min, 99%.

FITC — XRXRRBRRYQFLIRBRXR (Pip6)

I

5

N H\/\/\)L
o HN<_NH,  H,N__NH
[ : T
HN NH HN OH
O ’s :
(0] (0] o [¢] (0] (0] " H
H H H H
N M
o) o ~ OJ/’ O/( o} \( 0 0P NH

HN
[e] NH
\/\ o

H\m

Using general peptide synthesis protocol A on 0.20 mmol scale of resin. Rink amide resin (307 mg,

.8CF3CO,H HoN™ “NH HzN

0.20 mmol, 0.65 mmol g*). Appropriate HPLC fractions were lyophilised to afford a powder like orange
solid (20 mg, 3%).

HRMS: C1gH205N15025S.CF3CO,H> Theoretical: 584.1176 Observed: 584.1211.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
19.7 min, 99%.
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2.5.6 Cell culture

HeLa and U20S cells were maintained in medium consisting of Dulbecco’s modified Eagle’s medium
(DMEM), 10% FBS, 1% L-Glutamine and 1% penicillin/streptomycin. Cells were cultured in a
humidified incubator at 37 °C with 5% CO atmosphere. Cells were cultured in a humidified incubator
at 37 °C with 5% CO; and passaged twice a week at confluence > 80%. BSA, FBS, L-Glutamine,
penicillin/streptomycin and TrypLee Xpress were purchased sterile from sigma-aldrich or Thermo

fischer scientific and used without further treatment.

2.5.7 Flow cytometry

HeLa or U20S cells were cultured in 24 well plates (4.5 x 10° cells per well) for 24 h. On the day of
the experiment, the cells were incubated with 5 uM FITC-peptide in DMEM with 10% FBS at 37 °C or
4 °C for required time. The media was then removed and wells were washed with PBS (2 x 500 uL per
well) and then detached from the plate with TrypLee Xpress (500 uL per well). PBS containing 2%
bovine serum albumin (500 pL) was added to each well and cells transferred to 5 mL polystyrene FACS
tubes. Cells were centrifuged and washed with PBS containing 2% bovine serum albumin (2 x 500 pL)
before being suspended in PBS containing 2% bovine serum albumin (1.00 mL each). Cells were finally
analysed on a Thermo fischer Attune NXT flow cytometer with laser excitation/emission set at
490 nm/519 nm and a flow rate of 200 uL min*. Flow cytometry data was analysed using FlowJo
software with gating set at a range of 51K-285K side scatter and 251K-815K for forward scatter
variance for every sample. Median fluorescence intensity values were calculated from the gating range

using FlowJo.

For inhibitor experiments cells were incubated with inhibitor (CPZ 10 uM, Nys 50 uM, Wortmannin
0.2 uM) in DMEM with 10% FBS at 37 °C for 1 h before the media was replaced with fresh DMEM
with 10% FBS and cells were incubated with inhibitor again (CPZ 10 uM, Nys 50 uM, Wortmannin
0.2 uM) and 5 uM FITC-peptide for 4 h.

2.5.8 Cell viability alamarBlue assay

HeLa or U20S cells were cultured in 96 well plates (2.6 x 10° cells per well) for 24 h. On the day of
the experiment, the cells were incubated with 100 uM, 30 uM, 10 uM, 3 uM, 1 uM, 0.3 uM, 0.1 uM,
FITC-peptide in DMEM with 10% FBS (100 uL total well volume) at 37 °C for 24 h. AlamarBlue® was
then added to each well (0.5mM, 10 pL) and incubated for a further 6 h for HeLa cells and 24 h for
U20S cells. Cells were then analysed using a Hldex plate reader with laser excitation/emission set at
560 nm/595 nm. Fluorescence of untreated cells were used as a 100% viable control and viabilities were

calculated as a percentage of the control fluorescence values using OriginPro 2019b software.
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2.5.9 Confocal microscopy

HeLa cells were cultured in 8 well plates ibidi plates (3.5 x 10* cells per well) for 24 h. On the day of
the experiment, the cells were incubated with 5 uM FITC-peptide in DMEM with 10% FBS (200 uL
total well volume) at 37 °C for 4 h. After 3.5 h incubation, Hoescht 33258 was added at a concentration
of 5.6 UM and cells incubated at 37 °C for the final 0.5 h. Cells were removed from the incubator and
media removed. Each well was then washed with serum and phenol red free media (2 x 200 pL) then
incubated with 4% formaldehyde in PBS (200 pL) for 20 min at room temperature. After incubation
the 4% formaldehyde solution was removed and PBS (200 pL) added to each well. The cells were then
imaged using a Leica S8 confocal microscope. Excitation/emission was set at 352 nm/461 nm for
Hoescht 33258 imaging and 495 nm/519 nm for FITC labelled peptides. Images were processed using
ImageJ software.
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Chapter 3: Development of robust Cu-catalysed N-arylation of

amidines
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3.1 Introduction

3.1.1 N-Arylated amidines

Amidines are important functional groups that are used extensively throughout the pharmaceutical
industry and are key basic functionalities in therapeutics including antithrombic, analgesic and antiviral
species. 1818818 Eyrthermore, amidines are key precursors in the synthesis of common pharmacophores
like quinazolinones and benzimidazoles.'**%! N-substituted amidines are where one of the nitrogen
atoms is functionalised to form an imine-like arrangement. The N-substituted amidine can often be
protonated like a free amidine due to a similar pKa4. Tautomerisation of N-substituted amidines can
occur between substitution on the imino nitrogen like structure 3.1 to substitution on the amino nitrogen
in structure 3.3 (Scheme 3.1).

B
. N,Ar H(\ﬁ,Ar I-G\i,Ar H\N,Ar
Ao Q4 Cew = e
Ar” NH, AN, ArTCN AN
> H H
3.1 3.2 3.3 3.4

Scheme 3.1. N-Substituted amidine protonation and tautomerization.

Traditional synthetic routes to prepare N-substituted amidines have focused on the Pinner reaction
which utilises a pre-activated nitrile and an aniline as a nucleophile (Scheme 3.2). However, this
approach is limited by either the highly acidic conditions needed for nitrile activation, the extreme
temperatures required or very long reaction times.'®21%® The variation and primarily the reactivity of
coupling partner functional groups is limited, as many acid and base sensitive protecting groups cannot
be employed on the nitrile reagent. The mechanism of the pinner reaction begins with activation of
nitrile 3.5 with either a bronsted acid or a lewis acid to form activated nirile 3.6. Nucleophilc attack of
an alcohol onto the activated nitrile 3.6 forms imidate 3.7. Activation of imidate 3.7 forms 3.8 followed
by nucleophilic attack by an aniline will form the corresponding N-arylated amidine 3.9.

ISXC)
N @ H NH Cl™ NH NH
Z N 2
HCl 2 R-OH O/R HCl R Ar—NH, JAr
3.5 3.6 3.7 3.8 3.9

Scheme 3.2. Bronsted acid mediated mechanism of the Pinner reaction to synthesise N-substituted amidines.

3.1.2 Transition metal-mediated carbon-nitrogen bond forming reactions

Carbon-nitrogen bond formation is a particularly important transformation due the abundance of the
carbon-nitrogen bonds in natural products, therapeutics and bioactive molecules. Direct carbon-
nitrogen bond formation has been extensively explored where the use of a transition metal, such as Pd

or Cu, will mediate and catalyse the bond formation,1%41%
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3.1.3 Buchwald-Hartwig amination

Pd-catalysed carbon-nitrogen bond formation was first reported by Migita et al. where aryl bromides
were reacted with aminostannane nucleophiles in the presence of a Pd catalyst (Scheme 3.3A).1%
Building from this work, Panek et al. utilised Pd for an intramolecular bond formation in the synthesis
of lavendamycin (Scheme 3.3B).1°" The lavendamycin synthesis, however, required stoichiometric
amounts of Pd as when using catalytic quantities only starting materials were isolated. A report
published by Hartwig et al. identified key Pd® d'° and Pd'" d® systems as the active catalytic species in
the reaction (Scheme 3.3C).1%8 A further report by Buchwald et al. demonstrated that aminostannane
nucleophiles can be used with improved yields and scope compared to the original Migita publication
(Scheme 3.3D).1%°

A B

N__/COzMe
MeO,C—/
[PACI(P(o-tolyl)3),] \

Br & o) NEt, Pd( PPh3 4 (1.50 eq) -
+ BugSn—NEt, —————————> HN

R Toluene, 100°C, 3 h R THF ggu/co 21h
16-81%
10 examples
3.10 3.11 lavendamycin

MeO,C.__N_CO,Me

Cc /©/Br ©/Me
Ve (o-Tolyl) 5P, Pd”"\Br ,,,,,,, Pd”" BusSnNMe, NMe,
[PACI(P(o-tolyl)g)y] ~ ———————= N Py, ————
Me
M
3.4 © 3.15 3.16
D D/Br
NR.
HNRy, Ar, 80°C Me /©/ 2
—| _— Bu3zSn—NR
BusSnTNEL ST pachPoovd e
(2.5 mol%), Toluene,
105°C, 4 h
66-88%
3.1 3.17 10 examples 3.18

Scheme 3.3 (A) Pd catalysed carbon-nitrogen bond formation conducted by Migita et al.*® (B) Pd mediated ring
closure synthesis of lavendamycin.*®” (C) Key active Pd species 3.15 isolated by Hartwig et al.*®® (D) Synthesis
of aryl amines reported by Buchwald et al.*®

Further development of Pd-mediated carbon-nitrogen bond forming led to publications by both
Buchwald and Hartwig et al. where the need for toxic aminostannanes was removed. Using alternative
catalysts to those used previously (3.14) a new strategy using sterically demanding bases, such as
NaOtBu or LIHMDS, with free amines completed the amination without the need for stannanes
(Scheme 3.4A).200201 Fyrther development of phosphine ligands such as BINAP, DPPF and DtBPF
enhances the scope of the Buchwald-Hartwig reaction to primary amines and can be paired with aryl
chloride, iodide and triflate partners (Scheme 3.4B).2°22% The advancement in ligand design
demonstrated the robustness of the Buchwald-Hartwig process and is now widely exploited in various

academic and industrial settings. For example, the synthesis of active pharmaceutical ingredient (API)
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3.28 is obtained through a Buchwald-Hartwig amination. API 3.28 is a key precursor for the anti-cancer

agent venetoclax (Scheme 3.4C).27

A

[PdCl,(P(o-tolyl)3),] or R
Pd(P(o-tolyl)3), or !
Pd(dba),/2P(o-tolyl);

B N
N S
+ _ >
NaOtBu or LIHMDS R

HNRy
R
Toluene or THF,
3.19 3.20 60°C-100°C, 3 h 3.21
67-89%
10 examples
c
CO,tBu
CO,tBu o
‘ N N N/ N
7N N .
N H

. X ™

Pd,(dba)z (0.8 mol%),
AmPhos (1.6 mol%),
NaOtBu (6.5 equiv.),
THF, 55°C
90%

3.27 3.28

R
[Pd], Ligand, !
X Base, Solvent, A N\R
+ HNRyorH,NR — > or
R 83-96% R R
3.22 323  3.24 3.25
: OO PPh, ©\PPh2 @\PtBuz :
. _: PPh, Fe Fe :
Ligands =: OO o= PP o PBu i
BINAP DPPF DtBPF :
X = Br, |, OTf X =Br, |, OTf X=Br,l,Cl 1
.................................................................... :

venetoclax

Scheme 3.4. (A) Use of bulky bases allowing access to stannane-free aminations.?°2%! (B) Ligands developed
allowing use of primary amines, aryl iodides and aryl chlorides.?°2-2% (C) Synthesis of venetoclax via a Buchwald-

Hartwig amination.?%’

With the advent of bis-phosphine ligands as alternatives to catalysts like 3.14, several reaction

intermediates were isolated to elucidate a viable catalytic cycle (Scheme 3.5).2% The cycle begins with

the ligand dissociation to form the active Pd° species 3.30. Oxidative addition then takes place with the

aryl halide and to form the Pd" intermediate 3.31. The amine species then coordinates to the Pd" centre

forming the five-coordinate Pd complex 3.32 followed by deprotonation/transmetalation to form Pd"

species 3.33. The cycle is then completed by reductive elimination to release the aryl amine product

and reform the Pd° species 3.30.
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3.29
L L
H
PLN Lo
Ar” R > Pd Oxidative addition
Reductive 3.30 Ar=Br
elimination Pd(0)
L. .Ar L Ar
Pd "Pd.
Pa(ll) L NHR Cppazg, Pam)
3.33 3.31
Base.HBr R HaNR
. HzN
Deprotonation/ pgge L -Ar Amine coordination
Transmetalation L™ Br pg(il)
3.32

Scheme 3.5. General catalytic cycle of the Buchwald-Hartwig reaction using bidentate phosphine ligands.?%

The mechanism and robustness of the Buchwald-Hartwig amination has become well established.
However, there is only one report, by Buchwald et al., for the direct arylation of amidines using Pd
catalysed methods.?% In this synthetic route of N-arylated amidines were obtained using Pdz(dba)s and
the monodentate phosphine ligand tBuBrettPhos. The N-aryl amidine 3.36 was then subjected to a
condensation reaction to form a quinazolinone 3.37. The Buchwald-Hartwig amidination and
condensation were then combined in a one-pot process for the synthesis of a variety of quinazolinones
(Scheme 3.6).

A
O OMe
. Pd,(dba); (2.5 mol%) H Ar i MeO P(tBu),
©/ HNYAr tBuBrettPhos (10 mol%), @/ Y opr proot
: " H H
R NHz Cs,COj3 (2.6 equiv), R NH : O H
tBuOH, 110°C : :
: iPr H
---------------------- 1]
3.34 3.35 3.36 tBuBrettPhos
B

Pd,(dba); (2.5 mol%) i) Ar'CHO (1.5 equiv), N. Ar

H
X HN_Ar tBuBrettPhos (10 mol%), NWAr 130°C, 16 h R \\(
' T\I/H NH N
R 2 Cs,CO03 (2.6 equiv), . .
{BUOH, 110°C R ii) DDQ (1.0 equiv), Al
EtOAC/H,0, t, 1 h

3.34 3.35 3.36 3.37

Scheme 3.6. (A) Conditions for Buchwald-Hartwig amidination. (B) One-pot Buchwald-Hartwig amidination and
condensation for the synthesis of quinazolinones.?*®

This remains the only example of a Buchwald-Hartwig amidination and it has certain drawbacks, most
notably the need for significantly elevated temperatures. Furthermore, as with most Buchwald-Hartwig
reactions there requires a maintenance of a strict inert atmosphere and addition of, often expensive,

ligands.
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3.1.4 Cu-catalysed Ullmann couplings

Cu-catalysed processes for carbon-nitrogen bond formation have become an attractive alternative to Pd-
catalysed processes due to the abundance and low cost of Cu. The first examples of this came in the
early 20" century with the pioneering works by Ullmann and Goldberg.?*%?!! Using Cu powder,
secondary anilines 3.40 and 3.43 are formed from a reaction between primary anilines 3.39 or 3.41 and
aryl bromide/chloride 3.42 or 3.38 (Scheme 3.7A & B).

A B

210°C, 3 h
99%

Cl NH, Cu powder, NH, Br Cu powder,
@i + 185°C. 3 h NH @i + K,COa, NH
CO,H 90% CO,H nitrobenzene
CO,H COH
3.38 3.39 3.40 3.41 3.42 3.43

Scheme 3.7. (A) Cu catalysed amination by Ullmann. (B) Cu catalysed amination by Goldberg.?1%21!

Although Ullmann aminations are a step-efficient route to form carbon-nitrogen products, excessive
temperatures are a limiting factor for the wider scope. The development of different Cu catalysts and
ligands does allow for milder reaction conditions and broader substrate scope. The use of Cul with
bidenate, nitrogen bearing ligands 3.47-3.50 is one strategy used to prepare arylated anilines in the
presence of KOtBu (Scheme 3.8A).2*2 Ligands such as 1,10-phenanthroline 3.49 have been utilised for
the successful monoarylation and diarylation of anilines with aryl iodides in the presence of KOH and
CuCl (Scheme 3.8B).2* Amino acids like proline and sarcosine have also been used as ligands in the
Ullmann reaction, enhancing the scope to both alkyl and aryl amines (Scheme 3.8C).2* Due to these
advances, Ullmann reactions have been utilised in the synthesis of the natural product circumdatin H.?
An amide, using proline ligands, was coupled with aryl bromide to produce this important

mitochondrially targeted alkaloid (Scheme 3.8D).
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Scheme 3.8. (A) Cul catalysed amination utilising nitrogen bearing ligands.?*? (B) CuCl mediated amination using
Phenanthroline 3.49.213 (C) Amino acid ligand mediated Ullmann reaction.?** (D) Synthesis of circumdatin H
using an Ullmann reaction.?*®

The precise mechanism of the Ullmann reaction remains less well defined than the analogous
Buchwald-Hartwig amination. The general mechanism would appear similar to Pd-catalysed processes
with amine coordination to the metal centre, activation of the aryl-halogen bond and subsequent carbon-
nitrogen bond formation (Scheme 3.9A). This has been supported by work conducted by Buchwald et
al. where a general trend of aryl halide reactivity (Arl > ArBr > ArCl >> ArF) suggested activation of
the aryl-halogen bond and selectivity for N-arylation over O-arylation in aminoalcohols supported
amine coordination over other nucleophiles.?!4?l” The proposed oxidative/elimination mechanism
begins with ligand association to a Cu' centre to form species 3.58. Subsequent amine coordination and
transmetalation leads to the amine bearing Cu' species 3.60. Here oxidative addition takes place with
an aryl halide to form the Cu"' ccomplex 3.61 before reductive elimination releases the N-arylated

product and subsequently regenerates a catalytically active Cu' species.
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Alongside this work, EPR and computational experiments have been used to identify the presence of
Cu'" centres in some Ullmann reactions.?'#21° This led to an alternative mechanism being proposed
involving radical formation from a single electron transfer (Scheme 3.9B). The mechanism is similar to
the oxidative addition/reductive elimination process initially proposed, with amine coordination and
transmetalation affording the common Cu' species 3.60. A single electron transfer then takes places
from 3.60 to the aryl halide to form a radical anion and Cu" complex 3.62. Coupling of the aryl radical
and Cu produces cationic Cu' species 3.63 before reductive elimination yields the N-arylated product
and regenerates Cu' centre 3.58. Although the mechanism of Ullmann aminations remains under debate
the oxidative addition/reductive elimination mechanism is the most widely accepted with recent work

by Davies et al. highlighting the importance of ligands on the oxidative reaction kinetics.?%

A B
Cu—X Cu—X
3.57 3.57
NR; _NR,
- Ar
A X-Cu—L HNR X oot HNR, + Base
. 2
Reductive 3.58 2 . o Reductive 3.58 Deprotonation/
elimination cu(l) Amine coordination elimination Cu(l) Base.HX 1., smetalation
L. -NR; R
o’ NHR, cull) [RoN-cut| X RAN-Cu-L
Cu(ll) X Ar X-Cu—L cu(l) A oN-Cu-L Cu(l)
3.61 3.50 3.63 3.60
X i . Single electron
Oxidative addition Base  Deprotonation/ A?(;/ur a/z;l’écal / ArX transfer
Base.Hx ransmetalation pling [R N’CU’L] +
Ar-X R,N-Cu-L . 2 o
3.60 [Arx]
cu(l) 3.62

cu(ll)

Scheme 3.9. Proposed mechanisms for the Ullmann cross coupling. (A) Oxidative addition/reductive elimination
mechanism.?!6217 (B) Single electron transfer mechanism.?®

The Ullmann reaction has also been employed on amidine substrates, both directly and in many domino
processes to access other structures. Antilla et al. developed an efficient mono N-arylation of amidines
with a broad scope of various aryl iodides and amidines (Scheme 3.10A).22* Vinyl bromides and
amidines have been reacted using Ullmann chemistry in a one-pot process for the synthesis of
imidazolones, which are core structures for many fluorescent proteins (Scheme 3.10B).?22 Another
report utilising the amidine-Ullmann process reported access to benzimidazoles by coupling amidines
with ortho-haloacetanilides (Scheme 3.10C).2”® As mentioned in section 3.1.1, quinazolinones are
desirable pharmacophores and these have been accessed through Ullmann chemistry with amidines as
reported by Fu et al. (Scheme 3.10D).*° Further work by Fu et al. demonstrated the application of

amidine-Ullmann chemistry in the synthesis of benzothiadiazine pharmacophores (Scheme 3.10E).?%*
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Scheme 3.10. Examples of Ullmann chemistry using amidine substrates. (A) Mono N-arylation of amidines.??*
(B) Synthesis of imidazolones.??? (C) Benzimidazole synthesis.?® (D) Quinazolinones.'®
(E) Benzothiadiazines.?**

Arylation of amidines has been explored in a variety of scenarios in Ullmann chemistry.??*-224 Despite
this, the Ullmann amination has similar drawbacks to the Buchwald-Hartwig reaction. They include
elevated reaction temperatures, the need for an inert atmosphere as well as the use of high-boiling
solvents like DMSO or DMF. These conditions are relatively harsh and will limit the scope and
scalability of the reaction.

3.1.5 Chan-Evans-Lam amination

The key distinction of the Chan-Evans-Lam reaction relative to the Buchwald-Hartwig and Ullmann
reactions is it involves nucleophile-nucleophile coupling (Scheme 3.11). The reaction is Cu catalysed
and couples an amine with an organoboron species and is facilitated by an external oxidant which is not

required in electroneutral processes such as Ullmann or Buchwald-Hartwig aminations.

. 3"B(OR), 9y
5
°/NH2 * é Cu cat., oxidant N
base
3.76 3.77 3.78

Scheme 3.11. General scheme for the Chan-Evan-Lam amination

The first report of the Chan-Evans-Lam reaction was in 1998 and reported coupling of a variety of N-
nucleophiles with aryl boronic acids. The reactions were conducted under air at room temperature using
Cu(OAC),, pyridine and DCM. These were comparatively milder than established Buchwald and
Ullmann transformations. The reaction also demonstrated the potential breadth of the possible substrate
scope with a great number of N-nucleophiles giving favourable yields, including alkyl amines, anilines,
amides and urea coumpounds (Scheme 3.12A).2%° The reaction scope was further enhanced with work
by Lam et al. demonstrating the reaction can successfully couple a selection of N-nucleophilic

heterocycles again at room temperature under air (Scheme 3.12B).?%
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Scheme 3.12. (A) Chan-Lam amination scope published by Chan et al. in 1998.2%5 (B) Heterocycles subjected to
the Chan-Lam amination.??

The Chan-Lam reaction was further adapted in the late 2000s to allow the use of sub-stoichiometric
amounts of Cu, making it more comparable to other metal cross-coupling reactions.??” Utilising O from
air as the reaction oxidant has directly allowed the formation of carbon-nitrogen coupling products
where a strong oxidant would be incompatible. For example, catalytic Chan-Lam chemistry has been
utilised in medicinal chemistry for the synthesis of EP3 receptor antagonist 3.95 (Scheme 3.13A).2%
Work by Watson et al. has established the Chan-Lam reaction for the synthesis of the tyrosine kinase
inhibitor imatinib 3.98 under catalytic conditions (Scheme 3.13B).?? Further work by Watson et al.
demonstrated the scalability of the Chan-Lam amination by synthesising compound 3.101, which is an
intermediate in the synthesis of the APl NS5B en-route to the preparation of polymerase inhibitor
GSK8175 (Scheme 3.13C).2% The Chan-Lam reaction to synthesise 3.101 was conducted on a 15 g

scale under mild catalytic conditions.
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Scheme 3.13. (A) Catalytic Chan-Lam reaction for the synthesis of EP3 inhibitor 3.95.28 (B) Chan-Lam synthesis
of inhibitor 3.98.22° (C) 15 g scale Chan-Lam synthesis of 3.101 towards the APl GSK8175.2%0

Lam and co-workers were the first to propose a mechanism for carbon-nitrogen bond formation using
the Chan-Lam reaction (Scheme 3.14).22%2 This built upon the carbon-oxygen bond formation
processes investigated by Evans et al.?*®* The mechanism begins with coordination of an amine
nucleophile to Cu(OAc), followed by deprotonation to afford the Cu'' species 3.102. Subsequent
transmetalation affords the aryl-bearing Cu" complex 3.103. Complex 3.103 either undergoes reductive
elimination to release the aryl amine product and Cu® or be oxidised to the Cu'""' complex 3.104. Finally,
reductive elimination of complex 3.104 affords aryl amine product and Cu' species 3.105. The favoured
pathway was suggested to be via oxidation of 3.103 as only trace amount of Cu® was detected in the
reaction mixtures, hence disfavouring reductive elimination of 3.103. The formation of 3.104 was

proposed to occur either by O, oxidation or by disproportionation.
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Scheme 3.11. Chan-Lam amination mechanism proposed by Lam and co-workers.?31:232

The mechanism proposed by Lam et al. did not follow a catalytic cycle and therefore the catalytic
mechanism was further investigated by Stahl et al. Using the Chan-Lam etherication process as a model
through a combination of EPR experiments and O uptake kinetic studies a catalytic mechanism was
proposed.??’ First, the reaction proceeds without O, supporting the idea of a disproportionation pathway
to oxidise Cu'" to Cu'"". However, O uptake studies highlighted that Cu' solutions are readily oxidised
to Cu' in the presence of O,. Finally, EPR analysis highlighted that the majority of the Cu present in
the reaction was Cu'-lacking strong electron donor ligands, suggesting the rate-limiting step of the
reaction was transmetalation.??” Based on these observations a catalytic mechanism was proposed
(Scheme 3.15A).227:23 The mechanism starts with the Cu'' complex 3.106 forming a Lewis pair with the
organoboron species resulting in the formation of complex 3.107. Then, transmetalation of 3.107 occurs
to deliver Cu" complex 3.108 and subsequent disproportionation yields Cu'"' species 3.109. Reductive
elimination then takes place to form the Cu' complex 3.110 before reoxidation in the presence of O

takes place to reform the initial Cu" centre.

Building on this work by Stahl, Watson et al. fully established the catalytic cycle for the Chan-Lam
amination process through a combination of EPR, crystallography and mass spectrometry techniques
(Scheme 3.15B).2%° Using both exemplar aryl and alkyl amines with an aryl boronic acid, key Cu
intermediates were observed with mass spectrometry and off-cycle species were isolated and identified
by X-ray crystallography. EPR analysis also confirmed that the Cu(OAc). dimer undergoes
denucleation to a Cu' monomer upon treatment with either alkyl or aryl amines. The mechanism begins
with the denucleation of [Cu(OAc).]. to form mononuclear Cu" complex 3.111 before a formation of a
Lewis-pair with the organoboron species. Lewis-pair 3.112 subsequently undergoes transmetalation to
yield the aryl Cu'" centre in 3.113. Disproportionation occurs to produce the Cu'"' complex 3.114 before
reductive elimination affords aryl amine product and Cu' complex 3.115. Finally, oxidation of 3.115

occurs utilising O, to complete the catalytic cycle.
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Scheme 3.15 (A) Stahl's etherication Chan-Lam mechanism.?® (B) Watson's Chan-Lam amination mechanism.??°

With the mechanism of the Chan-Lam reaction fully established by Stahl and Watson the application
of the Chan-Lam reaction has greatly expanded in recent years.?*® Neuville et al. applied the reaction to
amidines in a sequential process to synthesise benzimidazoles (Scheme 3.16).%” Unlike many Chan-
Lam reactions, the conditions used required elevated temperatures and the use of DMF as the solvent
in the Chan-lam step of the reaction. The scope within the paper was limited to only four examples of
N-aryl amidines and poorly explored the changes in the reaction mechanism when using amidines.
There remains no route or guidance on controlling Chan-Lam reactivity for mono N-arylation of

amidine substrates.
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Y| @
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Scheme 3.16. Sequential Chan-Lam and C-H activation synthesis of benzimidazoles from amidines with the four
mono-aryl amidines isolated.?’
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3.2 Aims of Chapter 3

Current transition metal-mediated methodology for the synthesis of mono N-arylated amidines have
several drawbacks. In both Buchwald-Hartwig and Ullmann reactions elevated temperatures; addition
of often expensive ligands; use of high boiling solvents and the need for an inert atmosphere are required
to obtain reasonable product conversion. The Chan-Lam amination is an attractive alternative to
Buchwald-Hartwig, Ullmann or Pinner reactions for synthesis of mono N-arylated amidines due to its
inherent milder reaction conditions and accessibility of a range of boronic acids. The Chan-Lam reaction
can generally be performed at lower temperatures under air without additional ligands in easy-to-handle
solvents. However, the use Chan-Lam conditions with amidines is relatively unexplored where

currently only the work by Neuville et al. have investigated Chan-Lam amidination.?®’
The specific aims of this chapter are to:

(1 Optimise an efficient Chan-Lam reaction for the synthesis of mono N-arylated amidines
(Scheme 3.17).

NH B(OH), N/°
0 0 -0

NH, NH,
3.120 3.121 3.122

Scheme 3.17. Proposed Chan-Lam amidination

(i) Investigate any deviation in the mechanism of N-arylation of amidines relative to the
existing Chan-Lam mechanism.

(iii)  Establish the scope and limitataions of Chan-Lam amidination with a range of boronic
acids.

(iv)  Apply Chan-Lam amidination conditions to a biologically relevant amidine and investigate
any differences in biological efficacy between the mono N-aryl amidine and the parent free

amidine.
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3.3 Results and discussion

3.3.1 Optimisation of a Chan-Lam amidination

The reaction was optimised using the model substrates of benzamidine 3.123 and phenyl boronic acid
3.124 which were used to assess the production of N-phenylbenzimidamide 3.125 and N,N-
diphenylbenzimidamide 3.126. As the amidine has two nitrogen atoms for arylation it was deemed
necessary to assess the quantity of bi-arylation observed during the initial reaction optimisation
(Table 3.1).

Table 3.1. Initial amidine Chan-Lam conditions tested.

_Ph _Ph
NH B(OH), N N
@NHZ . @ Cu(OAc),, Additive, ©/kNH2 . @/H(Ph
DCM, 4A MS, 16h H
Air
3.123 3.124 3.125 3.126
Entry 3.123:3.124 Additive Cu(OAc), Rxn temp 3.125 (%)@  3.126 (%)@
(mol%)
1 1.0:2.0 EtsN 100 rt 8 74
2 1.0:2.0 B(OH); 100 rt 26 5
3 2.0:1.0 B(OH)3 100 rt 40 13
4 2.0:1.0 EtsN 100 rt 59 10

(a) Isolated yields.

As a starting point to design effective conditions, initial conditions reported by Chan et al. were assessed
(Table 3.1, Entry 1).25 Application of Chan’s conditions, using two equivalents of 3.124 and one
equivalent of 3.123, formed the monoarylated species 3.125 in 8% and the bi-arylated species 3.126 as
the major product in 74%. In an effort to reduce the over reactivity observed, the additive was changed
from EtsN to B(OH); (Table 3.1, Entry 2). In the Chan-Lam mechanism established by Watson et al.
B(OH); was used to trap unwanted acetate biproducts in the reaction that can cause catalyst inhibition.??°
Using B(OH); and an excess of 3.124 (Table 3.1, Entry 2) offered a significant reduction in bi-arylation
to only 5% and a bias to mono-arylation with a 26% yield recovered. The remaining mass balance of
the reaction could possibly be attributed to degradation of boronic acid by protodeborination and
oxidative deborination.??®2® Further detail in the Watson mechanism (Fig. 3.4B) details deborination
events are mediated by Cu' species. To overcome Cu' deborination the addition of excess nucleophile

promotes the oxidation of Cu'to Cu'" and therefore reduces deborination.22%2%

Applying an excess of amidine (Table 3.1, Entry 3) produced 3.125 in a 40% isolated yield, with bi-
arylated 3.126 isolated in a 13% yield. A final change to EtsN in combination with an excess of amidine
(Table 3.1, Entry 4) returned a good yield of 59% for 3.125. The reactions highlighted in Table 3.1
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suggest that the excess amidine can reduce both over reaction to the biarylated 3.126 and boronic acid

degradation by deborination events.

Working from the improved method for mono-arylation further optimisation was carried out
maintaining the 2:1 stoichiometry of amidine to boronic acid (Table 3.2). The optimisation would now

attempt to address the effects of changing solvent, additive, reaction time and temperature.

Table 3.2. Reaction optimisation for the synthesis of amidine 3.125.

NH B(OH), N,Ph N,Ph
e ) mEEE oY oy
3.123 3.124 3.125 3.126
2 equiv. 1 equiv.
Entry = Solvent Rxn time Additive Cu(OAc). Rxn temp 3.125 (%)* | 3.126 (%)?
(mol%) (°C)
1 CH.Cl; 16h B(OH)s3 100 rt 45 11
2 CH.Cl: 16h EtsN 100 rt 58 14
3 CH.Cl; 16h K2CO3 100 rt 40 8
4 MeOH 16h K2CO3 100 rt 59 2
5 MeOH 16h K2CO3 50 rt 58 2
6 MeOH 16h K2CO3 100 80 36 <1
7 i-PrOH 2h K2CO3 100 rt 76 (83)° 5
8 i-PrOH 16h EtsN 100 rt 70 6
9 i-PrOH 16h B(OH)3 100 rt 38 14
10 i-PrOH 16h K2CO3 50 rt 7 0
11 i-PrOH 2h K2CO3 50 rt 2 0

(a) Reaction completed on a 0.20 mmol scale and conversion calculated by HPLC based upon standard
concentration curves. (b) Isolated yield on 1.00 mmol scale.

Repeating reaction conditions from Table 3.1 with the use of EtsN and B(OH)s in combination with
CH.CI; resulted in conversions of 45% and 58% to 3.125 (Table 3.2, Entries 1 and 2). However,
biarylated product was still present in over 10% with both EtzN and B(OH)s entries. Inorganic bases
are less common in Chan-Lam reactions but selecting K,COs which has a similar pKan to EtsN (pKan ~
10) brought a small reduction in biaryltion to 8% along with a reduction in 3.125 to 40%, though it is
noted that K,COgs is poorly soluble in CH,Cl, (Table 3.2, Entry 3). Interestingly, changing the solvent
to MeOH and still using K,COs reduced the production of 3.126 to 2% (Table 3.2, Entry 4). Using this
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combination of solvent and base allowed a substoichiometric level of Cu(OAc), to be used with 50
mol% Cu(OAc); yielding similar monoarylation conversion of 58% and maintained a low level of
biarylation (Table 3.2, Entry 5). In an attempt to increase conversion to 3.125 the reaction temperature
was increased to 80 °C, however this gave a significant reduction in monoarylated product (Table 3.2,
Entry 6).

Another change of solvent to i-PrOH allowed for 3.125 to be isolated in a yield of 83% after only 2 h
when using K,COgsas the base (Table 3.2, Entry 7). A change in additive to EtsN with i-PrOH produced
a conversion of 70% for 3.125 and using B(OH); returned only a conversion of 38% mono-arylation
(Table 3.2, Entries 8 and 9). Using 50 mol% Cu(OAc): in i-PrOH resulted in 10-fold decreases in
conversion to 3.125 after both 16 h and 2 h (Table 3.2, Entries 10 and 11). It was noted that a significant
amount of purple precipitate formed within 5 minutes under these conditions, compared to the typical
blue/green suspensions generally observed. The reaction could be performed using substoichiometric
levels of Cu(OAc). in MeOH with K>COsz and return a reasonable conversion of 58% (Table 3.2, Entry
5). Though using i-PrOH with K>COs only returned 7% 3.125 over the same time period. Using 100
mol% of Cu(OAc), with K2COs in i-PrOH provided the best yield of 3.125. A further optimisation was
undertaken to identify conditions that would produce a similar yield of 3.125 but using
substoichiometric amounts of Cu(OAc). (Table 3.3).
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Table 3.3. Optimisation of a substoichiometric Cu(OAc), Chan-Lam amidination.

Ph
NH B(OH), N” N
Cu(OAc),, Additive, ‘ | _pnh
NH Bk bt il VAR Ak bl N -,
©)L 2" @ Solvent, 4A MS, NH, + H
air
3.123 3124 3.125 3.126

2 equiv. 1 equiv.

Entry Solvent Rxntime = Additive Cu(OAc): Rxntemp = 3.125(%)*  3.126 (%)?

(mol%) °C)
1 i-PrOH 2h K2COs 50 rt 2 --
2 DMF 24h NaOPiv 20 50 81¢ 2
3 DMF 2h NaOPiv 20 50 54¢ --
4 i-PrOH 2h K2COs 50 50 56 --
5 i-PrOH 2h K2COs 20 50 62 --
6 i-PrOH 2h NaOPiv 50 50 68 2
7 i-PrOH 2h NaOPiv 20 50 47 -
8 i-PrOH 2h NaOPiv 20 rt 14 --
9 i-PrOH 24h K2COs 20 50 76 (81)°> -
10 i-PrOH 24h K,CO3 10 50 64 --

(a) Conversion calculated by HPLC based upon standard concentration curves. (b) Isolated yield on 1.00 mmol
scale. (c) Reaction performed using 1.0 equiv 3.123 and 1.2 equiv 3.124. (--) Yield too low to be determined.

Using the conditions from the first step of the benzimidazole synthesis by Neuville et al., where
20 mol% Cu(OAc), was used, afforded 81% of the mono-arylated species 3.125 (Table 3.3, Entry 2).%’
These conditions gave comparable conversions to the optimised i-PrOH conditions from Table 3.2
(Entry 7). The main parameters changed in the Neuville conditions are the reaction solvent (DMF),
additive (NaOPiv), temperature (50 °C) and time (24 h). To investigate the increased reaction time in
the Neuville conditions the reaction was repeated at 2 h and this resulted in a lower 3.125 conversion
of 54% (Table 3.3, Entry 3), suggesting a lower reaction rate than the optimised i-PrOH reaction. To
examine the influence of the reaction temperature, the reaction was performed at 50 °C, using i-PrOH,
K>COs and either 50 mol% or 20 mol% Cu(OAc). (Table 3.3, Entries 4 & 5). The increase in temperature
returned conversion of 56% mono-arylation using 50 mol% Cu(OAc), and 62% using 20 mol%
Cu(OAC)..

The time and temperature experiments identified firstly, that the Neuville conditions require 24 h for

reaction completion as reducing the reaction time to 2 h reduced the conversion to 3.125 by 30%.
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Secondly, the experiments identified that a combination of i-PrOH and K,CO;z; produced good
conversions of 3.125 using substoichiometric amounts of Cu(OAc)., but the reaction requires heating
to 50 °C, suggesting elevated temperature overcomes the formation of an inactive species formed at
room temperature. To scrutinise the reaction additive, NaOPiv was used in combination with i-PrOH.
Using 50 mol% Cu(OAc), with i-PrOH and NaOPiv formed 3.125 in 68% conversion when the reaction
was heated to 50 °C (Table 3.3, Entry 6). A further reduction to 20 mol% returned a conversion to the
monoarylated product of 47% (Table 3.3, Entry 7). Using 20 mol% Cu(OAc). with i-PrOH and NaOPiv
returned a low conversion of 14% for 3.125 when the reaction was performed at room temperature
(Table 3.3, Entry 8). The NaOPiv experiments suggest that the additive is a less important factor than
reaction temperature for improved conversion to 3.125 as reasonable conversions were only observed
when heating the reaction (Table 3.3, Entries 4-7). Finally, 3.125 could be isolated in a yield of 81%
when using i-PrOH with K>COs;, 20 mol% Cu(OAc), at 50 °C for 24 h (Table 3.3, Entry 9). Finally
performing the reaction with 10 mol% Cu(OAc), saw a reduction to 64% conversion, indicating
20 mol% to be the optimum Cu(OAc). loading (Table 3.3, Entry 10). The final two experiments
demonstrate the importance of temperature and time in order to perform the amidination catalytically.
From the optimisation tables two sets of mild conditions have been identified for Chan-Lam amidination
(Table 3.2, Entry 7 & Table 3.3, Entry 9).

3.3.2 Mechanistic analysis of the Chan-Lam amidination

Though the mechanism of the Chan-Lam amination was established by Watson et al. the change from
an amine to an amidine in the reaction would likely significantly effect and even alter the reaction
pathway.??® The greater basicity of the amidine would affect its binding to the Cu centre and the
inorganic bases K,CO3z and NaOPiv could also act as potential ligands. As discussed in Section 3.1.5
Cu(OAC); exists as a dimer and must undergo denucleation for the Chan-Lam reaction to proceed. The
Cu(OAC); dimer exists in a ‘paddlewheel’-like structure with two square pyramidal Cu centres and
bridging acetate ligands (Fig. 3.1, 3.127).2%° A dimeric Cu-piperidine species and tetrameric Cu-
piperidine species were isolated and identified as key off-cycle Cu species in the Chan-Lam amination
using piperidine (Fig 3.1, 3.128 and 3.129).22°240 The species can then denucleate to afford active

mononuclear species and hence demonstrate catalytic competence.
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Figure 3.1. Cu(OAc), paddlewheel structure 3.127, Cu-piperidine dimer 3.128, Cu-piperidine tetramer 3.129.

As an amidine is analogous to a carboxylate group, where the oxygen atoms are replaced with nitrogen
atoms it was envisaged that possible amidine analogues of complexes 3.127 and 3.128 may be reaction
species (Fig. 3.2, 3.130 and 3.131). In the amination process the amine de-nucleates the Cu(OAc); and
it was postulated that square pyramidal mononuclear amidine Cu complexes may then be formed after
denucleation (Fig 3.2, 3.132). It was postulated that the anions of K.CO3; and NaOPiv could form
complexes with Cu (Fig. 3.2, 3.133 and 3.134).

— — 20
Ph Me 2
Ph Me
H HN%‘\NZH Q oéT<
| /77 [NH; | 2710 ®
HZO7Cu /CUfOHz AcO7Cu /CufOAc -2 HQNYPh
Hn | NHQ. ol o
3% Ha V 0 NH,
PH \r Mé T/
Ph L Me _J
3.130 3.131
Ha H H
ACOM. . N A N Ot N
Cu p O\\/ ””” cu™ // T\/
HO/ S e ‘\N/ 0 N
OH, 1 oH, N 2 B
3.132 3.133 3.134

Figure 3.2. Proposed amidine-Cu species present in the Chan-Lam amidination.

To isolate any Cu intermediates formed prior to transmetalation in the Chan-Lam amidination the
reaction was performed without any boronic acid (Scheme 3.18A). Performing the reaction without
boronic acid resulted in the formation of a distinct purple precipitate. From the reaction optimisation
one key observation was that a low conversion to product at substoichiometric levels of Cu(OAc)
coincided with the formation a purple precipitate (Section 3.5.13). It was postulated that a non-catalytic
complex formed as the purple precipitate may provide an explanation for the low conversions at room
temperature using catalytic amounts of Cu(OAc).. Attempts to recrystallise the precipitate first with
MeOH, then i-PrOH failed. A change to MeCN afforded needle-like purple crystals. Analysis by x-ray
crystallography confirmed the crystals to be a C, symmetric, square planar, mononuclear Cu'" complex
with a carbonate ligand and two benzamidine ligands (Scheme 3.18A, 3.135). Performing an analogous

process using NaOPiv instead of K,COsand recrystalising from MeCN afforded a small amount of pale
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green crystals. X-ray crystallographic analysis revealed the structure to be another C,symmetric, square
planar, mononuclear Cu" complex with two pivalate ligands and two benzamidine ligands (Scheme
3.18B, 3.136).

o)\\o 1 = ‘ )ﬁ
", & NH !
NH HoN “Cull 2 .
iPrOH, P N 1
NH, +  Cu(OAc), + KyCO3 _— H H : -
2h,rt :

A

o
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3.123

3.135 x-ray structure 3.135

2 equiv. 1 equiv. 2equiv.  Tmmmmmooomosoooosooooooooooooooooooe
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XFO 3
NH o, = NH 3
HaN - cul 2 :
i-PrOH, AN ;
NH;  + Cu(OAc), + NaOPiv _ H ;
2h, 1t o)W< ;
<1%
3423 3136 }
2 equiv. 1 equiv. 2 equiv. :
i

Scheme 3.12. (A) Synthesis of Cu complex 3.135 and crystal structure. (B) Synthesis of Cu complex 3.136 and
crystal structure.

Both 3.135 and 3.136 have similar geometry but the carbonate in 3.135 acts as a bidentate ligand
whereas in 3.136 pivalate acts as a monodentate ligand. To investigate the optimised conditions,
complex 3.135 was used in several control experiments. Initially, it was hypothesised that complex
3.135 could be an intermediate prior to transmetalation in the Chan-Lam cycle. However, complex
3.135 in combination with either i-PrOH or MeOH as the reaction solvent produced no monoarylated
or biarylated product (Scheme 3.19A & B). The lack of turnover suggests that 3.135 is not a reaction
intermediate but potentially an off-cycle species. In an attempt to demonstrate activity of 3.135, the
complex was used in tandem with Cu(OAc). (Scheme 3.19C). The hypothesis was that 100 mol% of
Cu species (50 mol% 3.135 and 50 mol% Cu(OAc),) would provide comparable conversion to
optimised conditions using 100 mol% Cu(OAc); alone (Table 3.2, Entry 7). Only 2% conversion to
mono-arylated amidine was observed with the tandem Cu(OAC):3.135 reaction. The results of the three
experiments with 3.135 suggest that instead of a reaction intermediate 3.135 is a parasitic reaction
species that cannot be activated with the addition Cu. As 3.135 was isolated without any boronic acid
in the reaction mixture it is likely that 3.135 is an off-cycle side product, the formation of which is in
competition with the transmetalation step. To examine the effect of temperature on the formation of
3.135 the amidination was completed at 50 °C for 2 h and 24 h (Scheme 3.19D and 3.19E). Interestingly,

after 2 h at 50 °C a conversion of 18% to monoarlyated 3.125 was observed and after 24 h reaction time
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at 50 °C 61% conversion to 3.125 was seen. The temperature experiments demonstrate that 3.135 is in

equilibrium with active catalytic species and its formation is not an irreversible process.

A NH B(OH), N N
3.135 (100 mol%) ,K,CO3, .Ph
NHy + — NH; + N
4AMS, i-PrOH, 2 h, rt
3.123 3.124 3.125 3.126
.Ph .Ph
B NH B(OH), N N
3.135 (100 mol%) ,K,CO3, L .ph
NHy _— x> NH + N
4A MS, MeOH, 2 h, rt
3.123 3.124 3.125 3.126
.Ph +Ph
c NH B(OH), 3.135 (50 mol%), N‘ N‘
Cu(OAC),(50 mol%) ,K,COs, .Ph
©)LNH2 . i (OAc)( ) KoCO3 ©)\NH2 . ©/LH
4A MS, i-PrOH, 2 h, rt 2% 0%
3.123 3.124 3.125 3.126
.Ph .Ph
D NH B(OH), N N
3.135 (100 mol%) ,K,CO3, .Ph
NH, — NH, . N
4A MS,i-PrOH, 2 h, 50 °C 18% 0%
3.123 3.124 3.125 3.126
«Ph Ph
E NH B(OH), N‘

3.135 (100 mol%) ,K,CO3,

N‘.
: A pn
NH; + N
4A MS, i-PrOH, 24 h, 50 °C 61% 0%

NHy + —_—
3.123 3.124 3.125 3.126

!

Scheme 3.19. (A) Complex 3.135 experiment in i-PrOH at room temperature. (B) Complex 3.135 experiment in
MeOH at room temperature. (C) Tandem Cu(OAc).: 3.135 experiment. (D) 3.135 temperature experiment for 2
h. (E) 3.135 temperature experiment for 24 h.

Since the isolation of 3.135 showed the importance of Cu valency, UV-vis analysis was then used to
investigate the oxidation state of Cu during the reaction. UV-vis spectroscopy has been used previously
to monitor the formation and disappearance of Cu' species in Chan-Lam reactions where Cu'" species
can be followed by measuring the absorbance at 650-700 nm.?2°2% Therefore, a standard amidination
reaction was performed and using UV-vis analysis of reaction aliquots the loss of Cu' species could be
followed (Fig 3.3B).
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Figure 3.3. (A) UV-analysis of Cu(OAc), with the different reaction reagents. (B) UV-vis analysis of the Chan-
Lam amidination over 2 h.

Initial UV-vis analysis of Cu(OAc). alone shows a signal at 700 nm confirming a Cu'" centre (Fig. 3.3A,
black signal). Upon addition of amidine 3.123 there is a distinct shift to 650 nm, which suggests a
possible change in ligand environment but not oxidation state (Fig. 3.7A, red signal). Further addition
of K,CO; and boronic acid 3.124 also showed shifts to 630 nm and 600 nm, again suggesting a change
in Cu environment but not oxidation state. This phenomena of changing Ama With changing Cu"

environment has been reported by both Becker et al. and Faller et al 241:24

The standard amidination reaction was monitored showing an initial peak at 600 nm at 0 min, like the
control experiment, but a distinct shift to 700 nm is observed after 5 min reaction time (Fig 3.7B, black
signal). Subsequent time points after 5 min show fluctuations in absorbance but no clear trend showing
complete consumption of Cu" species (Fig. 3.7, 5 min to 120 min signals). The UV-vis data suggests
after 5 min there remains a continuous amount of Cu' species throughout the reaction. It also suggests
that the Cu species present immediately in the reaction is different to Cu(OACc), and the other species
in the reaction. The shift in wavelength could be attributed to the change in ligands on the Cu centre;
the Cu(OAC). denucleation or both processes.

To further investigate the Cu'" species in the reaction mixture EPR analysis can give semi-quantitative
data as to the oxidation present. As discussed in Section 3.1.5 Cu(OAc). exists as a dimeric species that
must undergo denucleation to give the active mononuclear Cu'" species.??"?*3 EPR spectroscopy detects
unpaired electrons in reaction mixtures and therefore can be used to characterise the Cu'' d® system. The

Cu(OAc), denucleation process has been previously monitored using EPR.?2%230234 The formation of
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EPR active mononuclear Cu'" can be monitored as it is paramagnetic whereas dinuclear Cu(OAc); is

not.

As complex 3.135 formed as a mononuclear species it was necessary to clarify which reagent in the
reaction was causing the Cu(OAc). denucleation. Analysis of the EPR spectra showed no observable
signals of paramagnetic Cu(OAc): in the presence of K,CO3 or 3.124 (Fig. 3.4A). This suggests that
the dinuclear Cu(OACc). species remains intact and neither the boronic acid or carbonate causes any
denucleation. It has been reported that inorganic bases like KsPO, can induce denucleation of Cu(OAC);
and it is therefore interesting that the oxygen bearing carbonate counterion has no effect on the
Cu(OAc), paddlewheel . 2% However, there is a clear EPR signal upon the addition of benzamidine 3.123
indicating the formation of a paramagnetic d® Cu(ll) centre (Fig. 3.4B). A signal was also observed, to
a lesser extent, upon addition of all reaction reagents (Fig. 3.4B). EPR analysis shows that the amidine
alone causes the initial denucleation in the Chan-Lam reaction cycle. This amidine dependant
denucleation suggests that amidine-Cu binding must occur first before carbonate binding on route to
formation the of complex mononuclear 3.135.

A B —— Cu(OAc), + 3.123
2- — Cu(OAc), 27 Cu(OAc), + 3.123
— Cu(OAc), + K,CO4 o +3.124 + K,CO,

—— Cu(OAc), + 3.124 14 yd

Intensity (Arb. unit.)
=
1
Intensity (Arb. unit.)
-
1

- T T T T T T T
3000 3100 3200 3300 3400 3500 3600 3000 3100 3200 3300 3400 3500 3600
Magnetic field (G) Magnetic field (G)

Figure 3.4. (A) EPR spectrum of Cu(OAc) (black), Cu(OAc); with K2COs (red) and Cu(OAc), with PhB(OH),
(blue). (B) EPR spectra of Cu(OAc), with amidine 3.123 (green) and the reaction mixture (purple).

Based on the results of UV-vis spectroscopy analysis, EPR spectroscopy analysis and control reactions
using complex 3.135, two mechanisms can be postulated. The first proposed mechanism concerns the
use of stoichiometric Cu(OAc). at room temperature (Scheme 3.20A). The proposed mechanism begins
with an amidine-mediated denucleation from dimeric Cu(OAc). to an active Cu" amidine complex
3.137, as suggested by EPR analysis. Complex 3.137 can then undergo transmetalation with boronic
acid to give an aryl Cu" species 3.138. Analogous to the Watson and Stahl mechanisms a
disproportionation step could then occur to yield a Cu" complex 3.139.22%2% Complex 3.139 can

undergo reductive elimination to liberate the monoarylated amidine 3.125. As the reaction uses
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stoichiometric amounts of Cu(OAc) the Cu' complex 3.140 may not undergo the final reoxidation step
back to an active Cu"" species. Due to the isolation of 3.135 and its inability to facilitate any arylation
at room temperature, a competitive reaction pathway is proposed where a second amidine binds to 3.137
forming 3.141 before transmetalation with K-COs to produce the Cu'" complex 3.135. The competitive
reaction pathway is favoured at sub-stoichiometric levels of Cu(OAc). when the reaction is performed
at room temperature, thus reducing the extent of transmetalation with boronic acid and reducing the
conversion to 3.125.

The second mechanism concerns the use of catalytic amounts of Cu(OAc) at 50 °C (Scheme 3.20B).
As with the non-catalytic mechanism amidine-mediated denucleation affords 3.137 before subsequent
transmetalation, disproportionation and reductive elimination afford Cu' 3.140 and amidine 3.125. The
key difference in the catalytic mechanism is the oxidation of 3.140 under air and reformation of 3.137
through the addition of 3.123 and acetate. The equilibrium established around the competitive formation

of the pathway to form 3.135 is shifted to favour the formation of active species 3.137.
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Scheme 3.20.(A) Proposed mechanism for Chan-Lam amidination using stoichiometric Cu(OAc)... (B) Proposed
mechanism for Chan-Lam amidination using catalytic Cu(OAc)a.

3.3.3 Major N-arylated tautomer formed from the Chan-Lam amidination

To fully assign the structure of monosubstituted amidine products from the Chan-Lam amidination, and
prior to a reaction scope being carried out, the identity of the major tautomer needed to be confirmed.
The tautomerisation of N-substituted amidines has been reported by Clement et al.?** Using >N NMR
experiments the favoured tautomer was identified as substitution of the amidine at the imino nitrogen
(Schemes 3.21A & B)
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Scheme 3.21. Favoured tautomers of N-aryl amidines (A) and N-alkyl amidines (B) identified by Clement et al.?*

Model substrate 3.125 was confirmed to have same tautomerisation pattern as reported first using
variable temperature NMR experiments (Fig. 3.5).2% The 'H NMR of 3.125 at 300 K shows a broad
singlet at around 5 ppm integrating to two protons, suggesting a single nitrogen-hydrogen bond
environment and tautomer 3.125. Upon cooling to 220 K the signal at 5 ppm begins to split into separate
broad singlets, suggesting the formation of two separate nitrogen-hydrogen environments and tautomer
3.142. The NMR experiments thus suggest that the product of the Chan-Lam amidination is favoured
to tautomer 3.125 as reported by Clement et al and the amino substituted tautomer 3.142 can only be
favoured at 220 K.24
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Figure 3.5. TH NMR spectra of 3.125 ran at decreasing temperatures. All NMR ran in CDCls.

In addition to the NMR experiments, two different substrates were synthesised using the Chan-Lam
amidination (Scheme 3.22A & B). Using boronic acids 3.145 and 3.147 afforded substrates 3.145 and
3.148 in good yields of 64% and 68%. Both these substrates were able to be crystallised in high enough

purity to be analysed by X-ray crystallography. The structures confirmed that substitution occurs at the

imino nitrogen of the amidine and the imino bond lies in a Z configuration (Scheme 3.22C).
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Scheme 3.22. (A) Chan-Lam amidination using (4-(trifluoromethyl) phenyl)boronic acid 3.145. (B) Chan-Lam
amidination using (3-fluoro-4-methoxyphenyl)boronic acid 3.147. (C) Crystal structures of N-arylated amidine
products 3.146 and 3.148.

3.3.4 Substrate scope of the Chan-Lam amidination

To now assess the scope of the optimised conditions developed, a variety of boronic acids and amidine
coupling partners were explored (Scheme 3.23). Using simple monosubstituted, electron-deficient
boronic acids substrates, performed well 3.149 and 3.146 with isolated yields of 63% and 64%,
respectively. More electron-rich boronic acids also gave good to excellent yields 3.150 to 3.154 ranging
from 61% to 82% when either meta- or para-substituted. A switch to ortho-substituted boronic acids
saw a return of more moderate yields for amidines 3.155 and 3.156. The reduction in yield using ortho-
substituted aryl boronic acids has been reported previously and can be attributed to the greater steric
effect caused by ortho-substitution.??®2% Turning to heterocyclic boronic acids, 3-pyridylboronic acid
performed moderately well to yield 3.157. Utilising a disubstituted boronic acid gave a good yield of
68% for 3.148. Pleasingly, the use of tri-substituted boronic acids gave good to excellent yields of 83%
for (4-methoxy-3,5-dimethylphenyl)boronic acid 3.158 and 57% for the highly electron-deficient
(3,4,5-trifluorophenyl)boronic acid 3.159. Some alkenyl species were also tolerated providing moderate
yields of 35% and 41% of the corresponding N-arylated products 3.160 and 3.161. Chan-Lam chemistry
using alkyl boronic acids has so far been limited to only a few examples using cyclopropylboronic
acids.?*6247 For the amidine system presented here a switch to cyclopropyl or cyclohexylboronic acids
gave only trace amounts of products 3.162 and 3.163. Furthermore, the appearance of a purple
precipitate during these reactions indicated the formation of complex 3.135. Complex 3.135 was

confirmed was confirmed by a matching X-ray crystal structure after recrystallisation of the purple
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precipitate isolated from the reaction mixture of 3.163. The complex formation is likely due to the
competing reaction pathway (Fig. 3.9A) dominating because of the poor transmetalation of the alkyl-
boron species. Finally, several different aryl amidines were tolerated (3.164 to 3.168) in moderate to
good yields of 31% to 61%. Only nitrile containing 3.169 returned a comparably low yield of 11%.

To assess the substoichiometric reaction selection of examples from the scope were repeated using 20
mol% Cu(OAc), (Scheme 3.23, isolated yields in parentheses). Under the catalytic conditions, model
substrate 3.125 was isolated in an excellent yield of 81%. Using an electron-deficient boronic acid
afforded 3.149 in a yield of 72%. The electron-rich substrate 3.150 could be isolated in a yield of 67%,
comparative to a yield of 71% isolated using stoichiometric conditions. Ortho-substituted 3.155 and
alkene 3.161 again afforded a lower yield than other aryl groups with isolated yields of 48% and 33%,
respectively. Unfortunately, no improvement was seen when alkyl boronic acids were used, with both
alkyl-modified products 3.162 and 3.163 only detected in trace amounts. The poor performance of alkyl
boronic acids suggests that the increased temperature and time only shift the equilibrium away from
3.135 but do not overcome the inherent transmetalation issues with alkyl boronic acids. Finally, amidine
3.164 was isolated in a good yield of 69%, an improvement on the stoichiometric conditions.
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Scheme 3.23. Reaction scope of the optimised Chan-Lam amidination. Isolated yields on 0.40 mmol scale. (a)
1.00 mmol scale. (b) 0.20 mmol scale. (c) Isolated as the corresponding TFA salt. Yields quoted in parentheses
are for catalytic conditions: Cu(OAc), (20 mol%), K.COs (2 equiv.), 4 A MS, i-PrOH, 50 °C, 24 h. No yield
reported indicates no reaction attempted for catalytic conditions.

Both ortho-substituted boronic acids and heteroaryl boronic acids were inferior substrates compared to
other aryl boronic acids. The lower yield of 3.156 is also observed in the work by Neuville et al.
(Scheme 3.17), though still higher than the 48% observed here using the developed i-PrOH conditions.
In addition, alkyl boronic acids afforded no product using either stoichiometric or catalytic conditions

which is likely attributed to their poorer reactivity compared to aryl boronic acids.?3:24
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3.3.5 Chan-Lam amidination of Pentamidine

Pentamidine 3.170 is a DNA minor-groove binder that is used in the clinic against human African
trypanosomiasis and binds to an AATT region of DNA with hydrogen bonds to A and C residues (Fig.
3.6B).118248 Synthesis of pentamidine and its analogues is often performed using pinner chemistry such
as work by Tidwell et al.?*° Pinner chemistry will typically deliver symmetric analogues of pentamidine
where both amidine moieties have been substituted (Fig. 3.6C).24%2° Therefore the developed
monosubstituted Chan-Lam chemistry was applied to the 3.170 scaffold to produce non-symmetric

variants.

o _~_~_0 (o) fo) (0] o}
NN NN
&u l\) \ | \ \
N N NH NH NH NH

3.171 3.172 3.173

Figure 3.6. (A) Structure of pentamidine 3.170. (B) Schematic representing how pentamidine interacts with the
minor grove of DNA. (C) Structures of previously synthesised pentamidine analogues by Tidwell et al.

The investigation of Chan-Lam amidination on 3.170 was initially trialled using the slightly higher
yielding stoichiometric conditions. With these conditions a modest 12% vyield of the monoarylated
diamidine 3.174 was achieved (Table 3.4, Entry 1). Due to the low amount of product formed the ratio
of 3.170:3.124 was reduced to 1.0:1.0 which afforded the same yield of 12% (Table 3.4, Entry 2). The
1.0:1.0 ratio reaction identified that excess 3.170 does not lead to a higher yield in the pentamidine
amidination reaction. Along with this, significant amounts of 3.170 was observed by HPLC after 16 h
while no 3.124 was observed, suggesting unreacted amidine and decomposition of 3.124. Maintaining
the same ratio but changing the additive to the organic base EtsN again returned the same yield of 12%
(Table 3.4, Entry 3). Of particular note is the initial three reactions with 3.170 exhibited very low
solubility in i-PrOH and this could be a potential reason for large amounts of unreacted 3.170. To
enhance solubility of 3.170 MeOH was used in combination with EtsN which afforded 3.174 in an
improved yield of 24% (Table 3.4, Entry 4). Although the change in solvent clearly improved the yield
of 3.174, significant amounts of starting material 3.170 were still observed during HPLC purification.
Increasing the reaction temperature to 50 °C did not improve the yield of 3.174 and only returned 20%
of 3.174 (Table 3.4, Entry 5). To increase the reactivity of 3.170 an excess of boronic acid 3.124 was
used but this reaction only gave a 17% yield of 3.174 (Table 3.4, Entry 6). Finally, to compare the
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conditions trialled here the amidination conditions reported by Neuville et al. were used but only
afforded 3.174 in a yield of 19% (Table 3.4, Entry 7).%’

Table 3.4. Chan-Lam amidination reactions using diamidine 3.170.

B(OH), |
HaN NHy + Cu(OAc),, Additive, HoN NH,
DCM, 4A MS,16h
AN NN
o o o o

Air

3.170 3.124 3.174
Entry 3.170:3.124 Solvent Additive Cu(OAc); Rxn temp 3.174 (%)@
(mol%)
1 2.0:1.0 i-PrOH K2CO3 100 rt 12
2 1.0:1.0 i-PrOH K2CO3 100 rt 12
3 1.0:1.0 i-PrOH EtzN 100 rt 12
4 1.0:1.0 MeOH EtsN 100 rt 24
5 1.0:1.0 MeOH EtzN 100 50 °C 20
6 1.0:2.0 MeOH EtzN 100 rt 17
7 1.0:1.2 DMF NaOPiv 20 50 °C 19

(@) Isolated yields.

In summary the optimised amidination conditions for diamidine 3.170 (table 3.4, entry 4) returned 24%
of the desired product 3.174. These conditions were applied to boronic acid 3.175 where 45% starting
material 3.170 was isolated with monoarylated product 3.176 isolated in a yield of 20%. The
protodeborination product 3.177 was observed in LCMS analysis of the reaction but could not be
isolated (Scheme 3.24). This experiment suggests that protodeborination of the boronic acid could be

the underlying reason for low conversion of diamidine 3.170 to monosubstituted product.

NMe,
B(OH), ,©/
N

NH NH NH ]
HoN NH, + Cu(OAc),, Et3N, H,N NH, .
MeOH, 4A MS,16h PPN
o "0 NMe, Air o o NMe,
45%2 N/A 20%2
3.170 3.175 3.176 3.177

Scheme 3.24. Chan-Lam amidination of 3.170 using boronic acid 3.175. (a) Isolated yield.

To further probe the N-arylation of diamidines using the change in solvent and base a series of 3.170
analogues were synthesised using the optimised conditions (Scheme 3.25). The use of MeOH and EtsN
allowed access to six pentamidine analogues in 15-24% isolated yields. All of the major products
formed were monosubstituted leading to six unsymmetrical pentamidine analogues. Using electron-rich

boronic acids returned analogues 3.176 and 3.178 in 20% yields, slightly lower than the 24% obtained
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for 3.174. Using a heterocyclic boronic acid returned analogue 3.179 in a yield of 15%. Diamidine
3.180 was afforded in a yield of 21% using an electron-deficient boronic acid and a multi-substituted
boronic acid was used to synthesise 3.181 in a yield of 20%. The scope demonstrates that singly
substituted pentamidine analogues can be accessed using Chan-Lam amidination chemistry utilising
both electron-rich and electron-deficient aryl boronic acids.

NH Nn
HoN NH, * Cu(OAc), (1 equiv), HoN NH,
Et3N (2 equiv.),

_ MeOH, air, 4A MS,
1 equiv. 1 equiv. 1, 16 h

3.170 3.174, 3.176, 3.178 - 3.181

@ NMe,
NH N Q/
\ NH N
HoN NH
2 2 HoN NH,
NN
o o o~
o 0

3.174 3.176
24% 20%

N

,©/ NH N

NH N I
\ HoN NH,
HoN NH,
PPN O/\/\/\O

¢} ¢} 3.179

3.178 15%

20%
NH N‘ NH N‘ F
/\/\/\
/\/\/\
O O o o

3.180 3.181
21% 20%

CF3

Scheme 3.25. Unsymmetrical pentamidine analogues synthesised using the Chan-Lam amidination reaction.
Isolated yield on 0.20 mmol scale quoted.

3.3.6 Anti-trypanosome activity of N-arylated pentamidine analogues

To investigate the bioactivity of the monosubstituted pentamidine analogues synthesised analogues the
compounds were tested against a model of human African trypanosomiasis (assays conducted by Dr
Federica Giordani, University of Glasgow). Though pentamidine 3.170 is clinically approved for
treatment against human African trypanosomiasis a resistant stain has developed.!*® The pentamidine
analogues 3.174 and 3.179-3.181 were analysed for their potency and ECsy values were determined
against both the wildtype and pentamidine-resistant trypanosomiasis. As a comparison, pentamidine
3.170, diminazene 3.182 and pentamidine isethionate 3.183 were used as positive controls in the assays
(Fig. 3.7A). The viability of trypanosomes was assessed using an alamarBlue assay. As discussed in
section 2.3.1 alamarBlue 3.184 is permeable to cells, in this case trypanosomes, but not fluorescent

however it is reduced by the metabolic environment of a living cell (NADPH and NADH can both
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reduce 3.184) to the highly fluorescent 3.185 (Fig 3.7B).1® The fluorescent output of live trypanosomes
is high whereas dead trypanosomes, which cannot reduce 3.184 give a low fluorescent readout.

o, 0
2 HO/\/S OH

OO T

3.182 3.183
B
96
N NADPH or N
i, L o
HO o o HO 0 o
3.184 3.185

Tbb_B48
60000 60000 N
- 3183 - 3.183
=) - 3178 =) - 3178
< <
o 40000 —— 3174 o 400004 - 3.174
e = 3180 § —— 3180
§ 3.179 g 3.179
g 20000 3.181 g 20000 3.181
=] = 3182 3 - 3.182
L i
- 3.170 = 3.170
0 T T T Y 0 T T T ]
12 -10 -8 & 4 A2 -10 -8 - -4
log [M] log [M]

Figure 3.7. (A) Structures of diminazene 3.182 and pentamidine isethionate 3.183. (B) Reduction of Alamar Blue
3.184 to its fluorescent analogue 3.185. (C) Viability of wildtype trypanosomes against pentamidine and

synthesised analogues. (D) Viability of pentamidine-resistant trypanosomes against pentamidine and synthesised
analogues.

The experiments against the wild-type trypanosomes (Tbb_WT) confirmed both pentamidines 3.170
and 3.183 had high anti-trypanosome activity with ECso values of 0.58 nM and 0.50 nM (Fig. 3.14C,
Table 3.5). Unfortunately, all of the analogues synthesised showed significantly lower activity against
the wild-type trypanosomes with 3.180 showing the lowest ECso of 1.57 uM (Fig 3.7C, Table 3.5).
Looking at the pentamidine-resistant trypanosomes it can be seen that 3.170 and 3.183 return
significantly poorer ECso values of 594 nM and 237 nM (Fig, 3.7D, Table 3.5). As with the wild-type
cell line, all analogues showed lower activity than unsubstituted pentamidines in the resistant strain of
trypanosomes (Thb_B48, Fig 3.7D). The most active analogue was 3.179 returning an ECso value of
1.04 uM (Fig. 3.7D, Table 3.5). Although each analogue had lower activity than unsubstituted 3.170 it
can be noted that there was no significant reduction in their activity between both strains of
trypansomes. The poorer ECso values could be attributed to either poor DNA binding affinity or low

cell permeability and could be assessed by DNA melting analysis.
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Table 3.5. ECs values of pentamidine and analogues against Thbh_WT and Tbb_B48 trypanosoma cell lines.

Compound ECs Thb_WT (nM) ECso Tbb_B48 (nM)
NH NH 0.580 593.7
o "0
NH O NH 0.500 236.9

@ 1847 2263
NH N

Q/ Ph 1688 1032
NH N

J/;ND 2409 2405
NH N

@/CFB' 1572 1040
NH N

@[OMe 2320 1799
NH N F
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3.4 Summary of Chapter 3

This chapter has disclosed a facile method for the preparation of mono-arylated amidines using mild
conditions with a variety of readily available coupling partners. The reaction can be performed using
either catalytic or stoichiometric amounts of Cu(OAc). but the catalytic reactions require longer reaction
times and heating to 50 °C. The stoichiometric reaction proceeds under air at room temperature without
the need for the addition of Cu-stabilising ligands or significantly elevated temperatures, unlike

analogous cross coupling reactions such as Ullmann or Buchwald-Hartwig processes.209221-224

Mechanistic studies showed that an amidine denucleates Cu(OAc)-, followed by transmetalation with
a boronic acid. Of particular note is the transmetalation step is in competition with the formation of
3.135. Complex 3.135 is an off-cycle mononuclear Cu'" centre that is unlike previous multi nuclear
species isolated in Chan-Lam reactions with amine nucleophiles.??®?% Furthermore, 3.135 is
catalytically competent at elevated temperatures meaning its formation is not always detrimental to
reaction progress. The reaction can tolerate a variety of boronic acid coupling partners, including
alkenyl boronic acids with a significantly broader scope of the reaction is demonstrated than previously
reported by Neuville et al. (Scheme 3.16). However, alkyl boronic acids are not tolerated under either
stoichiometric or catalytic conditions most likely due to their poor transmetalation capability. A variety
of aryl amidine substrates also return mono N-arylated products in modest to good yields. Finally, the
synthesis of six new pentamidine analogues is highlighted. These high value, unsymmetrical analogues
have not been produced previously using standard Pinner chemistry, which is prone to over addition to
the symmetric analogues. Each analogue shows mild activity against trypanosomes but still lower than

the unsubstituted, therapeutic, pentamidine.
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3.5 Experimental

3.5.1 General information

All reagents and solvents were obtained from commercial suppliers and were used without further
purification. Pentamidine free base was synthesised from pentamidine isethionate by previously
reported methods.?! All glassware was oven-dried (150 °C) before use. All reactions were carried out
under air. Reactions were monitored by thin layer chromatography (TLC) using Merck silica plates
coated with fluorescent indicator UV254. TLC plates were analysed using 254/365 nm UV light or

developed using potassium permanganate solution.

3.5.2 Analytical HPLC

RP-HPLC was carried out using an Aeris 3.6 um RP 250 x 4.6 mm widepore XB C18 column using a
DIONEX 3000 series HPLC system equipped with a VWD3400 photodiode array detector. Analysis
was performed using the method outlined below.

The absorbance was detected at 254 nm. Solvent A: Water (0.1 % TFA) Solvent B: Acetonitrile (0.1 %
TFA). Flow rate 1.0 mL/min

Table 3.6. Analytical HPLC method A.

Time (min) Solvent A Solvent B
0 99 % 1%

5 99 % 1%

30 50 % 50 %

35 50 % 50 %

40 99 % 1%

45 99 % 1%

3.5.3 Purification of products

Normal-phase flash chromatography was carried out using ZEOprep 60 HYD 40-63 um silica gel.
Semi-preparative reversed-phase HPLC purification was carried out using a Phenomenex Clarity 5 pm
RP 250 x 10.00 mm XB C18 column using a DIONEX 3000 series HPLC system equipped with a
VWD3400 variable wavelength detector. Purifications were performed using 2 different systems using
water (0.1% TFA) as Solvent A and acetonitrile (0.1% TFA) as Solvent B. The flow rate was set to
12.0 mL/min. RP-HPLC method A: The absorbance was detected at 254 nm. Solvent A: Water. Solvent

B: Acetonitrile.
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Table 3.7. RP-HPLC method A.

Time (min) Solvent A Solvent B
0 99 % 1%

5 99 % 1%

45 50 % 50 %

50 50 % 50 %

55 99 % 1%

60 99 % 1%

RP-HPLC method B: The absorbance was detected at 254 nm. Solvent A: Water (0.1 % TFA). Solvent
B : Acetonitrile (0.1 % TFA).

Table 3.8. RP-HPLC method B.

Time (min) Solvent A Solvent B
0 99 % 1%

5 99 % 1%

25 50 % 50 %

30 50 % 50 %

35 10 % 90 %

40 10 % 90 %

45 99 % 1%

50 99 % 1%

3.5.4 Analysis of products

Fourier-Transform Infra-Red (FTIR) spectra were obtained on a Shimadzu IRAffinity-1 spectrometer.
F NMR spectra were obtained on a Bruker AV 400 spectrometer at 376 MHz. *H and **C NMR spectra
were obtained on either a Bruker AV 400 at 400 MHz and 125 MHz, respectively, or Bruker DRX 500
at 500 MHz and 126 MHz, respectively. Chemical shifts are reported in ppm and coupling constants
are reported in Hz. High-resolution mass spectra were recorded on an LTQ Orbitrap XL 1 mass
spectrometer at the EPSRC UK National Mass Spectrometry Facility (Swansea) and a Thermo Exactive

Orbitrap mass spectrometer at the University of St Andrews.

3.5.5 Sample preparation for EPR spectroscopy

To 10 mL glass vials was added Cu(OAc): (36.0 mg, 0.20 mmol) in i-PrOH (5.20 mL) to give a solution
of 38.5 mM Cu(OAc).. Appropriate additive quantities were used as detailed in Table 3.9.

Table 3.9. Samples prepared for EPR analysis.

Sample Additive(s) Mass, mmol

1 N/A N/A

2 benzamidine 48.0 mg, 0.40 mmol

3 K2CO3 55.0 mg, 0.40 mmol

4 PhB(OH) 24.0 mg, 0.20 mmol

5 benzamidine, KoCOs; and 48.0 mg 0.40 mmol, 55.0 mg
PhB(OH); 0.40 mmol, 24.0 mg 0.20 mmol
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3.5.6 EPR measurements

The EPR spectra were obtained using a Bruker EMX 10/12 spectrometer operating at ~9.5 GHz with
100 kHz modulation. Measurements were performed using an ELEXSYS Super High Sensitivity
Probehead (Bruker ER4122SHQE). The EPR spectra were recorded at 293 K using 10 m\W microwave
power, 2000 G field sweep centred at 3300 G with 1024 points resolution. A time constant and
conversion time of 40.96 ms was used with a modulation amplitude of 0.8 mT and a microwave

frequency of 9.766 GHz. EPR measurements carried out by Dr Bela Bode, University of St. Andrews.

3.5.7 Synthetic procedures

Chan-Lam procedure A

To an oven-dried microwave vial was added the corresponding amidine (1.00 mmol), boronic acid (2.00
mmol), Cu(OAc), (181 mg, 1.00 mmol), NEt; (278 uL, 2.00 mmol) and activated 4A molecular sieves
(1.00 g). Dichloromethane (3.25 mL) was then added to the solid mixture, sealed under air and stirred
at room temperature for 16 h. The resulting suspension was filtered and the precipitate was washed with
MeOH (3.00 mL). The resulting solution was concentrated in vacuo and the residue purified by silica
gel chromatography.

Chan-Lam procedure B

To an oven-dried microwave vial was added the corresponding amidine (0.40 mmol), boronic acid (0.20
mmol), Cu(OAc). (36.0 mg, 0.20 mmol), K,COj3 (55.0 mg, 0.40 mmol) and activated 4A molecular
sieves (200 mg). Isopropanol (0.65 mL) was then added to the solid mixture, sealed under air and stirred
at room temperature for 2 h. The resulting suspension was filtered and the precipitate was washed with
MeOH (5 x 1 mL). The resulting solution was concentrated in vacuo and the residue purified by either

silica gel chromatography or RP-HPLC.
Chan-Lam procedure C

To an oven-dried microwave vial was added the corresponding amidine (0.40 mmol), boronic acid (0.20
mmol), Cu(OAc) (7.2 mg, 0.04 mmol), K,COs (55 mg, 0.40 mmol) and activated 4A molecular sieves
(200 mQ). Isopropanol (0.65 mL) was then added to the solid mixture, sealed under air and stirred in a

sand bath at 50 °C for 24 h. The resulting suspension was filtered and the precipitate was washed with
MeOH (5 x 1 mL). The resulting solution was concentrated in vacuo and the residue purified by either

silica gel chromatography or RP-HPLC.
Chan-Lam procedure D

To an oven dried microwave vial was added pentamidine free base (68.0 mg, 0.20 mmol), boronic acid
(0.20 mmol), Cu(OAc); (36.0 mg, 0.20 mmol) and activated 4A molecular sieves (200 mg). MeOH
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(0.65 mL) was then added to the solid mixture before final addition of EtsN (56 pL, 0.40 mmol), sealed
under air and stirred at room temperature for 16 h. The resulting suspension was filtered, and the
precipitate was washed with MeOH (5 x 1.50 mL). The resulting solution was purified by semi-

preparative RP-HPLC and lyophilised to afford the amidine product.
3.5.8 Reaction optimisation

To an oven dried 5 mL microwave vial was added the corresponding amidine (0.40 mmol), phenyl
boronic acid (0.20 mmol), Cu(OAc): (as per Table 3.10), base or additive (0.40 mmol) and activated 4A
molecular sieves (200 mg). Solvent (0.65 mL) was then added to the solid mixture, sealed under air and
stirred at room temperature for a defined time period. A 50 pL aliguot of the reaction was removed and
diluted with 950 pL of MeOH. The resulting sample was then analysed by HPLC using analytical HPLC
method A. Conversion was calculated using standard concentration curves of N'-phenylbenzimidamide
(3.125) TFA salt and N,N'-diphenylbenzimidamide free base (3.126).

Table 3.10. Chan-Lam amidination optimisation of conditions.

Entry  Solvent Reaction = Additive  Cu(OAc). Reaction  3.125 3.126
time eq temp conv.? conv.?
1 DCM 16 h B(OH)3 1.0 rt 45% 11%
DCM 16 h EtsN 1.0 rt 58% 14%
(59%)°
3 MeOH 16 h K2CO3 1.0 rt 59% 2%
4 MeOH 16 h K2CO3 0.5 rt 58% 2%
5 MeOH 16 h K2COs3 1.0 80°C 36% <1%
6 DMSO 16 h EtsN 1.0 rt 47% 2%
7 DMSO 16 h K2CO3 1.0 rt 59% <1%
8 MeCN 16 h K2CO3 1.0 rt 52% 8%
9 i-PrOH 16 h B(OH)3 1.0 rt 38% 14%
10 i-PrOH 16 h K2COs3 1.0 rt 70% 4%
(72%)°
11 i-PrOH 16 h EtsN 1.0 rt 70% 6%
12 i-PrOH 16 h K2CO3 0.5 rt 7% 0%
13 i-PrOH 16 h K2COs 1.0 80°C 61% 0%
14 i-PrOH 16 h K2CO3 1.2 rt 62% 4%
15 i-PrOH 16 h K2CO3 15 rt 60% 4%
16 i-PrOH 16 h K2COs 2.0 rt 59% 4%
17 i-PrOH 16 h K2COs 1.0 0-10°C 63% 5%
18 i-PrOH 16 h Pyridine 1.0 rt 59% 3%
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19
20
21

22
23
24
25
26

27
28

29

30
31
32

33
34

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

i-PrOH
i-PrOH
i-PrOH

i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH

i-PrOH
i-PrOH:MeOH
(3:1)
i-PrOH:MeOH
(1:1)

‘BuOH

H.O

DMF

DMF
DCE

MeOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH
DMF
DMF
DMF
i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH
DCM
MeOH

8h
4h
2h

1h
0.5h
48 h
2h
2h

2h
16 h

16 h

16 h
16 h
2h

16 h
2h

2h
2h
2h
2h
24 h
24 h
24 h
24 h
24 h
2h
2h
2h
2h
2h
2h
2h
24 h
24 h
24 h
16h
16h

K>CO3
K,CO3
K>COs3

K.COs3
K.COs3
K2CO3
K2CO3

K2CO3
MnO;

(3eq.)
None

K2COs3
K2.CO3

K2CO3
K2CO3
K2CO3

K2COs3
K2CO3

EtsN
K2CO3
K2COs
K2COs
K2COs
K.CO3
K2COs
NaOPiv
NaOPiv
NaOPiv
NaOPiv
NaOPiv
NaOPiv
NaOPiv
NaOPiv
NaOPiv
NaOPiv
NaOPiv
NaOPiv
K2COs3
K2COs3

1.0
1.0
1.0

1.0
1.0
1.0
0.5
0.5

1.0
1.0

1.0

1.0
1.0
1.0

1.0
1.0

1.0
0.5
0.2
0.1
0.5
0.2
0.1
05
0.2
0.2
1.0
05
0.2
1.0
05
0.2
1.0
0.5
0.2
100
100

rt
rt
rt

rt
rt
rt
rt
rt

rt
rt

rt

rt
rt
rt

rt
rt

rt

50°C
50°C
50°C
50°C
50°C
50°C
50°C
50°C
50°C
rt

rt

rt

50°C
50°C
50°C
50°C
50°C
50°C
rt

rt

63%
63%
76%
(83%)"
58%
60%
69%
2%

2%

3%
63%

52%

49%
<1%
31%

55%
40%

51%
56%
62%
18%
76%
81%°
64%
72%°
81%°
54%°
66%
64%
14%
71%
68%
47%
63%
69%
47%
40

59

Jack Robertson

4%
3%
5%

3%
3%
7%
0%
0%

0%
<1%

<1%

10%
0%
2%
<1%
3%

<1%

a) Conversion calculated using standard calibration curve b) Isolated yield on 1.00 mmol scale ¢) 0.25 M reaction
concentration.
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To an oven dried 5 mL microwave vial was added the benzamidine (as per Table 3.11), phenyl boronic

acid (0.20 mmol), Cu source (0.20 mmol), base or additive (0.40 mmol) and activated 4A molecular

sieves (200 mg). Solvent (0.65 mL) was then added to the solid mixture, sealed under air and stirred at

room temperature for desired time. A 50 L aliquot of the reaction was removed and diluted with 950

pL of MeOH. The resulting sample was then analysed by HPLC using analytical HPLC method A.

Conversion was calculated using standard concentration curves of N'-phenylbenzimidamide (3.125)
TFA salt and N,N'-diphenylbenzimidamide (3.126).

Table 3.11. Reaction optimisation using altering Cu source and eq of benzamidine.

Entry Solvent

O ~NO O &~ WN K

10
11
12

13
14

MeOH
MeOH
DCM

i-PrOH
i-PrOH
i-PrOH
i-PrOH
i-PrOH

i-PrOH
i-PrOH
MeOH
i-PrOH

i-PrOH
i-PrOH

Reaction Additive Cu source

time
16 h
16 h
16 h
16 h
16 h
16 h
16 h
2h

16 h
2h
2h
2h

2h
2h

K2COs3
K2COs3
B(OH)3
None
K2COs3
K2COs3
K2COs3
K2COs3

K2COs3
K2COs3
K2COs
K2COs3
KOAc

(1eq)
K»COs

K2COs

Cu(OAC);
Cu(OAc);
Cu(OAcC)2
Cu2(OH).COs
Cu(OAC);
CUz(OH)2C03
Cu(OAcC)2
[Cu(MeCN)]PFs
(0.5eq)
[Cu(MeCN)]PFs

CuOAc
CuOAc
CuOAc

Complex 3.135

3.123 eq.

15
1.2
2.0
2.0
15
2.0
1.0
2.0

2.0
2.0
2.0
2.0

2.0

Complex 3.135 (0.5 2.0

eq), Cu(OAc); (0.5

eq)

3.125
conv.2
49%
43%
269%°
0%
63%
<1%
46%
5%

35%
2%

14%
<1%

2%
2%

a) Conversion calculated using standard calibration curve b) Isolated yield on 1.00 mmol scale

126

3.126
conv.2
2%
2%
5%
0%
5%
0%
6%
0%

3%
0%
0%
0%

0%
0%
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3.5.10 Representative HPLC trace (Table 3.10, Entry 21)

2 500 JR0220 21 23 24 #5 [modified by Administrator] UV VIS 1
T mAU R WWL:254 nm|
1 ! 3-15.268
4 |
|
- |
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I |
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-4.5 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.5

Figure 3.8. HPLC trace showing starting material 3.123 (7.2 min), major product 3.125 (15.4 min) and minor
product 3.126 (22.9 min).

3.5.11 EPR results

Results detailed in Figure 3.16 illustrate de-nucleation of the Cu(OAc), dimer in the presence of
benzamidine (green) to give a mononuclear Cu" signal. Cu(OAc) gives no signal (black) and addition
of K,CO;s (red) or PhB(OH). (blue) provides no de-nucleation. Mononuclear Cu'" signal again observed
in the presence of amidine with K,COj3 and phenyl boronic acid (purple). Note precipitate formation for

the sample containing all reagents shows a less intense signal (purple).
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Figure 3.9. EPR spectra showing the de-nucleation of Cu(OAc), with the different substrate combinations.
3.5.12 UV-vis experiments

A standard amidination reaction between benzamidine 3.123 and boronic acid 3.124 was performed
using general Chan-Lam procedure B on a 1.00 mmol scale of boronic acid 3.124. Aliquots of the
reaction mixture (50 pL) were taken at the following reaction timepoints: 0 min, 5 min, 10 min, 30 min,
60 min, 90 min, 120 min. Each aliquot was diluted with i-PrOH (350 pL) for analysis. Analyses were
performed on a Shimadzu UV spectrometer UV 1800 equipped with a thermo-controlled cell holder

possessing a cell path length of 1 cm and the wavelength range was set to 300 nm - 1100 nm.
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3.5.13 Precipitate formation in reactions

Images of precipitate formed during substoichiometric reactions discussed in section 3.3.1.

Figure 3.10. Purple precipitate formed during reactions using substoichiometric copper.

3.5.14 Compound characterisations

(2)-N'-phenylbenzimidamide (3.125)

Chan-Lam procedure A (1.00 mmol scale boronic acid). Purification was carried out using a gradient
of 0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording a white powder (8
mg, 9 %).

Chan-Lam procedure B (1.00 mmol scale boronic acid). Purification was carried out using a gradient
of 0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording a white powder (162
mg, 83 %).

Chan-Lam procedure C (1.00 mmol scale boronic acid). Purification was carried out using a gradient
of 0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording a colourless solid
(159 mg, 81 %).

mp 108-112 °C.

'H NMR (500 MHz, CDCls): 8/ppm: 7.87 (d, 2H, J = 6.9 Hz, N=C4-C4-CH x 2), 7.43-7.51 (m, 3H,

N=Cq-Cq-CH-CH x 2-CH), 7.35-7.39 (m, 2H, N-C4-CH-CH x 2), 7.05-7.09 (m, 1H, N-C4-CH-CH-
CH), 7.00-7.02 (m, 2H, N-C4-CH x 2), 4.85 (br s, 2H, NH.).
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BC{*H} NMR (125 MHz, CDCls): 8/ppm: 154.2 (Cq), 151.1(Cg), 136.4 (Cq), 130.5 (C-H), 129.7 (2 x
C-H), 128.4 (2 x C-H), 127.5 (2 x C-H), 122.3 (C-H), 122.0 (2 x C-H).

IR (neat): vmax/cm™: 3565 (N-H stretch), 3344 (N-H stretch), 3051 (C-H stretch), 3040 (C-H stretch),
1615 (C=N stretch), 1589 (C=C stretch), 1569 (C=C stretch).

HRMS (ESI): Calc. for Ci13H13N2*. Theoretical: 197.1073 Observed: 197.1072.
(2)-N,N'-diphenylbenzimidamide (3.126)

o

Chan-Lam procedure A (1.00 mmol scale boronic acid). Purification was carried out using a gradient
of 0% to 60% Petroleum ether (40-60) in EtOAc with 1% EtsN modifier afforded a colourless solid
(201 mg, 74 %).

Chan-Lam procedure B (1.00 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60):EtOAc with 1% Et;N modifier, affording a colourless solid (8 mg,
3%).

mp 140-143 °C.

IH NMR (500 MHz, DMSO-d6): &/ppm: 9.18 (br s, 1H, NH), 7.88 (d, 2H, J = 7.3 Hz, N=C4-C4-CH x
2), 7.26-7.33 (m, 7H, 7 x CH) 7.96-7.06 (m, 3H, 3 xCH), 6.73-6.77 (m, 1H, N-C,-CH-CH-CH), 6.58
(d, 2H, J = 7.1 Hz, N-C4-CH x 2).

BC{'H} NMR (125 MHz, DMSO-d6): 8/ppm: 154.2 (Cy), 150.6 (Cy), 141.3 (Cy), 134.7 (Cy), 128.9 (C-
H), 128.9 (C-H), 128.8 (2 x C-H), 128.3 (2 x C-H), 127.9 (2 x C-H), 122.2 (2 x C-H), 121.8 (2 x C-H),
120.9 (C-H), 119.5 (2 x C-H).

IR (neat): vmawvcm™: 3290 (N-H stretch), 3053 (C-H stretch), 3025 (C-H stretch), 1627 (C=N stretch),
1587 (C=C stretch), 1578 (C=C stretch), 1528 (C=C stretch).

HRMS (ESI): Calc. for C19H17N2". Theoretical: 273.1386 Observed: 273.1387.
(2)-N'-(4-fluorophenyl)benzimidamide (3.149)

\
©/J\NH2

Chan-Lam procedure B (0.20 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a white powder (27 mg,
63%)

Chan-Lam procedure C (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a colourless solid
(61 mg, 71%).

mp 113-117 °C.
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IH NMR (500 MHz, CDCls): 8/ppm: 7.84 (br s, 2H, N=C4-Co-CH x 2), 7.43-7.50 (m, 3H, N=C4-Cq-
CH-CH x 2-CH), 7.03-7.06 (m, 2H, F-C4-CH x 2), 6.92-6.95 (m, 2H, F-Co-CH-CH x 2), 4.84 (br s, 2H,
NH,).

BC{H} NMR (125 MHz, CDCls): 8/ppm: 158.6 (d, J = 241.4 Hz, C-F), 154.9 (C,), 144.9 (Cy), 135.0
(Cq), 130.2 (C-H), 128.1 (2 x C-H), 126.3 (2 x C-H), 122.3 (d, J = 7.9 Hz, 2 x C-H), 115.6 (d,
J=222Hz, 2 x C-H).

LELIH} NMR (470 MHz, CDCls): 8/ppm: -121.3.

IR (neat): vmax/cm™: 3465 (N-H stretch), 3335 (N-H stretch), 3056 (C-H stretch), 1613 (C=N stretch),
1600 (C=C stretch), 1569 (C=C stretch), 1498 (C=C stretch).

HRMS (ESI): Calc. for C13H12N2F*. Theoretical: 215.0979 Observed: 215.0978.
(2)-N'-(4-(trifluoromethyl)phenyl)benzimidamide (3.146)

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a colourless solid
(68 mg, 64%).

mp 143-145 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.86 (br s, 2H, N=C4-Co-CH x 2), 7.61 (d, 2H, J = 8.2 Hz, FsC-
Cq- CH x 2), 7.44-7.53 (m, 3H, N=Cy-Cy-CH-CH x 2-CH), 7.08 (d, 2H, J = 8.2, FsC-Cq-CH-CH x 2),
4.86 (br's, 2H, NH;).

BC{*H} NMR (101 MHz, CDCls): 8/ppm: 155.1 (Cq), 152.1 (Cy), 134.4 (C,), 130.6 (C-H), 128.2 (2 x
C-H), 126.4 (2 x C-H), 126.2 (q, J = 3.5 Hz, 2 x C-H), 124.7 (q, J = 32.9, Cy), 124.0 (g, J = 270.6 Hz,
CFs), 121.5 (2 x C-H).

PE{H} NMR (376 MHz, CDCls): 8/ppm: -61.8.

IR (neat): vmax/cm: 3463 (N-H stretch), 3330 (N-H stretch), 3049 (C-H stretch), 1619 (C=N stretch),
1599 (C=C stretch), 1573 (C=C stretch).

HRMS (ESI): Calc. for C1sH11N2F3*. Theoretical: 265.0947 Observed: 265.0947.
(2)-N'-(4-(tert-butyl)phenyl)benzimidamide (3.151)

Chan-Lam procedure B (0.20 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% Petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-white powder
(41 mg, 82%).

mp 153-155 °C.

'H NMR (500MHz, CDCls): 8/ppm: 7.86 (d, 2H, J = 5.0 Hz, N=C4-C4-CH x 2), 7.42-7.49 (m, 3H,
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N=Cq-Cq-CH-CH x 2-CH) 7.35 (d, 2H, J = 8.5 Hz, Bu-Cq- CH x 2), 6.92 (d, 2H, J = 8.5 Hz, 'Bu-Cq-
CH-CH x 2), 4.92 (br's, 2H, NHy), 1.32 (s, 9H, CHs x 3).

3C{*H} NMR (125 MHz, CDCly):  /ppm: 154.9 (Cq), 145.5 (Cqg), 135.1 (Cy), 130.1 (C-H), 128.1 (2 x
C-H), 126.4 (2 x C-H), 125.8 (2 x C-H), 122.3 (Cy), 120.7 (2 x C-H), 33.8 (Cq), 30.9 (3 x CHy).

IR (neat): vmax/cm™: 3439 (N-H stretch), 3121 (N-H stretch), 3054 (C-H stretch), 2898 (C-H alkyl
stretch), 2863 (C-H alkyl stretch), 1632 (C=N stretch), 1597 (C=C stretch), 1571 (C=C stretch).

HRMS (ESI): Calc. for C17H21N2". Theoretical : 253.1699 Observed : 253.1701.
(2)-N'-(3-methoxyphenyl)benzimidamide (3.152)

Chan-Lam procedure B (0.20 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a colourless solid
(28 mg, 62%).

mp 108-112 °C.

IH NMR (500 MHz, CDCl3): 8/ppm: 7.86 (d, 2H, J = 5.4 Hz, N=C4-C4-CH x 2), 7.43-7.50 (m, 3H,
N=Cy-Cq-CH-CH x 2-CH ) 7.24-7.27 (m, 1H, , N-C4-CH-CH), 6.63 (dd, 1H, J = 8.4 Hz, 2.3 Hz, N-Cq-
CH-CH-CH), 6.56-6.59 (m, 2H, N-C4-CH x 2,) 4.89 (br s, 2H, NH,), 3.80 (s, 3H, CH).

3C{!H} NMR (125 MHz, CDCls): 8/ppm: 160.3 (Cq), 154.6 (Cy), 150.4 (Cq), 135.11 (C,), 130.2 (C-
H), 129.8 (C-H), 128.1 (2 x C-H), 126.3 (2 x C-H), 113.4 (C-H), 108.6 (C-H), 106.7 (C-H), 54.7 (O-
CHs).

IR (neat): vmax/cm™: 3432 (N-H stretch), 3279 (N-H stretch), 3095 (C-H stretch), 2934 (C-H alkyl
stretch), 2831 (C-H alkyl stretch), 1636 (C=N stretch), 1587 (C=C stretch), 1573 (C=C stretch).

HRMS (ESI): Calc. for C14H1sN2O". Theoretical: 227.1178 Observed: 227.1179.
(2)-N'-(m-tolyl)benzimidamide (3.153)

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a colourless solid
(51 mg, 61%).

mp 98-102 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.86 (d, 2H, J = 7.0 Hz, N=C4-C4-CH x 2), 7.42-7.49 (m, 3H, N=C4-Cq-
CH-CH x 2-CH) 7.22-7.25 (m, 1H, N-C4-CH-CH), 6.88 (d, 1H, J = 7.5 Hz, N-Cq-CH-CH-CH ), 6.83 (s, 1H, N-
Cq-CH-Cy-CHs), 6.79 (d, 1H, J = 7.9 Hz, N-C4-CH-CH) 4.84 (br s, 2H, NH), 2.35 (s, 3H, CHs).

BC{H} NMR (125 MHz, CDCls): 8/ppm 154.4 (Cg), 148.9 (C,), 138.8 (Cy), 135.3 (Cy), 130.1 (C-H), 128.8 (C-
H), 128.0 (2 x C-H), 126.3 (2 x C-H), 123.4 (C-H), 121.8 (C-H), 118.1 (C-H), 21.0 (CHs).

IR (neat): vmax/cm™: 3434 (N-H stretch), 3285 (N-H stretch), 3127 (C-H stretch), 1625 (C=N stretch), 1604 (C=C
stretch), 1591 (C=C stretch), 1571 (C=C stretch).
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HRMS (ESI): Calc. for C14H1sN»*. Theoretical: 211.1230 Observed: 211.1224.
(2)-N'-([1,1"-biphenyl]-4-yl)benzimidamide (3.154)

Chan-Lam procedure B (1.00 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-white powder
(188 mg, 69%).

mp 173-177 °C.

IH NMR (500 MHz, CDCls): /ppm: 7.88 (d, 2H, J = 5.8 Hz, N=C4-C4-CH x 2), 7.60-7.62 (m, 4H, 4
x CH), 7.42-7.51 (m, 5H, 5 x CH), 7.31-7.34 (m, 1H, N-C4-CH-CH-Cy-CH-CH-CH), 7.07 (d, 2H,
J=8.4Hz, 2 x CH), 4.91 (br s, 2H, NHo).

BC{*H} NMR (125 MHz, CDCls): 8/ppm: 155.0 (Cy), 148.9 (Cy), 141.0 (Cy), 135.9 (Cy), 135.7 (Cy),
130.7 (C-H), 128.8 (2 x C-H), 128.6 (2 x C-H), 128.2 (2 x C-H), 126.9 (C-H), 126.8 (2 x C-H), 126.7
(2 x C-H), 122.1 (2 x C-H).

IR (neat): vmax/cm*: 3463 (N-H stretch), 3344 (N-H stretch), 3056 (C-H stretch), 3028 (C-H stretch),
1610 (C=N stretch), 1589 (C=C stretch), 1569 (C=C stretch).

HRMS (ESI): Calc. for C19H17N2*. Theoretical: 273.1386 Observed: 273.1386.
(2)-N'-(o-tolyl)benzimidamide (3.155)

Chan-Lam procedure B (0.20 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-white powder
(17 mg, 40%).

Chan-Lam procedure C (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-hite powder
(40 mg, 48%).

mp 115-118 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.89 (br s, 2H, N=C4-Co-CH x 2), 7.43-7.50 (m, 3H, N=C4-Cq-
CH-CH x 2-CH), 7.22 (d, 1H, J = 7.4, N-C4-Cq-CH), 7.16-7.19 (m, 1H, N-Cq-CH-CH), 6.97-7.00 (m,
1H, N-C4-Co-CH-CH), 6.88 (d, 1H, J = 7.4 Hz, N-C4-CH), 4.71 (br s, 2H, NH,), 2.22 (s, 3H, CHs).

BC{*H} NMR (125 MHz, CDCls): 8/ppm: 153.0 (Cq), 147.0 (Cy), 134.7 (Cy), 129.8 (C-H), 129.7 (C-H),
128.7 (Cy), 127.6 (2 x C-H), 125.9 (2 x C-H), 125.8 (C-H), 122.3 (C-H), 120.2 (C-H), 16.7 (CH).

IR (neat): vmax/cm™: 3436 (N-H stretch), 3162 (N-H stretch), 3056 (C-H stretch), 2917(C-H alkyl
stretch), 1630 (C=N stretch), 1595 (C=C stretch), 1563 (C=N stretch).

HRMS (ESI): Calc. for C14H1sN2". Theoretical: 211.1230 Observed: 211.1229.
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(2)-N'-(2-methoxyphenyl)benzimidamide (3.156)

N

|
NH,

Chan-Lam procedure B (0.20 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-white powder
(39 mg, 42%).

mp 109-113 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.86 (d, 2H, J = 6.2 Hz, N=Cq-Cq-CH x 2), 7.42-7.50 (m, 3H,
N=Cy-Cq-CH-CH x 2-CH), 7.19 (br s, 1H, N-Cq-CH ), 7.03-7.08 (m, 1H, N-C4-Co-CH-CH), 6.94-6.99
(M, 2H, N-Cq-CH-CH, N-C4-C4-CH), 4.72 (br s, 2H, NHy), 3.83 (s, 3H, O-CHs).

BC{*H} NMR (125 MHz, CDCls): 6/ppm: 154.0 (Cg), 151.3 (Cy), 139.8 (C,), 136.3(Cy), 130.4 (C-H),
128.4 (2 x C-H), 127.6 (2 x C-H), 123.2 (C-H), 122.9 (C-H), 121.5 (C-H), 112.8 (C-H), 55.8 (O-CHs).

IR (neat) vmax (Neat): 3434 (N-H stretch), 3294 (N-H stretch), 3054 (C-H stretch), 2826 (C-H alkyl
stretch), 1640 (C=N stretch), 1569 (C=C stretch).

HRMS (ESI): Ci14H1sN2O". Theoretical: 227.1179 Observed: 227.1171.
(2)-N'-(3-fluoro-4-methoxyphenyl)benzimidamide (3.148)

Chan-Lam procedure B (0.20 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a colourless solid
(67 mg, 68%).

mp 119-123 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.83 (br s, 2H, N=C-Co-CH x 2), 7.43-7.50 (m, 3H, N=C4-Cq-
CH-CH x 2-CH), 6.95 (m, 1H, N-Co-CH-CH), 6.78 (d, 1H, J = 12.4 Hz, N-C4-CH-CF), 6.70 (d, 1H, J
= 8.5 Hz N-C4-CH-CH), 4.91 (br s, 2H, NH,) 3.88 (s, 3H, O-CHs).

BC{'H} NMR (125 MHz, CDCls): 8/ppm: 155.7 (Cy), 153.0 (d, J = 246.8 Hz, C-F), 143.5 (d, J = 10.8,
Co), 143.0 (Cy), 135.5 (Cy), 130.7 (C-H), 128.6 (2 x C-H), 126.8 (2 x C-H), 117.1 (C-H), 114.7 (d, J =
2.1Hz, C-H), 110.2 (d, J = 18.9 Hz, C-H), 56.7 (O-CHs).

ELH} NMR (376 MHz, CDCls): 8/ppm: -133.5.

IR (neat): vmax/cm™: 3458 (N-H stretch), 3287 (N-H stretch), 3135 (C-H stretch), 3017 (C-H stretch),
2842 (C-H alkyl stretch), 1627 (C=N stretch), 1593 (C=C stretch), 1569 (C=C stretch).

HRMS (ESI): Calc. for C14H14N2FO*. Theoretical: 245.1085 Observed: 245.1078.
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(2)-N'-(4-(methylthio)phenyl)benzimidamide (3.150)

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 40% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a colourless solid
(69 mg, 71%).

Chan-Lam procedure C (0.04 mmol scale boronic acid). Purification was carried out using a gradient
0% to 40% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording a colourless solid
(65 mg, 67%).

mp 123-127 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.82 (d, 2H, J = 6.8, N=C-Cq-CH x 2), 7.42-7.49 (m, 3H, N=C-
Cq-CH-CH x 2-CH), 7.28 (d, 2H, J = 8.4 Hz, S-Co-CH x 2), 6.93 (d, 2H, J = 8.4 Hz, S-Cq-CH-CH x 2),
4.85 (br s, 2H, NH,) 2.48 (s, 3H, S-CHa).

LBC{H} NMR (125 MHz, CDCls): § 155.3 (Cy), 147.2 (Cq), 135.5 (Cq), 131.9 (Cq), 130.7 (C-H), 129.0
(2 x C-H), 128.6 (2 x C-H), 126.8 (2 x C-H), 122.4 (2 x C-H), 17.0 (S-CHs).

IR (neat): vmax/cm*: 3465 (N-H stretch), 3324 (N-H stretch), 2915 (C-H alkyl stretch), 1621 (C=N
stretch), 1600 (C=C stretch), 1589 (C=C stretch), 1558 9C=C stretch).

HRMS (ESI): Calc. for C14H1sN2S*. Theoretical: 243.0950 Observed: 243.0945.
(2)-N'-(pyridin-3-yhbenzimidamide trifluoroacetate (3.157)

\
©/J\NH2
.CF3CO,H

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using RP-HPLC
method A, affording a white amorphous solid (47 mg, 38%).

IH NMR (500 MHz, DMSO-dg): 8/ppm: 8.19 (s, 1H, N=CH-CH), 8.13, (s, 1H, N=CH-Cy), 7.97 (d, 2H,
J = 6.9 Hz, N=Cq-C4-CH x 2), 7.45-7.49 (m, 3H, N=C,-C-CH-CH x 2-CH), 7.26-7.49 (m, 2H, N-Cq-
CH-CH), 6.59 (br s, 2H, NH,).

BC{H} NMR (125 MHz, DMSO-ds): 8/ppm: 155.2 (Cy), 146.5 (C-H), 143.6 (Cy), 142.8 (C-H), 135.5
(Co), 130.3 (C-H), 128.7 (C-H), 128.0 (2 x C-H), 127.1 (2 x C-H), 123.9 (C-H).

LELH} NMR (470 MHz, DMSO-de): 8/ppm: -73.5.

IR (neat): vmax/cm™: 3376 (N-H stretch), 3318 (N-H stretch), 3185 (C-H stretch), 1647 (C=N stretch),
1610 (C=N stretch), 1573 (C=C stretch).

HRMS (ESI): Calc. for C12H12N3*. Theoretical: 198.1026 Observed: 198.1022.
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(2)-N'-(4-methoxy-3,5-dimethylphenyl)benzimidamide (3.158)

Me

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 30% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-white powder.
(85 mg, 83%).

mp 140-143 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.84 (d, 2H, J = 6.9 Hz, N=Cq-Cq-CH x 2), 7.41-7.47 (m, 3H,
N=Cy-Cq-CH-CH x 2-CH), 6.64 (s, 2H, N-C-CH x 2), 4.86 (br s, 2H, NH,), 3.72 (s, 3H, O-CHs), 2.27
(s, 6H, Cq-CHs x 2).

BC{*H} NMR (125 MHz, CDCl3): &/ppm: 154.2 (Cq), 152.3 (Cg), 144.7 (Cy), 135.5 (Cy), 131.3 (Cy),
130.0 (C-H), 128.0 (2 x C-H), 126.2 (2 x C-H), 121.0 (2 x C-H), 59.3 (O-CHs), 15.7 (2 x CHs).

IR (neat) vmad/cm™: 3413 (N-H stretch), 3341 (N-H stretch), 3207 (C-H stretch), 2930 (C-H alkyl
stretch), 2921 (C-H alkyl stretch), 2854 (C-H alkyl stretch), 1638 (C=N stretch), 1569 (C=C stretch).

HRMS (ESI): Calc. for C16H19N2O". Theoretical: 255.1492 Observed: 255.1487.
(2)-N'-(3,4,5-trifluorophenyl)benzimidamide (3.159)

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 30% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-white powder
(57 mg, 57%).

mp 108-110 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.79 (br s, 2H, N=Cq-Cq-CH x 2), 7.50-7.53 (m, 1H, N=Cy-Cq-
CH-CH-CH), 7.44-7.47 (m, 2H, N=C4-Cq-CH-CH x 2), 6.58-6.62 (m, 2H, N-Cq-CH x 2), 5.99 (br s,
2H, NHy).

13C{!H} NMR (125 MHz, CDCls): 8/ppm: 154.5 (Cg), 150.9 (ddd, J = 248.4 Hz, 10.5 Hz, 4.9 Hz, 2 x
C-F), 144.6 (ddd, J = 13.4 Hz, 9.1 Hz, 3.6 Hz, C-F), 135.9 (t, J = 15.8 Hz, C,), 134.0 (Cy), 130.1 (C-
H), 127.7 (2 x C-H), 125.7 (2 x C-H), 104.8 (dd, J = 16.7 Hz, 4.9 Hz, 2 x C-H).

LFE{!H} NMR (470 MHz, CDCls): &/ppm: -133.9 (d, J = 19.2 Hz), -168.2 (t, J = 19.2 Hz).

IR (neat): vmax/cm™: 3426 (N-H stretch), 3277 (N-H stretch), 3116 (C-H stretch), 1636 (C=N stretch)
1574 (C=C stretch), 1517 (C=C stretch).

HRMS (ESI): Calc. for C13H10F3N2". Theoretical: 251.0791 Observed: 251.0782.
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(2)-N'-(cyclohex-1-en-1-yl)benzimidamide (3.161)

NH,

Chan-Lam procedure B (1.0 mmol scale boronic acid). Purification was carried out using a gradient 0%
to 30% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-white powder
(83 mg, 41%).

Chan-Lam procedure C (1.00 mmol scale boronic acid). Purification was carried out using a gradient
0% to 30% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a white powder (66 mg,
33%).

mp 103-105 °C.

IH NMR (500 MHz,CDCls): 8/ppm: 7.76 (d, 2H, J = 7.1 Hz, N=Cq-Cq-CH x 2), 7.37-7.44 (m, 3H,
N=Cy-Cq-CH-CH x 2-CH), 5.14 (br s, 1H, N-C,=CH), 5.00 (br s, 2H, NH), 2.10-2.13 (m, 4H, N-
C4=CH-CHa, N-C4-CHy), 1.72-1.77 (m, 2H, N-Cq-CHo-CHz), 1.60-1.65 (m, 2H, N-Cq-CH2-CH2-CH).

BC{*H} NMR (125 MHz, CDCls): 8/ppm: 153.2 (Cy), 144.0 (Cy), 135.7 (Cy), 129.7 (C-H), 127.9 (2 x
C-H), 126.1 (2 x C-H), 109.5 (C-H), 27.5 (CH), 23.9 (CH,), 22.6 (CH3), 22.0 (CHy).

IR (neat): vmax/cm™: 3458 (N-H stretch), 3292 (N-H stretch), 3025 (C-H stretch), 2928 (C-H alkyl
stretch), 2909 (C-H alkyl stretch), 2850 (C-H alkyl stretch), 2831 (C-H alkyl stretch), 1651 (C=N
stretch), 1574 (C=C stretch).

HRMS (ESI): Calc. for C13Hi7N2*. Theoretical: 201.1386 Observed: 201.1381.
(2)-N'-((E)-styrylbenzimidamide (3.160)

|
©)\NH2

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording a pale-yellow powder
(31 mg, 35 %).

mp 117-121°C

IH NMR (500 MHz, DMSO-d6): 8/ppm: 7.91 (d, 2H, J = 6.9 Hz, N=C4-C4-CH x 2), 7.86 (d, 1H, J =
13.4 Hz, N-CH=CH-Cy), 7.44-7.46 (m, 2H, N-CH=CH-Cy-CH x 2), 7.38-7.43 (m, 3H, N=C¢-C-CH-
CH x 2-CH), 7.24-7.27 (m, 2H, N-CH=CH-Cy-CH-CH x 2), 7.07-7.13 (m, 3H, NH,, CH=CH-C-CH-
CH-CH), 6.32 (d, 1H, J = 13.4 Hz, N-CH=CH-Cy).

BC{*H} NMR (125 MHz, DMSO0-d6): &/ppm: 155.6 (Cg), 138.9 (Cy), 136.6 (Cg), 136.0 (C-H), 130.4
(C-H), 128.9 (2 x C-H), 128.5 (2 x C-H), 127.4 (2 x C-H), 126.0 (C-H), 125.9 (2 x C-H), 121.2 (C-H).

IR (neat): vmax/cm™: 3430 (N-H stretch), 3285 (N-H stretch), 3054 (C-H stretch), 3019 (C-H stretch),
1627 (C=N stretch), 1587 (C=C stretch), 1548 (C=C stretch).

HRMS (ESI): Calc. for CisHisN2*. Theoretical: 223.1230 Observed: 223.1225.
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(2)-4-chloro-N'-phenylbenzimidamide (3.164)

\
@NHZ
cl

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 40% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording an off-white powder
(56 mg, 61%).

Chan-Lam procedure C (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a white powder (63 mg,
69 %).

mp 129-132 °C.

IH NMR (500 MHz, CDCl): 8/ppm: 7.78 (d, 2H, J = 7.6 Hz, N=C4-C4-CH x 2), 7.41 (m, 2H, CI-C¢-
CH x 2) 7.34-7.37 (m, 2H, N-Cq-CH-CH x 2), 7.06-7.09 (m, 1H, N-Co-CH-CH-CH), 6.96 (d, 2H, J =
7.4 Hz, N-Co-CH x 2) 4.80 (br s, 2H, NH.).

BC{*H} NMR (125 MHz, CDCls): 8/ppm: 154.3 (C), 149.1 (Cq), 136.8 (Cq), 134.0 (Cq), 129.6 (2 x C-
H), 128.8 (2 x C-H), 128.3 (C-H), 123.4 (2 x C-H), 121.6 (2 x C-H).

IR (neat): vmax/cm™: 3456 (N-H stretch), 3304 (N-H stretch), 3067 (C-H stretch), 3026 (C-H stretch),
1621 (C=N stretch), 1591 (C=C stretch), 1582 (C=C stretch), 1558 (C=C stretch).

HRMS (ESI): C13H12CIN,*. Theoretical: 231.0684 Observed: 231.0677.
(2)-3-methoxy-N'-phenylbenzimidamide (3.165)

I
M
eo\©/J\NH2

Using HCI salt of amidine following Chan-Lam procedure B (0.40 mmol scale boronic acid).
Purification was carried out using a gradient 0% to 50% petroleum ether (40-60) in EtOAc with 1%
EtsN modifier, affording an off-white powder (48 mg, 53%).

mp 104-107 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 7.43 (br s, 1H, N=C4-Cq-CH-CH), 7.32-7.37 (m, 4H, 4 x CH),
7.05-7.09 (M, 1H, N-Cy-CH-CH-CH), 6.98-7.04 (m, 3H, 3 x CH), 5.06 (br s, 2H, NH,), 3.86 (s, 3H, O-
CHs).

B3C{'H} NMR (125 MHz, CDCls): 8/ppm: 159.3 (Cy), 154.8 (C,), 148.2 (Cy), 136.3 (Cy), 129.1 (2 x C-
H), 129.0 (C-H), 122.8 (2 x C-H), 121.3 (C-H), 118.5 (C-H), 116.6 (C-H), 111.6 (C-H), 55.0 (O-CHs).

IR (neat): vmax/cm™: 3465 (N-H stretch), 3335 (N-H stretch), 3056 (C-H stretch), 2922 (C-H alkyl
stretch), 2850 (C-H alkyl stretch), 2829 (C-H alkyl stretch), 1621 (C=N stretch), 1600 (C=C stretch),
1589 (C=C stretch), 1574 (C=C stretch).

HRMS (ESI): Calc. for C14H1sN2O". Theoretical: 227.1179 Observed: 227.1226.
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(2)-3-cyano-N'-phenylbenzimidamide (3.169)

|
NC
\©)\NH2

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording a white powder (10 mg,
11%).

mp 105-109 °C.

!H NMR (500 MHz, CDCl3): 8/ppm: 8.19 (br s, 1H, N=C-C4-CH-Cg), 8.10 (d, 1H, J = 7.6 Hz, N=C,-
Cq-CH-CH), 7.76 (m, 1H, N=C-C4-CH-CH) 7.55-7.59 (m, 1H, NC-C4-CH-CH), 7.35-7.39 (m, 2H, N-
Cq-CH-CH x 2), 7.09-7.12 (m, 1H, N-C4-CH-CH-CH), 6.98 (d, 2H, J = 7.4 Hz, , N-C4-CH x 2), 4.98
(brs, 2H, NH,).

BBC{'H} NMR (125 MHz, CDCls): 8/ppm: 152.6 (Cg), 148.0 (Cy), 136.2 (C,), 133.5 (C-H), 130.7 (C-
H), 130.3 (C-H), 129.2 (2 x C-H), 129.0 (C-H), 123.4 (2 x C-H), 121.0 (C-H), 117.7(C=N), 112.5 (Cy).

IR (neat): vmax/cm™: 3426 (N-H stretch), 3253 (N-H stretch), 3051 (C-H stretch), 3028 (C-H stretch),
2227 (C=N stretch), 1640 (C=N stretch), 1619 (C=N stretch), 1589 (C=C stretch), 1578 (C=C stretch).

HRMS (ESI): Calc. for C14H12N3*. Theoretical: 222.1026 Observed: 222.1020.
(2)-2-fluoro-N'-phenylbenzimidamide (3.166)

{
o

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% Et;N modifier, affording a colourless solid
(45 mg, 52%).

mp 95-99 °C.

IH NMR (500 MHz, CDCls): 8/ppm: 8.09 (br s, 1H, N=Cq-Cq-CH), 7.40-7.46 (m, 1H, F-C4-CH), 7.33-
7.37 (M, 2H, N-Cq-CH-CH x 2), 7.22-7.26 (m, 1H, F-Cq-CH-CH), 7.09-7.14 (m, 1H, F-C4-CH-CH-
CH), 7.05-7.08 (m, 1H, N-C4-CH-CH-CH), 6.98 (d, 2H, J = 7.4 Hz, N-C,-CH x 2), 5.16 (br s, 2H,
NH,).

BC{*H} NMR (125 MHz, CDCl3): 8/ppm: 160.1 (d, J = 248.1 Hz, C-F) 151.4 (C,), 148.1 (Cy), 131.6
(d, J=9.1Hz, C-H), 130.6 (d, J = 1.3 Hz, C-H), 129.1 (2 x C-H), 124.1 (d, J = 3.4 Hz, C-H), 122.7 (2
x C-H), 122.2 (d, J = 10.1 Hz, Cg), 121.2 (C-H), 115.6 (d, J = 23.6 Hz, C-H).

YE{'H} NMR (470 MHz, CDCls): 8/ppm: -115.2.

IR (neat): vmax/cm™: 3428 (N-H stretch), 3277 (N-H stretch), 3028 (C-H stretch), 1632 (C=N stretch),
1619 (C=N stretch), 1606 (C=C stretch), 1589 (C=C stretch).

HRMS (ESI): Calc. for Ci3H12FN,*. Theoretical: 215.0979 Observed: 215.0970.
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(2)-4-methyl-N'-phenylbenzimidamide (3.168)

|
Me

Chan-Lam procedure B (0.40 mmol scale boronic acid). Purification was carried out using a gradient
0% to 50% petroleum ether (40-60) in EtOAc with 1% EtsN modifier, affording a colourless solid
(26 mg, 31%).

mp 130-133 °C.

IH NMR (500 MHz, CDCl): 8/ppm: 7.72 (d, 2H, J = 6.6 Hz, N=C4-C4-CH x 2), 7.32-7.35 (m, 2H, N-
Cq-CH-CH x 2) 7.24 (m, 2H, HsC-C4-CH x 2), 7.05-7.08 (m, 1H, N-Co-CH-CH-CH), 6.97-6.99 (d, 2H,
J=7.4 Hz, N-C4-CH x 2), 5.01 (br s, 2H, NH_).

BC{'H} NMR (125 MHz, CDCls): 8/ppm: 155.2 (Cq), 148.2 (C,), 140.6 (Cg), 131.8 (Cq), 129.0 (2 x C-
H), 128.8 (C-H), 126.4 (2 x C-H), 122.8 (2 x C-H), 121.4 (2 x C-H), 20.9 (CHa).

IR (neat): vmax/cm™: 3441 (N-H stretch), 3292 (N-H stretch), 3067 (C-H stretch), 3051 (C-H stretch),
2915 (C-H alkyl stretch), 1627 (C=N stretch), 1587 (C=C stretch), 1563 (C=C stretch), 1578 (C=C
stretch).

HRMS (ESI): Calc. for C14HisN2*. Theoretical: 211.1230 Observed: 211.1224.
(2)-3-bromo-N'-phenylbenzimidamide (3.167)

N :
Br. ‘
NH,

Chan-Lam procedure B using corresponding amidine HCI salt (1.00 mmol scale boronic acid).
Purification was carried out using a gradient 0% to 50% petroleum ether (40-60) in EtOAc with 1%
EtsN modifier, affording an off-white powder (133 mg, 49 %).

mp 103-106 °C.

'H NMR (500 MHz, CDCls): 8/ppm: 8.03 (br s, 1H, Br-Co-CH-Cg), 7.73 (d, 1H, J = 7.2 Hz, N=C4-Cq-
CH-CH), 7.56 (d, 1H, J = 7.9 Hz, Br-C4-CH-CH ), 7.34-7.37 (m, 2H, N-C4-CH-CH x 2), 7.27-7.30 (m,
1H, Br-C4-CH-CH), 7.06-7.09 (m, 1H, N-C4-CH-CH-CH), 6.96 (2H, d, J =7.2 Hz, N-C4-CH x 2), 4.88
(2H, br s, NH,).

BC{HINMR (125 MHz, CDCls): &/ppm: 153.5 (Cq), 149.2 (Cy), 137.9 (Cy), 133.5 (C-H), 130.2 (C-H),
130.0 (C-H), 129.6 (2 x C-H), 125.4, 123.3 (C-H), 122.7 (Cy), 121.5 (2 x C-H).

IR (neat): vmax/cm™: 3434 (N-H stretch), 3276 (N-H stretch), 3110 (N-H stretch), 3056 (C-H stretch),
1634 (C=N stretch), 1604 (C=C stretch), 1586 (C=C stretch), 1558 (C=C stretch).

HRMS (ESI): Calc. for C13H1.BrN*. Theoretical: 275.0178 Observed: 275.0177.
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(2)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)-N'-phenylbenzimidamide (3.174)

NH N“ i
HZNJK©\ /©/LNH2
0" "0 2CF4CO,H

Using Chan-Lam procedure C (0.20 mmol scale boronic acid). Purification was carried out by semi-
preparative RP-HPLC using method B, affording a white amorphous solid (31 mg, 24%).

'H NMR (500 MHz, CDCls): 8/ppm: 11.21 (br s, 1H, CF3-CO2H), 9.65 (br s, 1H, CF3-CO.H), 9.13 (br
s, 2H, NH>), 8.84 (br s, 3H, 3 x NH), 7.89 (d, 2H, J = 8.6 Hz, C(-N=C-C4-CH x 2) 7.82 (d, 2H, J = 8.8
Hz, HN=C4-C4-CH x 2) 7.56-7.60 (m, 2H, N-C4-CHx 2), 7.45-7.49 (m, 3H, N-C,-CH-CHx 2-CH) 7.21

(d, 2H, J = 8.6 Hz, 0-C4-CH x 2), 7.17 (d, 2H, J = 8.8 Hz, O-C4-CH x 2), 4.12-4.17 (M, 4H, O-CH; x
2), 1.81-1.88 (M, 4H, O-CH2-CH, x 2), 1.57-1.65 (m, 2H, O-CH2-CH,-CH,).

BC{*H} NMR (125 MHz, CDCls): 8/ppm: 164.7 (Cy), 163.1 (Cy), 163.0 (Cy), 162.3 (C,), 134.8 (Cy),
130.8 (2 x C-H), 130.1 (2 x C-H), 129.9 (2 x C-H), 128.2 (C-H), 125.4 (2 x C-H), 120.0 (C), 119.4
(Cq), 114.7 (4 x C-H), 68.1 (CHy), 68.0 (CH2), 28.2 (2 x CH), 22.0 (CHS).

YE{'H} NMR (470 MHz, CDCls): 8/ppm: -73.5.

IR (neat): vmax/cm™:3326 (N-H Stretch), 3105 (CO.H stretch), 2947 (CO;H stretch), 1667 (C=0
stretch), 1610 (C=N stretch), 1495 (C=C stretch).

HRMS (ESI): Calc. for CasH29N4O2*. Theoretical: 417.2285 Observed: 417.2272.
(2)-N'-([1,1'-biphenyl]-4-y1)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)benzimidamide (3.178)

. N“O
HzN)K©\ /©/J\NH2
o0 ""0 .2CF3CO,H

Using Chan-Lam procedure C (0.20 mmol scale boronic acid). Purification was carried out by semi-

preparative RP-HPLC using method B, affording a white amorphous solid (29 mg, 20%).

IH NMR (500 MHz, CDCls): 8/ppm: 11.27 (br s, 1H, CFs-CO2H), 9.70 (br s, 1H, CFs-CO;H), 9.13 (s,
2H, NH,) 8.95 (br s, 1H, NH), 8.86 (s, 2H, NH,) 7.87-7.92 (m, 4H, 4 x CH) 7.82 (d, 2H, J = 9.0 Hz,
HN=Cy-Cy-CH x 2), 7.74 (d, 2H, J = 7.4 Hz, Cq-Cq-CH x 2), 7.51-7.56 (m, 4H, 4 x CH), 7.42-7.44 (m,
1H, Cq-Cq-CH-CH-CH), 7.23 (d, 2H, J = 8.7 Hz, O-C4-CH x 2), 7.18 (d, 2H, J = 9.0 Hz, O-C-CH x
2), 4.13-4.18 (m, 4H, O-CH, x 2), 1.82-1.89 (m, 4H, O-CHo-CH, x 2), 1.59-1.65 (m, 2H, O-CH-CH,-
CH,).

BC{*H} NMR (125 MHz, CDCls): /ppm: 164.7 (Cy), 163.1 (Cy), 163.0 (Cy), 162.4 (C,), 139.8 (Cy),
139.0 (Cy), 134.2 (Cq), 130.9 (2 x C-H), 130.2 (2 x C-H), 129.1 (2 x C-H), 128.1 (2 x C-H), 127.9 (C-
H), 126.7 (2 x C-H), 125.9 (2 x C-H), 120.0 (C,), 119.4 (C,), 114.8 (4 x C-H), 68.1 (CHy), 68.0 (CHo),
28.2 (2 x CHy), 22.1 (CHy).

LEL1H} NMR (470 MHz, CDCls): 8/ppm: -73.5.

IR (neat): vmax/cm*: 3320 (N-H stretch), 3125 (CO;H stretch), 2945 (CO.H stretch), 1671 (C=0
stretch), 1610 (C=N stretch), 1493 (C=C stretch).

HRMS (ESI): Calc. for C31Ha3N4O,". Theoretical: 493.2598 Observed: 493.2590.
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(2)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)-N'-(quinolin-3-yl)benzimidamide (3.179)

N

=

|
NH N ~
o >""0 2CF4CO,H

Using Chan-Lam procedure C (0.20 mmol scale boronic acid). Purification was carried out by semi-
preparative RP-HPLC using method B, affording a white amorphous solid (21 mg, 15%).

IH NMR (500 MHz, CDCls): 8/ppm: 11.6 (br s, 1H, CF5-CO,H), 9.83 (br s, 1H, CFs-CO2H), 9.14 (br
s, 3H, 3 x NH), 8.98 (br s, 1H, N-C4-CH-N), 8.93 (br s, 2H, NH,), 8.52 (br s, 1H, N-C4-CH-Cy), 8.09-
8.14 (M, 2H, N-C4-CH-Cq-CH-CH), 7.97 (d, 2H, J = 8.5 Hz, C¢-N=C4-C4-CH x 2), 7.86-7.90 (m, 1H,
N-Cy-CH-N-Cq-CH), 7.83 (d, 2H, J = 8.9 Hz, HN=C¢-C4-CH x 2), 7.71-7.74 (m, 1H, N-Cq-CH-N-Cq-
CH-CH), 7.25 (d, 2H, J = 8.5 Hz, O-C4-CH x 2), 7.17 (d, 2H, J = 8.9 Hz, O-Cq-CH x 2), 4.13-4.19 (m,
4H, O-CHy x 2), 1.82-1.90 (m, 4H, O-CH2-CH, x 2), 1.58-1.66 (m, 2H, O-CH,-CH,-CH.).

BC{*H} NMR (125 MHz, CDCls): 8/ppm: 164.6 (Cy), 163.4 (Cy), 163.3 (Cy), 163.0 (Cy), 158.1 (Cy),
157.8 (Cy), 148.2 (C-H), 146.6 (Cy), 132.5 (C-H), 130.9 (2 x C-H), 130.4 (C-H), 130.2 (2 x C-H), 128.8
(C-H), 128.4 (C-H), 127.6 (C-H), 119.8 (Cy), 119.4 (C,), 114.8 (2 x C-H), 114.7 (2 x C-H), 68.1 (CH_),
68.0 (CH,), 28.2 (2 x CHy), 22.1 (CHy).

LELIH} NMR (470 MHz, CDCls): 8/ppm: -73.7.

IR (neat): vmax/cm™: 3326 (N-H stretch), 3093 (CO;H stretch), 2943 (CO.H stretch), 1667 (C=0
stretch), 1608 (C=N stretch), 1493 (C=C stretch).

HRMS (ESI): Calc. for C2sH3oNsO2". Theoretical: 468.2394 Observed: 468.2385.

(2)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)-N'-(3-fluoro-4-methoxyphenyl)benzimidamide
(3.181)

NH N‘ F
HZN)K©\ /©/J\NH2
0" 2CF3CO,H

Using Chan-Lam procedure C (0.20 mmol scale boronic acid). Purification was carried out by semi-

preparative RP-HPLC using method B, affording a white amorphous solid (27 mg, 20%).

IH NMR (500 MHz, DMSO-d6): 8/ppm: 11.14, (br s, 1H, CF5-CO,H), 9.62 (br s, 1H, CFs-CO2H) 9.13
(br s, 2H, NH,), 8.90 (br s, 2H, NHy), 8.75 (br s, 1H, NH), 7.87 (d, 2H, J = 8.7 Hz, C¢-N=Cy-C4-CH x
2),7.82 (d, 2H, J = 8.9 Hz, HN=C4-C4-CH x 2), 7.45 (d, 1H, J = 10.7 Hz, N-C,-CH-CF), 7.33-7.38 (m,
1H, N-Cq-CH-CH), 7.16-7.26 (m, 5H, 5 x CH), 4.12-4.16 (m, 4H, O-CH, x 2), 3.91 (s, 3H, CH3), 1.83-
1.86 (M, 4H, O-CH,-CH; x 2), 1.57-1.65 (M, 2H, O-CH,-CH,-CH).

BC{*H} NMR (125 MHz, DMSO-d6): 8/ppm: 165.2 (Cy), 163.6 (Cy), 163.5 (C,), 163.3 (Cq), 151.9 (d
,J = 248.9 Hz, C-F), 147.6 (Cy), 131.2 (2 x C-H), 130.6 (2 x C-H), 127.6 (Cy), 123.2 (C-H), 120.4 (Cy),
119.9 (Cy), 115.3 (2 x C-H), 115.2 (2 x C-H), 115.0 (C-H) 114.8 (d, J = 20.0 Hz, C-H), 68.6 (CHy),
68.5 (CH,), 56.8 (CH3), 28.7 (CH,), 22.6 (CH.).

LFE{!H} NMR (470 MHz, DMSO-d6): §/ppm: -73.7, -132.5.

IR (neat): vma/cm™: 3330 (N-H stretch), 3095 (CO-H stretch), 2943 (COH stretch), 2874 (CO-H
stretch), 1669 (C=0 stretch), 1610 (C=N stretch), 1521 (C=C stretch), 1495 (C=C stretch).
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HRMS (ESI): Calc. for C2sH30FN4Os™. Theoretical: 465.2296 Observed: 465.2289.

(2)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)-N'-(4-(trifluoromethyl)phenyl)benzimidamide
(3.180)

NH N‘
0 ""0 .2CF3CO,H

Using Chan-Lam procedure C (0.20 mmol scale boronic acid). Purification was carried out by semi-
preparative RP-HPLC using method B, affording a white amorphous solid (30 mg, 21%).

IH NMR (500 MHz DMSO-d6): 8/ppm: 11.43 (br s, 1H, CF5-CO,H), 9.82 (br s, 1H, CFs-COZH), 9.12
(br s, 3H, 3 x NH), 8.81 (br s, 2H, NH5), 7.94 (d, 2H, J = 8.5 Hz, FsC-C4-CH-CH x 2), 7.89 (d, 2H, J =
8.7 Hz, Co-N=C4-C4-CH x 2), 7.81 (d, 2H, J = 8.9 Hz, HN=C4-C4-CH x 2), 7.67 (d, 2H, J = 7.8 Hz,
FsC-Cq-CH x 2), 7.22 (d, 2H, J = 8.9 Hz, O-C4-CH x 2), 7.16 (d, 2H, J = 8.7 Hz, O-C4-CH x 2), 4.12-
4.16 (M, 4H, O-CHa x 2), 1.81-1.87 (M, 4H, O-CH,-CH, x 2), 1.57-1.63 (M, 2H, O-CH,-CH,-CH).

13C{!H} NMR (125 MHz, DMSO-d6): 8/ppm: 164.6 (Cg), 163.3 (Cy), 163.0 (Cy), 162.7 (Cg), 139.0
(Co), 131.1 (2 x CH), 130.2 (2 x CH), 128.0 (q, J = 31.2 Hz, C) 127.1 (g, J = 3.5 Hz, 2 x CH), 126.1
(2 x CH), 123.9 (g, J = 272.1 Hz, CF3), 119.9 (Cy), 119.4 (C,), 114.8 (4 x CH), 68.0 (CH>), 68.1 (CHy),
28.2 (2 x CHy), 22.0 (CHS).

LELIH} NMR (470 MHz, DMSO-d6): 8/ppm: -60.9, -73.6.

IR (neat): vmax/cm™: 3328 (N-H stretch), 3105 (CO.H stretch), 2947 (CO.H stretch), 2874 (CO:H
stretch), 1667 (C=0 stretch), 1608 (C=N stretch), 1495 (C=C stretch).

HRMS (ESI): CyH2sF3N4O2" Theoretical: 485.2159 Observed: 485.2149.

(2)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)-N'-(4-(dimethylamino)phenyl)benzimidamide
(3.176)

NH N
H2N)K©\ @NHZ
o0 2CF4,CO,H

Using Chan-Lam procedure C (0.20 mmol scale boronic acid). Purification was carried out by semi-

preparative RP-HPLC using method B, affording a pale green amorphous solid (27 mg, 20%).

!H NMR (500 MHz DMSO-d6): &/ppm: 10.90 (br s, 1H, CF5-COzH), 9.45 (br s, 1H, CF3-CO,H), 9.12
(brs, 2H, NH,), 8.78 (br s, 2H, NH.), 8.49 (br s, 1H, NH), 7.86 (d, 2H, J = 8.9 Hz, C(-N=C-C4-CH x
2), 7.81 (d, 2H, J = 8.9 Hz, HN=C4-C4-CH x 2), 7.23 (d, 2H, J = 9.0 Hz, N-C4-CH x 2), 7.16-7.24 (m,
4H, O-C-CH x 4), 6.85 (d, 2H, J = 8.7 Hz, (H3C)2N-Cy-CH x 2), 4.12-4.16 (m, 4H, O-CH2 x 2), 2.97
(s, 6H, N(CHs)2), 1.81-1.87 (m, 4H, O-CH,-CH, x 2), 1.59-1.64 (m, 2H, O-CH,-CH,-CH5).

BC{H} NMR (125 MHz, DMSO-d6): &/ppm: 164.5 (Cg), 163.1 (Cg), 162.9 (Cy), 162.3 (Cy), 150.0
(Cy), 130.5 (2 x CH), 130.2 (2 x CH), 126.6 (2 x CH),), 122.7 (C), 120.1(C,) 119.4 (Cy), 114.8 (2 x
CH) 114.7 (2 x CH), 112.8 (2 x CH), 68.0 (CH), 68.1 (CHy>), 39.70 (N(CHj3),, Observed from a HSQC
experiment), 28.2 (2 x CHy), 22.1 (CHy).

BE{IH} NMR (470 MHz, DMSO-d6): 6/ppm: -73.7.
IR (neat): vma/cm™: 3327 (N-H stretch), 3105 (CO.H stretch), 2947 (CO.H stretch),
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2874 (CO.H stretch), 1647 (C=0 stretch), 1608 (C=N stretch), 1592 (C=C stretch), 1490 (C=C stretch).
HRMS (ESI): Calc. for C27H3sNsO-". Theoretical: 460.2707 Observed: 460.2712.

3.5.15 Cu complex experimental procedures

Complex 3.135

L

0, O NH,
H,N \N/CU\N/
NOH

Toan oven dried 100 mL round-bottomed flask was added was added benzamidine (1.00 g, 8.32 mmol),
Cu(OAC); (785 mg, 4.32 mmol) and K,COs (1.15 g, 8.32 mmol). Isopropanol (18.1 mL) was then added
to the solid mixture, sealed under air, and stirred at room temperature for 2 h. The resulting purple
suspension was filtered, and the purple precipitate was dried under high vacuum to yield a purple
powder-like solid (2.01 g). This purple powder was then recrystallised from MeCN and subjected to a
hot filtration to afford deep purple crystals (80 mg, 5%). X-ray crystallography data in appendix
Chapter 3. X-ray crystallography carried out by Dr Alan Kennedy, University of Strathclyde.

Complex 3.136

o
o, HN=
"5 NH,
o

HN oo
¥

To an oven dried 100 mL round-bottomed flask was added was added benzamidine (100 mg,
0.83 mmol), Cu(OAc): (76 mg, 0.42 mmol) and K,COs (103 mg, 0.83 mmol). Isopropanol (18.1 mL)
was then added to the solid mixture, sealed under air, and stirred at room temperature for 2 h. The
resulting blue-green suspension was filtered, and the green precipitate was dried under high vacuum to
yield a green powder-like solid (107 mg). This green powder was then recrystallised from MeCN and
subjected to a hot filtration to afford small pale green solid (2 mg, <1%). X-ray crystallography data in
appendix Chapter 3. X-ray crystallography carried out by Dr Alan Kennedy, University of Strathclyde.

3.5.16 Trypanosoma experiments

Activity against trypanosomes was assessed using a modified alamarBlue protocol.?®? Bloodstream
form Trypanosoma brucei Lister 427 wild type and derived diamidine-resistant that1”2 and B48 lines
were cultivated in HMI-11 medium (Gibco) added with 10% FBS (Gibco) at 37 °C in a humidified, 5%
CO; environment. For the assay, cells from a mid-log phase culture were seeded into 96-well plates at
a density of 2 x 10* cells/ml (200 pL/well) and exposed to serial dilutions of test compounds for 48 h.
After addition of 20 pL of a 0.5 mM alamarBlue solution (Sigma-Aldrich), cells were further incubated

for 24 h to allow reduction of the dye by living trypanosomes. Output was measured using a FLUOstar
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OPTIMA fluorimeter (BMG Labtech), with excitation and emission wavelengths set to 544 nm and
590 nm. ECso values were determined by nonlinear regression analysis using GraphPad Prism 5.
Experiments were carried out on three independent occasions. Untreated cells and cells treated with
pentamidine were used as negative and positive controls, respectively.

145



Guanidinium mimetics: Synthesis and application as next-generation analogues in cell penetrating peptides

Jack Robertson

Chapter 4. Synthesis, toxicity and uptake of arginine mimetic
CPPs
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4.1 Introduction

4.1.1 Protecting groups for the guanidino group for use in SPPS

As discussed in chapter 2, Fmoc protected building blocks are the standard reagents for SPPS and
arginine is no exception. The major issue for arginine reagents is the guanidino groups potential for
cross reactivity. The major side reactions observed with the guanidino group occur upon activation of
the carboxylic acid group, when &-lactam formation and deguanidination processes can occur
(Scheme 4.1A & B).2532%

A

0 o X = Leaving group
Lactamisation Q\‘ NH
FmocHN Tf
OX
FmocHN OH FmocHN 0 NH
o) o
4.3
B
R
HoN__NH
\f% R FmocHN
HN
FmocHNJﬁ( Base, R
H 45 0 Deguamdlnatlon HN o
- . \
H,N NX FmOCHNQL FmocHNQk
[¢]
4.4 48

Scheme 4.1. (A) Structure of an Fmoc-Arg building block and the & lactam formation process. (B) Deguanidation
of the guandino group from arginine during SPPS.

The 6 lactam formation occurs when the activated ester 4.2 reacts with the & nitrogen of the guanidino
group in a 6-exo-trig cyclisation resulting in lactam 4.3. The deguanidation process occurs when first,
unprotected guanidine 4.4 is acetylated with activated ester 4.5 in the amide coupling step of SPPS to
form 4.6. The Fmoc deprotection step unveils free amine groups from 4.6 and a 5-endo-trig cyclisation
occurs at the guanidino carbon. The cyclisation releases cyclic species 4.8 and an ornithine side chain
on peptide 4.7. Both lactamisation and deguanidation result from unprotected nitrogen atoms in the
guanidine group, & for the lactamisation and ' for the deguanidation. The protection of the guanidine
needs to be sufficient to block both processes whilst still achieving efficient amide couplings required
for SPPS.

A fully protected guanidine group, N>, would supress both lactamisation and deguanidation processes
however, N° protected species were reported to supress lactamisation but full protection of the
guanidine proved synthetically challenging.?®* The first protecting groups employed by Jaeger then
Rink et al. were N3 Boc or Adoc groups, which did not prove successful at supressing the

deguanidation (Fig. 4.1).%5%2%% Ne»" Boc protected arginine groups like 4.10 were able to supress
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deguanidation but subsequently suffered from & lactamisations.®® In addition bis-Boc protected

arginine species were found to couple less efficiently at the desired N“ position.26.257

v, @ ¥

0
N b0
HN NH
HN NH HN\(/N O\]<
HN_ O
OH
FmocHN
moc FrmocHN FmocHN
0
48 49 4.10

Figure 4.1. N3 Boc/Adoc and N® Boc protected arginines previously used in peptide synthesis.

Alternatives to the carbamate based protecting groups are the N®-sulphonyl guandino protecting groups.
Tosylate groups were first reported by Fischer et al. and subsequent work by Fujino et al. led to the
synthesis of the Mbs protected arginine which could be used in the synthesis of a tetrapeptide and a
9-mer peptide (Fig. 4.2).2%2% Furthermore, sulphonyl groups Mts and Mtr were developed by Yajima
et al. and Masahiko et al. Though an improvement on Tosylate and Mbs groups extensive reaction times
or heating were required for efficient deprotections, especially with multiple arginine residues
(Fig. 4.2).269261 A more labile group, Pmc, was first reported by Ramage et al. where increasing alkyl
substitution of the benzene ring was deemed important for increasing acid lability.?2253 Subsequent
work by Carpino et al. demonstrating a smaller 5-membered ring attached to the benzene functionality,
Pbf, further increased the acid lability of the sulphonyl group. (Fig. 4.2).264

MeO
PG \Q Q
SO SO, 302
HN__NH 202 o o

\f

HN

4.1

Figure 4.2. Sulphonyl-guanidino protecting groups that have been used in peptide synthesis.

The Pbf group has become the established choice for guanidino protection for three main reasons.
Firstly, the ease of synthesis compared to bis protected options. Secondly, the Pbf group’s higher acid
lability in comparison with other sulphonyl protecting groups. Finally, the Pbf group’s ability to supress

deguanidation is a final advantage though & lactam formation remains a persistent issue.?*2
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4.1.2 Synthesis of amidines as bioisosteres

As discussed in chapter 1, amidines have been employed as bioisosteres of guanidines in serine protease
and thrombin inhibitors.1"18 Pinner reactions are employed for the synthesis of amidines in the case
of compound 4.13, whereas inhibitor 4.15 is synthesised via an amidoxime through reduction of an
acetylated intermediate (Scheme 4.2A, B & C).265266

A
"CLLC,, e "COL
N (¢} CN NH OAc EtOH,
Me rt, 24 h
4.12
B

SOWS:
H
i) HCL.NH,OH, R/\)LN S,N\)LN o
E1OH, N Fo -
4h, A N~

[¢]
%N
ii) Ac,0, ACOH H
rt, 30 min
i) Hy Pd/C, AcOH,

i, 24 h HN=
NH,

4.15

O

NH.AcOH

8 NH OH A AcOH /
c,0, AcO H
©)\NH2 2 ACO Q)LNHQ

4.16 4.19

Scheme 4.2. (A) Synthesis of amidine serine protease inhibitor 4.13. (B) Synthesis of amidine inhibitor 4.15. (C)
Amidine formation from nitrile 4.16 via amidoxime intermediate 4.17.

Both 4.13 and 4.15 are just two of many amidine structures used as guanidine mimetics in Lipinski
compliant drug molecules.!*®> Amidine-containing peptides are less common and more synthetically
challenging to make, due to Pinner type chemistry not being tolerated by SPPS techniques. The use of
amidines as peptide bond bioisoteres was reported by Fujii et al., where like 4.15, they were formed
using an amidoxime intermediate (Scheme 4.3A).2%" Staring from aldoxime 4.20, chlorination using
NCS takes places to form 4.21. Substitution of the chloride with amino acid 4.22 returned amidoxime
4.23 which was finally reduced with Raney® Ni to yield amidine 4.24. This amidoxime synthesis was
utilised on resin to synthesise amidine containing peptide 4.26 (Scheme 4.3B). More recently work by
Yudin et al. utilised a silver mediated amidination of a thioamide to synthesise amidine peptide 4.28
(Scheme 4.3C).268
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Scheme 4.3. (A) Amidine peptide bond synthesis reported by Fujii et al.?6” (B) Synthesis of amidine containing
peptide 4.29. (C) Silver mediated amidine peptide synthesis.

The use of amidines as direct comparisons to arginine has not been widely explored in peptide synthesis.
The synthesis of the amidine versions of arginine, L-indospicine 4.32, was first reported by Hagerty et
al. in 1971 then further developed by Stuehr then Bence et al.?62"* An improved total synthesis of 4.32
and L-norindospicine 4.33 were recently reported by De Voss et al.?’? Starting from simple and
commercially available precursors, the syntheses reported by De Voss were a total of six steps for 4.32
in an overall yield of 33% and a total of five steps for 4.33 in an overall yield of 35%

(Scheme 4.4B & C).
A
HN\\rNHz HN_NH, N
HN" CO,H HN" CO,H HN" "COH
4.33
B c
HN _NH, NH
S \
o) 6 Steps 5 Steps H,N
o 33% [e] 35%
NHCBz — Etok/\OH p—
> H -
HoN” “CO,H NHCbz HNT COH
4.34 4.32 4.35 4.33

Scheme 4.4. (A) Structures of arginine, L-indospicine and L-norindospicine. (B) Starting material and overall
yield in the synthesis of 4.32 by De Voss et al.?’? (C) Starting material and overall yield in the synthesis of 4.33.
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Despite the success in the synthesis of amidines 4.32 and 4.33, neither have been employed as building
blocks for SPPS. Incorporating orthogonal base and acid labile protecting groups at the N* and amidine
moieties in both 4.32 and 4.33 would prove difficult as in both syntheses the amidine is formed using
Pinner chemistry. Both amidine amino acids would require less stringent protection than arginine as

they lack the N° nitrogen, thus eliminating the possibility of & lactam formation.

Similar to 4.32 and 4.33 are amidine natural products L-NIL and L-NIO, both containing a methyl
group in substitution of the N® of arginine (Fig. 4.3). Both have been reported as guanidine mimetics,
acting as inhibitors of nitric oxide synthases.?”*2"* Neither has been synthesised for use in SPPS though
a tetrazole analogue of L-NIL, 4.36, has been prepared as a prodrug to inhibit nitric oxide synthase.?’

Me
A HN-Me HNZ “NH
HNZ NH
HooH
N N
H N
HaN" > CORH HN" "COH 2 N
0] N-N
L-NIL L-NIO 4.36

Figure 4.3. Structures of L-NIL, L-NIO and prodrug 4.36.

Synthesis of a series of protected amidines, analogous to the amidine moiety in L-NIO or L-NIL, was
reported by Madalengoitia et al. using isothiocyanate starting materials (Fig. 4.4).2’® Using Pmc
isothiocyante 4.37, a Grignard reaction then affords thioamide 4.38. Mukaiyamas reagent 4.39 is then
used as a thiophile to activate the thioamide to nucleophilic attack of an amine. Subsequent
displacement of sulphur by the amine affords amidine 4.40. Final Pmc deprotection was achieved using
TFA:TMSOTT to afford the amidinium product 4.41. The scope of the synthesis tolerated both alkyl
and aromatic Grignard reagents as well as a variety of amines in the amidine formation reaction. The
amidination reaction proceeded in moderate to excellent yields ranging from 41% for amidine 4.48 to
91% for amidine 4.42. Attempts to use bulky Grignard partners such as tert-butyl were unsuccessful,
as was the use of NaBH4 on 4.37 in an effort to synthesise a thioformamide equivalent of 4.38. In
addition to the Grignard reaction limitations, it was noted that electron deficient amines such as p-
nitroaniline afforded no amidine product. Furthermore, a benzyl thioamide 4.38 could not react with

any amine to form an amidine.
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Figure 4.4. Synthesis and scope of amidines synthesised via isothiocyanates by Madalengoita et al.?’® Yields are
for the amidine formation reaction to afford Pmc protected products 4.40.

Building on this work, Madelengoita et al. applied this methodology to peptide synthesis.?’” Using
similar methodology Pmc thioamides were synthesised then coupled to an ornithine side chain on resin

to afford the amidine product (Scheme 4.5).
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Scheme 4.5. On resin amidine peptide synthesis using Pmc protected thioamides.

Peptide 4.49 is prepared using standard SPPS with Mtt protected ornithine present, the Mtt can then be
deprotected using 1% TFA in DCM to afford the free amine 4.50. The amidination reaction can then
take place, using the same conditions as Scheme 4.5, that affords the amidine containing peptide 4.51.
Standard TFA cleavage conditions can then afford the free amidine peptide 4.52. This methodology
was then used in a stepwise manner to synthesise peptide 4.53 containing three different amidine side
chains (Fig. 4.5).
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Figure 4.5. Structure of amidine containing peptide 4.53 synthesised by Madelengoita et al.
Limitations of this synthesis include using a benzyl thioamide 4.39, as with solution phase conditions
in Fig. 4.4, that does not afford any amidine product. It is also noted that all amidine peptides were

observed through crude LCMS analysis and were not isolated.

Amidines offer a potential alternative to arginine residues for application in cell penetrating peptides
though synthesis of amidine peptides remains limited to the examples discussed above. In addition to

this, no aryl amidine has been employed within a peptide, of any kind, to date.
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4.2 Aims of Chapter 4

As discussed in chapter two, many CPPs rely on arginine for their uptake. However as highlighted in
chapter 2 there are specific toxicity issues associated with some arginine rich CPPs like Pip6 across
multiple cell lines. Both low arginine-containing CPPs, TP-1 and TP-2, offer an alternative to Pip6
based on their lower toxicity and comparable uptake and retainment with cells. These peptides have
been previously investigated, though the specific structure activity relationship surrounding the two
arginine residues in each peptide is not yet understood. The use of amidines and other guanidine

mimetics would provide new information on the functioning of these peptides.
The specific aims of this chapter are to:

(1) Develop protocols for the synthesis of amidine-containing building blocks for SPPS such

as 4.54 and 4.55.
W’
NH
FmocHi( );gj\(
4.54

4.55

Figure 4.6. Structure of amidine containing amino acids for use in SPPS.

(i) Synthesise a panel of TP peptide analogues with a range of arginine mimetics to investigate
arginine importance with both CPPs.

(iii) Identify any differences in toxicity and uptake between the varying TP mimetic CPPs.
Highlighting the role, if any, of arginine in the uptake of TP peptides.

(iv) Investigate any subcellular localisation difference between arginine rich CPPs and TP

mimetic peptides.
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4.3 Results and discussion

4.3.1 Alkyl amidine isosteres

Based on the literature methods reported, the synthesis of amidines via thioamides was the route to be
investigated for the synthesis of an amidine N*-Fmoc amino acid. In order to synthesise an amidine like
4.54, commercially available isothiocyantes were to be used to reduce the amount of steps that were
used by Madalengoita et al. in the synthesis of Pmc isothiocyanate 4.37. 2® The trityl group was
proposed as useful protecting group for an amidine in SPPS. The trityl group is an acid labile but base
stable group often used in SPPS and would protect the amidine from acetylation though not from &
lactamisation. The initial Grignard reaction would use methyl magnesium bromide, chosen to mimic
L-NIL and offer the least steric bulk around the amidine moiety. Subsequent amidination would be
attempted using thioamide 4.57 and Fmoc-Orn 4.58 to provide amidine building block 4.59 that could
be used in SPPS (Scheme 4.6).

®
NH
SN 2
l o, Me” “NH
Q e
MeMgBr (2 equiv.) Me Y i) SPPS
NCS THF, 0°C, 3h NH COIPEADCM e 0 - PLIYL” DLL__G
O O ii) TFA ~
D Dy e ST
HN
4.56 4.57 459 o
FmocHN" > CO,H HoN” “Me
4.58 4.60

Scheme 4.6. Proposed synthesis of an alkyl amidine building block for use in SPPS.

The initial Grignard reaction was unsuccessful using analogous conditions used by Madalengoita et al.,
with mainly starting material observed according to LCMS (Scheme 4.7A).27® Increasing the number
of equivalents of the Grignard reagent from 2.00 to 10.00, resulted in the formation of a complex
mixture of unidentifiable side-products. Based on this a change to a smaller isothiocyanate was
proposed, with p-methoxy benzyl (PMB) isothiocyante 4.61 to be used (Scheme 4.7B). The PMB group
could be used in SPPS as it is base stable and can be removed either by oxidative cleavage or with

strongly acidic conditions, similar to cleavage conditions in SPPS.278279

A B

S Me
O MeMgBr (2 equiv O Y MeO MeMgBr (2 equiv.)Meo
NCS or 10 equiv. ) NH THF, 0°C, 3h H s
— NCS ---t---7- > Y
O Q THF, 0°C, 3h O Q Me

4.56 4.57 4.61 4.62

Scheme 4.7. (A) Unsuccessful Grignard reaction with trityl 4.56. (B) Proposed PMB isothiocyanate Grignard
reaction.

The Grignard reaction using 4.61 proceeded with good conversion to thioamide 4.62 however, upon

acidic work-up, an increase in side-product, 4.63, was observed (Fig. 4.7A & B). The side-product had
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a m/z value of 377, suggesting the formation of 4.63. The formation of 4.63 could be attributed to
product 4.62 reacting with starting-material 4.61 (Fig. 4.7C).
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Figure 4.7. (A) Chromatogram of crude Grignard reaction mixture. (B) Chromatogram of reaction after acidic
work-up. (C) Possible structure and formation of side product 4.63.

In an attempt to reduce the amounts of 4.61 present upon formation of the product 4.62 the addition of
reagents was reversed to add the isothiocyante to the Grignard solution. Unfortunately, this still did not
reduce the amount of 4.63 significantly after work-up of the reaction. In addition to the side product
formation, product 4.62 proved difficult to isolate from the reaction mixture. Upon purification and
evaporation, the resulting oil consisted of an inseparable mixture of 4.62, 4.63 and another

unidentifiable side-product.

Based on the difficulty of isolation of 4.62, the crude material was carried forward without purification
in an attempt to prepare amidine 4.64 in a sufficient yield for use in SPPS (Scheme 4.8). Unfortunately,
the crude material did not form any amidine 4.64 upon reaction with ornithine 4.58, though no evidence
of thioamide 4.62 was observed.
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Scheme 4.8. Attempted synthesis of PMB protected amidine 4.64.

As the synthesis of an Fmoc amino acid proved unsuccessful, an on-resin amidine peptide synthesis
was attempted, analogous to the on-resin approach by Madalengoita et al. (Scheme 4.9).27 A
tetrapeptide sequence containing an Orn(Mtt) group was synthesised, the Mtt group was deprotected
using 1% TFA in DCM to yield the free Orn amine 4.66. The amidination was attempted using crude
thioamide 4.62 and Mukaiyama reagent. Upon cleaving some peptide from the resin, only free amine
4.66 was observed by LCMS with no amidine 4.67 present.

Crude462 PMBN
NH(Mtt)
O 1%TFA:DCM ODIPEA DCM, D
N
FmocHN/('(L\)L /éNJL - FmocHN/’i(\\/lL Ji QL FmocHN/dr\\)J\ /‘3,; JL
465 4.66 4.67

Scheme 4.9. Attempted on-resin synthesis of an alkyl amidine containing peptide.

As on-resin amidine synthesis proved unsuccessful using crude thioamide 4.62, the aryl amidine 4.55

was seen as a viable alternative to the alkyl amidine building block 4.64.

4.3.2 Aryl amidine isosteres

Aryl amidine groups may offer an additional advantage to the alkyl amidine due to the aromatic system
forming m-anion interactions with negatively charged groups at the cell surface (Fig. 4.8). This
interaction is similar to the tryptophan-based interactions discussed in chapter 1 section 1.6.2. In peptide
synthesis the aryl amidine also reduces the possibility of side reactions as 4 lactamisation is not possible,

so protection from acetylation of the amidine is the main purpose any protecting group.
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Figure 4.8. (A) Bidentate hydrogen bonding from an aryl amidine to the cell surface. (B) Hydrogen bonding and
m-anion interactions between an aryl amidine and the cell surface.

Using commercially available aryl amidines, two proposed synthetic routes were designed
(Scheme 4.10 A & B). Starting from aryl bromide 4.68 in route A, the amidine can be protected to form
compound 4.69 before an amination reaction to form amino acid 4.70 that can be used in SPPS. Route
B starts from an aryl carboxylic acid 4.71 and the amidine can then undergo a protection to form 4.72.
An amide coupling reaction can then be undertaken to form 4.73, an Fmoc amino acid ready for use in
SPPS.

PG
N NH,

.PG
A N

NH ‘ C-N bond
/@)L Protection NHz formation ( NH
NH, HCI e . /ﬁ'
Br
Br

FmocHN CO,H

4.68 4.69 4.70

B NH

.PG
N Amide
Protection coupling
NHyHCl ——— NH; ——— NH
HO HO. LE"
o) o
4.71 4.72

FmocHN CO,H

Scheme 4.10. (A) Proposed synthesis of amidine amino acid 4.70 starting from aryl bromide 4.68. (B) Amidine
amino acid synthesis starting from carboxylic acid 4.71.

Starting from 4.68 a Boc protection was carried out using Boc,O to form the mono-protected amidine
4.74. Despite using a large excess of Boc20O (10.00 equiv.) the mono-protected amidine remained the
major product with a 70% yield and only 15% di-protected 4.75 (Scheme 4.11A). The mono-protected
amidine would still offer sufficient protection against acetylation of the amidine and thus was carried
forward. Subsequently a Buchwald-Hartwig amination was attempted using Orn 4.58 (Scheme 4.11B).
The amination reaction proved unsuccessful in both dioxane and DMF, in both cases returning mainly

starting materials. Due to the failure of the amination of 4.74, an azidation reaction was performed using
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NaN; which have previously been reported using aryl nitrile species (Scheme 4.11C).?%° The azide
formation was also unsuccessful, returning only starting material 4.74 which suggests the amidine group
was not sufficiently electron withdrawing to facilitate the SnAr type reaction. Following route B, the
initial Boc protection of 4.71 was unsuccessful as upon addition of base to the reaction a large quantity
of precipitate formed, which was most likely due to formation of carboxylate 4.78 which was highly
insoluble is most organic solvents. This issue of carboxylate formation meant only trace amounts of
Boc protected 4.79 were observed (Scheme 4.11D).
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Q)LNHZHCI EtsN (2 equiv.), /@)\ Q)\NH J<
Br MeOH 16h, Br
70% 15%
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B o 435 0 o
A J< Pd(OAC), (10 mol%) % AU j< 1 J<
N™ O DavePhos (20 mol%) NH N™ "O NS>0
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| | NaN3 (3.00 equiv.) |
—_— X o
DMSO, 100 °C
/@)\NHz K4POs, /@)\NHZ /@)\NHZ
B dioxane or DMF, Br N

100°C
FmocHN™ "CO,H
4.74 4.76 4.74 4.77

Boc,0 (5 equiv.), NBoc

D
NH
Et3N (2 equiv.),
NHpHCl ———
HO. MeOH 16h, ©O
o

Trace

4.78 4.79

Scheme 4.11. (A) Boc protection reaction of amidine 4.68. (B) Buchwald-Hartwig reaction with amidine 4.74.
(C) Attempted azide formation using 4.74. (D) Unsuccessful Boc protection using carboxylic acid 4.71.

Due to the likely insoluble carboxylate 4.78 forming during Boc protections, ester 4.80 was used in the
reaction to prevent this (Scheme 4.12A). The protection reaction returned a yield of 78% for the
mono-protected amidine 4.81. To afford the free acid 4.79 a saponification reaction was performed
using NaOH, which appeared to proceed to near full conversion after 2 h reaction time (Scheme 4.12B).
Unfortunately, acidification to pH 5 resulted in the deprotection of the amidine group affording mainly
the free amidine, free acid product 4.84 (Scheme 4.12C). These results highlight the enhanced acid
lability of the Boc group when protecting an amidine compared to an amine, which would usually

require acidification below pH 4 to remove the Boc group.
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Scheme 4.12.(A) Synthetic route to Boc protected amidine amino acid 4.82. (B) Chromatogram of saponification
before acidification. (C) Chromatogram of saponification reaction after acidification to pH 5.

Due to instability of the Boc protecting group to even weakly acidic solutions, the protecting group
strategy for the amidine was changed to the common guanidino protecting group, Pbf. The Pbf group
was introduced to amidine 4.80 using Pbf chloride and conditions reported by Ramage et al. for the
analogous Pmc group (Scheme 4.13). Initially, the Pbf protection afforded amidine 4.85 in a yield of
53%. The PDbf reaction also afforded a significant amount of sulphonic acid byproduct and thus a
reduction in equivalents of Pbf chloride from 1.60 to 1.20 equivalents was used to afford 4.85 in an

improved yield of 75%. The subsequent saponification reaction afforded amidine 4.86 in a yield of 78%
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without any deprotection issues upon acidic work-up. Finally, amidine amino acid 4.87 was isolated in
a yield of 51% after a HATU mediated amide coupling reaction with Fmoc-Dap-OH, an amine version
of the amino acid serine. Utilising Pbf protection proved more reliable than the Boc strategy, affording
the Fmoc protected amino acid 4.87 in an overall yield of 30% over 3 steps.

NH

n-Pof
NH.HCI NH o N
NH, 3M NaOH, \(@)\ ~Pbf i) THF:NaOH, _pbf i) HATU, DIPEA,

__2hirt N DMF, rt, 30 min NH

o __Acetone, H —
- be cl ) TM HCl4q), HO if) Fmoc-Dap-OH
0 (1:20 eauiv) pPH5 (120 equiv.), - EmocHN™ CO,H
78% 0 45h, 1t
4 h,0°C-
51%
75%
4.80 4.85 4.86 4.87

Scheme 4.13. Successful synthetic route to amidine amino acid 4.87.

With amidine 4.87 in hand, it was envisioned that amidine versions of the TP peptides could be
synthesised. To trial 4.87 in SPPS the first four residues in the TP peptide were synthesised, replacing
the arginine with 4.87 in the synthesis (Scheme 4.14). The amide coupling reaction with 4.87 was
successful using a HATU/DIPEA approach as the tetrapeptide 4.90 was observed through LCMS
analysis after TFA cleavage from the resin. Unfortunately, after 4 h TFA incubation the Pbf group
remained on the amidine, with none of the free amidine version of 4.90 observed. This highlights the
enhanced acid stability of the Pbf group on an amidine group, which could be attributed to the lower

pK. of the amidinium compared to the guanidinium group formed during deprotection process.

‘NH NH
F’bf~ be\ ‘

TFA Phenol:H,0:TIPS

)4.8
HQNJL /O DIPEL o J¢ % (88: ?ushoioz /6'; QL /g( JL
NH,

) SPPS

4.88 4.89 4.90

Scheme 4.14. SPPS using amidine building block to afford Pbf protected peptide 4.90.

To investigate different Pbf deprotection strategies amidine 4.87 was subjected to different conditions
that could then be applied to peptide cleavage. Starting with reagent B
(TFA:Phenol:H,O: TIPS, 88:05:05:02), used in all previous peptide synthesis discussed, no conversion
to the free amidine 4.91 can be observed after 4 h at rt. Reaction after 24 h at rt using reagent B resulted
in small conversion to 4.91, though the major product remained the Pbf protected starting material
(Scheme 4.15A, B & C).
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Scheme 4.15.(A) Pbf deprotection reaction using reagent B at rt. (B) Chromatogram of reaction after 4 h. (C)
Chromatogram of reaction after 24 h.

In order to overcome the acid stability of the Pbf protected amidine the reaction was attempted again
but heated to 60 °C (Scheme 4.16A, B & C). After 4 h at 60 °C a significant improvement in
deprotection is observed with near 90% conversion to the free amidine 4.91, with no 4.87 remaining
after 24 h. These temperature change experiments show the Pbf is labile in acid but requires heat in

order to overcome the energy barrier to successful deprotection.
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Scheme 4.16. (A) Pbf deprotection using reagent B at 60 °C. (B) Chromatogram of 60 °C reaction after 4 h. (C)

Chromatogram of 60 °C reaction after 24 h.

With successful deprotection conditions in hand the synthesis of fluorescently labelled TP-1 amidine,

TP-3, and TP-2 amidine, TP-4, could be attempted (Fig. 4.9).
NH

H,N

TP-3

(0]

TP-4

Figure 4.9. Structures of the amidine TP peptides TP-3 and TP-4.
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To begin with, the synthesis of each peptide was conducted on an automated synthesiser using
HATU/DIPEA as the activating agents and 2 h reaction time for each 4.87 amide coupling step. Under
these conditions the isolated yield for both TP-3 and TP-4 after full synthesis and cleavage at 60 °C
were less than 0.5%. During automated SPPS, the poor coupling efficiency for the TP-3 resulted in a
significant reduction in absorbance, and therefore amount of Fmoc group present after the second amide
coupling of 4.87 position 5 (Fig. 4.10, L-6). This indicates that the amide coupling efficiency for 4.87
in position 5 is lower than the previous positions and the subsequent amide couplings all have a similarly

low coupling efficiency (Fig. 4.10, L-7 to X-11).

(AU)

Abs

G-1487-2L-3 L-44875L6 L7 18 L9 P-10 X-11

Amino acid and sequence position

Figure 4.10. Absorbance reading for Fmoc deprotection steps during TP-3 synthesis. G-1 value of 7500 is due to
no Fmoc present on the rink amide resin used.

The lower coupling efficiency of 4.87 in position 5 is possibly attributed to steric clash from the iso-
propyl group of Leu in position 4 and the Pbf group of activated 4.87 (Scheme 4.17A). Due to the
apparent low coupling efficiency of 4.87 in position 5, the synthesis was attempted again but using

microwave assisted amide couplings with DIC/HOAL for each 4.87 coupling step (Scheme 4.17B).
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Scheme 4.17. (A) Steric clash between Pbf groups during coupling of 4.87 at position 5 in the TP-3 and TP-4
peptide synthesis. (B) DIC and microwave assisted amide coupling used for the synthesis of amidine containing
CPPs.

The DIC and microwave conditions were used for both 4.87 amide couplings and for Leu at position 6.
Pleasingly the application of these conditions allowed for the synthesis of TP-4 in an overall isolated
yield of 4%. Unfortunately, the same application to TP-3 did not improve the isolated yield when
compared to standard HATU conditions, with similar low Fmoc deprotection absorbances observed
from L-6 to X-11. In order to overcome the coupling issues with TP-4, a side chain functionalisation

was to be attempted making using of Mtt protecting groups (Scheme 4.18).

NQL Ji(\QL /QN(H(U o) 1% TFA in DCM N\)L /’5’;% gh:;QL o)

SnHmty ©
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FITC-XPLILL DME, 75 °C pW,

30 min.

Scheme 4.18. Attempted side chain functionalisation of Dap(Mtt) groups to form amidine peptide 4.97.
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The full SPPS of a Dap(Mtt) protected peptide, 4.95, was completed before both Mtt groups were
removed under mildly acidic conditions to afford 4.96. Microwave assisted amide couplings were then
attempted on both Dap group side chains using amidine 4.86. Unfortunately, these couplings proved
unsuccessful under the DIC mediated conditions. The Mtt deprotection conditions were confirmed to
be successful using a trinitrobenzene sulphonic acid test, meaning the coupling reactions were

unsuccessful but not due to insufficient deprotections of Dap side chains.

4.3.3 Peptidomimetics of TP peptides

To further investigate the role of the arginine groups in the TP peptides further, a series of mimetic and
non-mimetic interactions were to be investigated (Fig 4.11). Looking at the arginine cell surface
interaction proposed for cell uptake, a replacement to lysine was first employed as this would maintain
the positive charge but remove the second hydrogen bond formed through the guanidinium species on
arginine. Next, the use of urea containing amino acid citrulline, the urea is isoelectronic to the guanidine
group and has the possibility of forming two hydrogen bonds through the NH’s of the urea moiety.
Citrulline would not carry a positive charge at physiological pH so would aid in determining the
importance of a net positive charge in cell uptake of the TP peptides. The use of glutamic acid groups
would provide evidence about negatively charged TP CPPs and should provide a reduction in cell
uptake if positive charge plays any role in cell uptake. The use D-Arg would maintain the same cell
surface interaction profile as the standard TP CPPs but would provide some information on the stability
of the arginine groups in both peptides and its effect on cell uptake. Finally, the use of TP-4 would
determine if an aryl amidine is a suitable arginine mimetic, having both a positive charge and bidentate

hydrogen bonding capability, to maintain or improve cell uptake for the peptide.
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Figure 4.11. (A) Arginine cell surface interaction. (B) Lysine cell surface interaction. (C) Citrulline cell surface
interaction. (D) Glutamic acid cell surface interaction. (E) D-Arginine cell surface interaction. (F) Aryl amidine
cell surface interaction.

To investigate the interactions outlined in Fig. 11 both arginine residues in the TP peptides were
changed to the appropriate mimetic. Using standard SPPS the relevant TP-1 analogues were synthesised
with fluorescein labels at the N-terminus in order to quantify uptake by flow cytometry (Fig. 4.12). In
total five TP-1 based CPPs were synthesised. These are the original arginine peptide TP-1, the lysine

analogue TP-5; the Citrulline analogue TP-6; the D-Arg analogue TP-7 and the glutamic acid analogue
TP-8.
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Figure 4.12. Structures of TP-1 and the analogues synthesised by SPPS.

The same changes to structures were applied to the TP-2 CPP but with the addition of the amidine
containing CPP TP-4. All fluorescein labelled TP-2 analogues were successfully synthesised by SPPS
to afford six different peptides for biological analysis: TP-2, TP-9, TP-10, TP-11, TP-12 and TP-4
(Fig. 4.13).

N¢J¢¢Ji~%w ”J*/'#J*(:%NH ‘“%¢¢é*w

NH
® NH3 HoN o
H,NZ NH, ® 2

TP-2 TP-9 TP-10

®
NHZ NH,

/d;\)LN/YN\)LNH N\)L /d(\\)L g \)LNH Nﬁ”J?Q\)L”/TN\)LNHZ
j/\ oﬁi@\'rY

07 oH
NH,

e

TP-11 TP-12 TP-4

Figure 4.13. Structures of TP-2 and analogues synthesised by SPPS.
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4.3.4 Viability of peptidomimetics

Viability of HelLa cells was first analysed with the TP-1 analogues using an alamarBlue assay, as
discussed in chapter 2 section 2.3.2. The changes to the arginine groups in TP-1 appeared to show no
reduction in HeLa cell viability. The changes to lysine, citrulline, glutamic acid and D-arginine resulted
in greater than 95% viability even at high concentrations of 100 uM peptide (Fig. 4.14A & B). In
addition to this each TP-1 analogue has a distinct viability advantage to Pip6, as at 30 uM Pip6 returns
only a 15% viability of HeLa cells.

A B
—TP-5
—TP6 [ 100 um
——TP-8 1404 [ 30 M
120 — TP-7 B 10 um

—— Pip6
100 ?
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60
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Figure 4.14. (A) Viability of HelLa cells after 24 h incubation at 37 °C with TP-1 analogues. (B) Viability of
HelLa cells with analogues at 100 pM, 30 uM and 10 pM.

Viability of HeLa cells with TP-2 analogues returned similar results to the TP-1 analogues, where all
peptides gave a high HeLa cell viability even at 100 uM (Fig. 4.15A & B). The introduction of amidine
group with the TP-4 peptide also achieved high HeLa cell viability. The high viability of HeLa cells
with the TP-2 analogues, like the TP-1 analogues, reinforces a significant advantage of these peptides

over Pip6 with regards to toxicity.
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Figure 4.15. (A) Viability of HelLa cells after 24 h incubation at 37 °C with TP-2 analogues. (B) Viability of
HelLa cells with TP-2 analogues at 100 uM, 30 pM and 10 pM.

4.3.5 Cell uptake of peptidomimetics

The TP-1 analogues were first analysed for their uptake in HeLa cells after 4 h incubation at 37 °C at
5 UM concentration (Fig. 4.16A & B). First it can be noticed that TP-5 shows no reduction in
fluorescence output compared to TP-1 and that TP-6 exhibits only a small reduction in fluorescence
compared to TP-1. The TP-6 peptide also showed a similar fluorescence to Pip6 after 4 h, highlighting
that a neutral CPP can be retained in HelLa cells at similar levels to an arginine rich CPP over 4 h. The
similar fluorescence intensity observed between TP-1 and TP-5 indicated that the cationic charge,
without bidentate hydrogen bonding, is sufficient for uptake in the TP-1 CPP. The negatively charged
TP-8 returned the lowest level of fluorescence of all peptides, highlighting that the negative charge in
this peptide reduces the amount of cell uptake. Finally, a change to D-Arg, with TP-7, showed a clear
increase in fluorescence in comparison to both TP-1 and TP-5. The improvement in uptake for TP-7
could be attributed to an enhanced protease stability and therefore lower levels of clearance of the CPP.
These results indicate first that arginine is not essential for uptake of the TP-1 CPP and that a cationic

charge is more essential than specifically arginine itself.
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Figure 4.16. (A) Comparison in uptake of TP-1 analogues after incubation at 37 °C for 4 h with HeLa cells. Error

bars are mean + SD of triplicate experiments. (B) Overlay of histograms of HeLa cells after 4 h incubation with
TP-1 analogues.

Similar observations were seen with the TP-2 analogues as with the TP-1 analogues (Fig. 4.17A & B).
Again, a change from arginine to lysine TP-9 had no real effect on fluorescence implying the TP-2
CPP, like TP-1, only requires cationic charge at the arginine positions and not the additional hydrogen
bonding profile offered by the guanidinium groups of arginine. A small reduction in fluorescence was
observed with TP-10 and a further reduction was observed with the anionic TP-12. The reductions in
fluorescence with TP-10 and TP-12 imply that a change from cationic TP-2 to a neutral, then negatively
charged peptide, results in lower uptake of the CPP within the cell. TP-11 returned a higher level of
fluorescence than TP-2 again suggesting that an enhanced stability enhances the quantity of CPP with
the cell. Lastly, the TP-4 peptide gave close to a 4-fold greater fluorescence than TP-2. The TP-4
fluorescence was significantly higher than any other CPP tested over a 4 h time frame. The higher level
of fluorescence of TP-4 indicates that the use of aryl amidines enhances uptake and stability of the TP
CPPs within the cell, as well as outperforming arginine rich CPPs such as Pip6.
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Figure 4.17. (A) Comparison in uptake of TP-2 analogues after incubation at 37 °C for 4 h with HeLa cells. Error
bars are mean + SD of triplicate experiments. (B) Overlay of histograms of HelLa cells after 4 h incubation with
TP-2 analogues.

To further investigate the cell uptake profile of TP-4 both timed and temperature dependant experiments
were conducted (Fig. 4.18A & B). First, looking at the cell uptake of both Pip6 and TP-4 in HeLa cells
over 1 h, it can be seen that for Pip6 there is a reduction in fluorescence over time (Fig 4.18A). With
TP-4 the reverse is true with a near 8-fold increase in fluorescence from 1 h to 4 h incubation time. The
comparison of both CPPs highlights that the uptake of Pip6 is faster than TP-4 but overall, after 4 h a
greater amount of cargo is delivered within the cell by the TP-4 CPP. To investigate the type of uptake
undertaken by TP-4 a 4 °C incubation experiment was undertaken in order to shut down any active
process within the cell, including endocytotic uptake (Fig 4.18B). Upon incubation of cells at 4 °C there
is a significant reduction in fluorescence of TP-4, indicating low levels of internalised peptide after 4 h.
This reduced fluorescence contrasts with Pip6 which shows an increased level of fluorescence at 4 °C
than at 37 °C, which could be attributed to a reduction in protease activity and exocytotic mechanisms
as discussed in chapter 2. The uptake of TP-4 can be attributed to an energy dependant pathway,
potentially a clathrin-caveolae independent endocytosis mechanism like TP-2. The greater level of
fluorescence observed for TP-4 could also indicate the aryl amidine groups enhanced protease stability
and potentially binding to a specific cell surface receptor that can initiate an endocytotic uptake
mechanism.
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Figure 4.18. (A) Fluorescence of HeLa cells after treatment with TP-4 and Pip6 over 1 hand 4 h at 37 °C. (B)
Fluorescence of HeLa cells after treatment withTP-4 and Pip6 over 4 h at 37 °C and 4 °C.

4.3.6 Sub-cellular localisation of peptidomimetics

Confocal microscopy was used to investigate any specific sub-cellular localisation of the CPPs. Using
Hoechst 33258 to stain the nucleus, any nuclear localisation or exclusion could be observed with the
fluorescein labelled CPPs synthesised. First, comparing the D-Arg analogue TP-11 to natural arginine
peptide TP-2 and to arginine-rich Pip6 (Fig. 4.19A, B & C). The Pip6 CPP appears to show some
overlap with Hoechst 33258 indicating some nuclear localisation. Both TP-2 and TP-11 appear to show
little overlap with Hoescht dye and generally located throughout the cell cytoplasm. The similar
localisation of TP-2 and TP-11 highlights that inverting the stereochemistry has no real effect on the

peptide cellular localisation once taken up.

Figure 4.19. (A) Fluorescent Image of HeLa cells after treatment with Hoechst 33258 and Pip6. (B) Fluorescent
Image of HelLa cells after treatment with Hoechst 33258 and TP-2. (C) Fluorescent Image of HeLa cells after
treatment with Hoechst 33258 and TP-11.
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Looking at TP-4 in comparison to both Pip6 and TP-2 localisation was observed freely throughout the
cytoplasm (Fig. 4.20A, B & C). A similar observation of localisation throughout the cytoplasm was
observed with TP-4 and TP-2 highlights that the amidine group does not assert any change in cellular
localisation when compared to the natural arginine. In addition, as TP-4 appears generally throughout
the cytoplasm, it could indicate the CPP can escape endosomes within 4 h incubation time.

A B C

Figure 4.20. (A) Fluorescent Image of a HeLa cell after treatment with Hoechst 33258 and Pip6. (B) Fluorescent
Image of a HeLa cell after treatment with Hoechst 33258 and TP-2. (C) Fluorescent Image of HeLa cells after
treatment with Hoechst 33258 and TP-4.

Overall, it appears that changes to the arginine residues in the TP-2 peptide have little effect on the
localisation of peptide but can maintain or enhance the overall cell uptake. The aryl amidine groups
maintain a distinctly different cell uptake profile in the TP peptides compared to arginine-rich CPPs
like Pip6.
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4.4 Summary of Chapter 4

In this chapter the amidine group was investigated as guanidine mimetic for application in CPPs.
Initially, alkyl amidine building blocks could not be synthesised for application in SPPS. Fortunately,
an aryl amidine building block was prepared in a three-step synthesis with an overall yield of 30%. The
Pbf protecting group of the amidine was found to be less labile than a Pbf protected guanidine and
required heating to fully liberate the free amidine side chain. Furthermore, incorporation of the aryl
amidine in a peptide chain required harsher conditions than the standard arginine building blocks, with
microwave assisted heating used to overcome potential steric blocking effects of the Pbf protected aryl

amidine.

A series of fluorescein labelled mimetic CPPs, based on the TP peptides, were synthesised by SPPS.
These peptides included lysine, citrulline, glutamic acid, D-arginine and aryl amidine mimetics. Each
of the mimetic peptides was shown to relatively non-toxic to HelLa cells, with viability of the cells
generally above 95% for each mimetic CPP.

The mimetic CPPs allowed for a greater understanding of important residues in both the TP peptides
with regards to cell uptake. As changes from arginine to lysine in both TP peptides returned similar
levels of uptake, it can be determined that cationic charge at the arginine positions is one of the factors
for uptake and additional hydrogen bonding is not required. The citrulline and glutamic acid CPPs
further reinforce the need for cationic charge, as both peptides saw a reduction in fluorescence compared
to arginine and lysine based TP peptides upon flow cytometry analysis. The change to D-arginine
enhanced the level of uptake of the TP peptides and could be attributed to a greater level of protease

stability.

The aryl amidine TP-2 analogue, TP-4, returned the greatest level of fluorescence after 4 h incubation
of any CPP analysed in HeLa cells. Upon further inspection it was found that TP-4 was taken up via an
energy dependant mechanism and was also taken up into cells slower than standard arginine rich CPP
Pip6. The enhanced uptake could be attributed to the greater protease stability of the aryl amidine
groups and their ability to strongly interact with an appropriate species on the cell surface that mediates
cell uptake. Both aryl amidines and D-arginine changes to the TP-2 peptide did not alter the CPPs
subcellular localisation, with both peptides freely located in the cytoplasm which indicates that the aryl

amidine may be able to efficiently escape endosomes within 4 h after uptake.

This work highlights that arginine residues are not essential for cell uptake of the TP CPPs and that an

aryl amidine peptide, TP-4, is a suitable peptidomimetic for the original TP-2 CPP.
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4.5 Experimental

45.1 General information

All reagents and solvents were obtained from commercial suppliers and were used without further
purification. All reactions were carried out under air unless otherwise stated. Reactions were monitored
by thin layer chromatography (TLC) using Merck silica plates coated with fluorescent indicator UV254.
TLC plates were analysed using 254/365 nm UV light or developed using potassium permanganate

solution.

4.5.2 Peptide synthesis

Peptide synthesis was completed on an automated Tribute® peptide synthesiser with an IntelliSynth
UV-monitoring system and feedback control system. Rink amide resin (100-200 mesh), Fmoc-Phe-OH,
Fmoc-Gly-OH, Fmoc-Tyr(O'Bu)-OH, Fmoc-Pro-OH, Fmoc-Leu-OH, Fmoc-lle-OH,
Fmoc-GIn(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-Cit-OH, Fmoc-Lys(Boc)-OH
and Fmoc-gAhx-OH were purchased from Merck Millipore or Fluorochem and used without further
purification. Fluoresecein 5-isothiocyanate (FITC) was purchased from sigma-aldrich and used without
further purification.

4.5.3 Analytical HPLC

RP-HPLC was carried out using Aeris 3.6 um RP 250 x 4.6 mm widepore XB C18 column using a
DIONEX 3000 series HPLC equipped with a VWD3400 photodiode array detector. Purifications were
performed using water (0.1% TFA) as Solvent A and acetonitrile (0.1% TFA) as Solvent B and were
run at a flow rate of 1.0 mL/min. For analytical HPLC traces see appendix chapter 4.

Analytical RP-HPLC method A:
Absorbance detection was set to 220 nm.

Table 4.1. Gradient used for analytical RP-HPLC method A.

Time (min) = Solvent A Solvent B

0 95% 5%
) 95% 5%
50 10% 90%
55 10% 90%
60 95% 5%

176



Guanidinium mimetics: Synthesis and application as next-generation analogues in cell penetrating peptides

Jack Robertson

45.4 LCMS Analysis

LCMS was carried out using a Zorbax 3.6 um RP 34 mm x 150 mm C18 column using a Agilent
quadrupole 1200 series. Chromatography were performed using 5 mM ammonium acetate in water as
Solvent A and 5 mM ammonium acetate in acetonitrile as Solvent B and were run at a flow rate of 1.0

mL/min.
LC: method:
Absorbance detection was set to 254 nm.

Table 4.2. Gradient used for analytical LCMS method.

Time (min) Solvent A Solvent B

0 95% 5%
1.48 95% 5%
8.5 0% 100%
135 0% 100%
16.5 95% 5%
18 95% 5%

4.5.5 Purification of products

Semi-preparative reversed-phase HPLC purification was carried out on a kinetex 5 um RP 150 x 21.2
mm XB C18 column using a DIONEX 3000 series HPLC equipped with a VWD3400 variable
wavelength detector. Purifications were performed using water (0.1% TFA) as Solvent A and
acetonitrile (0.1% TFA) as Solvent B and were run at a flow rate of 12.0 mL/min.

RP-HPLC method A:
Absorbance detection was set to 220 nm.

Table 4.3. Gradient used for RP-HPLC method A.

Time (min) Solvent A Solvent B

0 95% 5%
) 95% 5%
45 10% 90%
50 10% 90%
53 95% 5%
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4.5.6 Analysis of products

Fourier-Transform Infra-Red (FTIR) spectra were obtained on a Shimadzu IRAffinity-1 spectrometer.
F NMR spectra were obtained on a Bruker AV 400 spectrometer at 376 MHz. *H and **C NMR spectra
were obtained on either a Bruker AV 400 at 400 MHz and 125 MHz, respectively, or Bruker DRX 500
at 500 MHz and 126 MHz, respectively. Chemical shifts are reported in ppm and coupling constants
are reported in Hz. High-resolution mass spectra were recorded on a Bruker microTOF Il mass

spectrometer at the University of Edinburgh.

4.5.7 Synthetic procedures

Methyl 4-(N-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)carbamimidoyl)benzoate
(4.85)

Methyl 4-carbamimidoylbenzoate hydrochloride (2.00 g, 9.32 mmol) was suspended in acetone
(40.0 mL) at 0 °C before the addition of 3 M NaOH solution (6.00 mL, 18.0 mmol) to form a clear
solution. Separately Pbf chloride (3.23 g, 11.2 mmol) was dissolved in acetone (13.5 mL) then added
dropwise to the reaction mixture. The resulting pale-yellow solution was stirred at 0 °C for 2 h until a
white suspension formed, the reaction was then stirred for a further 2 h at rt. The reaction was
subsequently acidified to pH 6 with 3 M HCI solution and the suspension filtered. The solid was washed
with water (15 mL) then acetone (15 mL). The filtrate was then extracted with EtOAc (3 x 50 mL) and
the combined organic layers were then washed with brine (100 mL) before being dried over MgSQO..
The organic solution was then concentrated in vacuo and the resulting residue purified by SiO;
chromatography in gradient of 0% to 40% EtOAc in petroleum ether (40-60) to afford a colourless solid
(3.03 g, 75%).

mp 400 °C degraded.

IH NMR (500 MHz, CDCls): 8/ppm: 8.21 (br's, 1H, NH), 8.05 (d, 2H, J = 8.5 Hz, HsCO-C(0)-Cy-CH
x 2),7.82 (d, 2H, , J = 8.5 Hz, HsCO-C(0)-Cq-CH-CH x 2), 6.22 (br s, 1H, NH), 3.92 (s, 3H, C4-C(O)-
OCHs), 2.96 (s, 2H, O-Co(CHs)2-CH), 2.62 (s, 3H, S(O)2-Cq-Cq-(CHs)-Cq-(CHs))), 2.55 (s, 3H, S(O).-
Cq-Cq-(CHs)-Cy), 2.10 (5, 3H, S(O)2-Cq-Cq(CHs)-Cq-CH), 1.46 (s, 6H, Cq-CHs x 2).

BC{*H} NMR (125 MHz, CDCls): 8/ppm: 166.0 (Cq), 160.2 (Cy), 159.6 (Cq), 139.3 (Cy), 137.9 (Cy),
133.5 (Cy), 133.2 (Cy), 130.9 (Cy), 129.9 (2 x C-H), 127.3 (2 x C-H), 124.9 (Cy), 117.8 (Cy), 86.7 (Cy),
52.4 (CHs), 43.1 (CH>), 28.6 (2 x CH3), 19.2 (CH3), 17.9 (CHs), 12.4 (CHs).

IR (neat): vmax/cmt: 3450 (N-H stretch), 3334 (N-H stretch), 2973 (C-H stretch), 2929 (C-H stretch),
1703 (C=0 stretch), 1628 (C=N stretch), 1578 (C=C stretch), 1533 (C=C stretch).

HRMS (ESI): Calc. for C22H27N20sS*. Theoretical: 431.1635 Observed: 431.1637.
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4-(N-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)carbamimidoyl)benzoic acid
(4.86)

NHO o0 Me
Y
N’S Me
H
HO. Me o Me
(0] Me

Amidine 4.85 (2.50 g, 5.81 mmol) was dissolved in THF (29.1 mL) and then 1M NaOH solution
(29.1 mL, 29.1 mmol) was added dropwise, and the resulting solution was stirred at rt for 2 h. The THF
was removed from the reaction in vacuo and then the reaction was diluted with water (25 mL). The
aqueous solution was then acidified to pH 5 with 1 M HCI solution to form an off-white gum-like
precipitate. The suspension was filtered and the solid washed with water (25 mL). The white solid was
then dried under high vacuum before being purified by SiO, chromatography in gradient of 0% to 50%
EtOAcC in petroleum ether (40-60) with 1% AcOH modifier to afford a colourless solid (1.90 g, 78%).

mp 400 °C degraded.

IH NMR (500 MHz, DMSO-d6): 8/ppm: 13.23 (br s, 1H, CO,H), 8.98 (br s, 1H, NH), 8.06 (br s, 1H,
NH), 8.00 (d, 2H, J = 8.7 Hz, HO,C-Cy-CH x 2), 7.91 (d, 2H, J = 8.7 Hz, HO,C-C4-CH-CH x 2), 3.00
(s, 2H, O-Cq(CHs)2-CHy), 2.52 (s, 3H, S(0)2-Cq-Cq-(CH3)-Cq-(CHs)), 2.46 (s, 3H, S(O)2-Cq-Cq-(CH3)-
Ca), 2.04 (s, 3H, S(0)2-Cq-Co(CHs)-Cq-CHs), 1.43 (s, 6H, Cq-CH3 x 2).

LBC{IH} NMR (125 MHz, DMSO-d6): 8/ppm: 167.1 (Cg), 160.9 (Cy), 158.8 (Cy), 138.5 (Cy), 138.0
(Co), 134.2 (Cy), 132.7 (Cy), 132.5 (Cy), 129.8 (2 x C-H), 128.4 (2 x C-H), 125.3 (C,), 117.2 (Cy), 87.2
(Cq), 42.7 (CHy), 28.7 (2 x CH3), 19.3 (CHa), 18.1 (CH3), 12.7 (CHs).

IR (neat): vmax/cm™: 3358 (N-H stretch), 3223 (N-H stretch), 3091 (CO,H stretch), 2972 (C-H stretch),
2937 (C-H stretch), 1710 (C=0 stretch), 1670 (C=N stretch), 1589 (C=C stretch), 1533 (C=C stretch).

HRMS (ESI): Calc. for C21H2sN20sS*. Theoretical: 417.1479 Observed: 417.1474.

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-(N-((2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-yl)sulfonyl)carbamimidoyl)benzamido)propanoic acid (4.87)

Me
Me

Me o
(o]
A
O:§ Me
HN NH Me

oL
OrZZOH

Amidine 4.86 (1.10 g, 2.64 mmol) and HATU (1.00 g, 2.64 mmol) were dissolved in DMF (26.4 mL)
and then DIPEA (920 pL, 5.28 mmol) was added dropwise and the resulting yellow solution was stirred
at rt for 30 min. The reaction became a dark orange colour to which Fmoc-Dap-OH (1.15 g, 3.17 mmol)
was added portion wise and the reaction mixture was stirred at rt for 4.5 h. EtOAc (80 mL) and water
(80 mL) were added and the organic layer separated. The aqueous layer was then extracted with EtOACc
(2 x 80 mL). The combined organic layers were then washed with brine (150 mL), dried over MgSO4

then filtered, before being concentrated in vacuo. The resulting residue was purified by SiO;
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chromatography in a gradient of 0% to 4% MeOH in DCM with 1% AcOH modifier to afford a
colourless solid (905 mg, 51%).

mp 113-117 °C.
[a]o = -16.86 (c = 0.011 g mL™t, MeOH)

IH NMR (500 MHz, CDs0D): /ppm: 7.76 (d, 2H, J = 8.6 Hz, HN=C4-Cq-CH-CH x 2), 7.72 (d, 2H,
J = 8.6 Hz, HN=Cy-C4-CH x 2), 7.62 (dd, 2H, J = 7.5, 3.3 Hz, CO,-CH,-CH-Cq-CH-CH-CH-CH x 2),
7.50 (d, 2H, J = 7.5 Hz, CO»-CHp-CH-Cy-CH x 2), 7.22 (2H, m, CO2-CH,-CH-Cq-CH-CH-CH x 2),
7.12 (2H, m, CO2-CH2-CH-Cy-CH-CH x 2), 4.41 (1H, m, HO,C-CH), 4.19 (2H, m, CO»-CHy), 4.06
(1H, t, J = 7.1 Hz, CO,-CH,-CH) 3.74 (1H, m, HO,C-CH-CH), 3.63 (1H, m, HO,C-CH-CH), 2.91 (s,
2H, O-Cq(CHa)2-CH), 2.49 (s, 3H, S(O)2-Cq-Cq-(CHs)- Cq-(CH3)), 2.44 (s, 3H, S(0)2-Cq-Cq(CH3)-Cy),
1.99 (s, 3H, S(0)2-Cq-Cq(CHa)-Cq-CHa), 1.35 (s, 6H, Cq-CHs x 2).

13C{!H} NMR (125 MHz, CDsOD): 8/ppm: 172.1 (Cy), 168.3 (Cy), 161.6 (Cy), 159.2 (Cy), 157.2 (Cy),
143.8 (Cy), 143.7 (Cy), 141.1 (2 x Cy), 138.7 (Cy), 137.4 (Cy), 136.6 (Cy), 132.9 (Cy), 131.3 (Cy), 127.6
(2 x C-H), 127.4 (2 x C-H), 127.2 (2 x C-H), 126.7 (2 x C-H), 125.0 (C), 124.8 (2 x C-H), 119.5
(2 x C-H), 117.3 (C,), 86.6 (Cy), 66.7 (CH,), 53.8 (CH), 46.8 (CH), 42.4 (CHy), 40.9 (CHy), 27.3 (2 x
CHs), 18.0 (CHs), 16.9 (CHs), 11.0 (CHs).

IR (neat): vmax/cm™: 3394 (N-H stretch), 3311 (N-H stretch), 3115 (CO,H stretch), 2972 (C-H stretch),
2927 (C-H stretch), 1716 (C=0 stretch), 1705 (C=0 stretch), 1627 (C=N stretch), 1575 (C=C stretch),
1527 (C=C stretch).

HRMS (ESI): Calc. for C39H41N4OsS*. Theoretical: 725.2640 Observed: 725.2624.

4.5.8 General peptide synthesis protocol

On a Tribute® solid phase peptide synthesiser Rink amide resin (0.15 mmol) was swelled in DCM (5.00
mL) for 30 min. Two 10 min agitations with 20% (v/v) solution of piperidine in DMF (5.00 mL) was
used to deprotect terminal Fmoc groups. Activation of Fmoc protected amino acids (0.45 mmol, 3.00
equiv) was achieved using HATU (0.38 mmol, 2.50 eq) and 0.5 M DIPEA in DMF (5.00 mL). The
reaction mixture of the activated esters of Fmoc amino acids were then added sequentially to the resin
and agitated for 20 min at room temperature. Upon final coupling of appropriate residue, the resin was
washed with DCM (5.00 mL) and dried under N». The resin was then removed from the automated
synthesiser and manually swelled in DCM (5.00 mL) for 30 min. After swelling the resin was washed
with DMF (4 x 2.00 mL) and two 10 min agitations with 20% (v/v) solution of piperidine in DMF (5.00
mL) was used to deprotect the terminal Fmoc group. Separately in a 5.00 mL glass vial FITC (117 mg,
0.30 mmol) was dissolved in DMF (1.50 mL) and DIPEA (183 uL, 1.05 mmol) was added to form a
bright red solution. The red FITC solution was then added to the resin, protected from light and agitated
for 16 h at room temperature. After the 16 h agitation the resin was washed with DMF (4 x 2.00 mL)
before being washed with MeOH (4 x 2.00 mL) and finally DCM (4 x 2.00 mL). The peptide was then
cleaved from the resin using a mixture of TFA:phenol:water: TIPS (90:5:5:2, 3.00 mL) and agitated for
4 h. The cleavage solution was then filtered from the resin and the peptide precipitated using cold Et,O
(30 mL, -20°C) to afford an orange precipitate. The solid was washed with Et,O (3 x 10 mL) to remove
excess TFA and the resulting orange solid was purified by RP-HPLC method A.
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4.5.9 Peptide characterisation

FITC — XPLILLrLLrG (TP-7)

.2CF,CO,H

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (10 mg, 5%).

HRMS: CgyH127N10016S%*. Theoretical: 832.9709 Observed: 832.9711.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
30.1 min, 100%.

FITC — XPLIYLrLLrG (TP-11)

2.CF,CO,H

Using general peptide synthesis protocol A on a 0.10 mmol scale of resin. Rink amide resin (192 mg,
0.10 mmol, 0.52 mmol g). Appropriate HPLC fractions were lyophilised to afford a powder like orange
solid (12 mg, 6%).

HRMS: CgsH125N10017S%". Theoretical: 857.9605 Observed: 857.9600.
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RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
28.6 min, 97%.

FITC — XPLILLKLLKG (TP-5)

oA B TS g R

NH,

2.CF,CO,H

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (21 mg, 8%).

HRMS: CgyH127N15016S%*. Theoretical: 804.9648 Observed: 804.9647.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
30.6 min, 97%.

FITC — PLIYLKLLKG (TP-9)
O S mww

.2CF,CO,H

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (17 mg, 6%).

HRMS: CgsH125N15017S%". Theoretical: 829.9544 Observed: 829.9544.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
29.0 min, 97%.
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FITC — PLILLCIitLLCitG (TP-6)

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (7 mg, 3%).

HRMS: CgyH125N17018S%". Theoretical: 833.9549 Observed: 833.9548.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 pm RP 150 x 21.2 mm XB C18 column) R;=
33.7 min, 98%.

FITC —XPLIYLCItLLCitG (TP-10)

Using general peptide synthesis protocol A. Rink amide resin (231 mg, 0.15 mmol, 0.65 mmol g?).
Appropriate HPLC fractions were lyophilised to afford a powder like orange solid (5 mg, 2%).

HRMS: CgyH123N17016S%". Theoretical: 858.9445 Observed: 858.9444.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
30.3 min, 100%.
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FITC — XPLILLELLEG (TP-8)

Using general peptide synthesis protocol A on a 0.075 mmol scale of resin. Rink amide resin (144 mg,
0.075 mmol, 0.52 mmol g*). Appropriate HPLC fractions were lyophilised to afford a powder like
orange solid (9 mg, 7%).

HRMS: C80H117N1302082+. Theoretical: 805.9124 Observed: 805.9100.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
34.6 min, 99%.

FITC —XPLIYLELLEG (TP-12)

Using general peptide synthesis protocol A on a 0.75 mmol scale of resin. Rink amide resin (144 mg,
0.075 mmol, 0.52 mmol g*). Appropriate HPLC fractions were lyophilised to afford a powder like
orange solid (8 mg, 6%).

HRMS: Cg3H115N1302:S%". Theoretical: 830.9020 Observed: 830.9004.

RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column) R;=
31.1 min, 98%.
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FITC — XPLIYLAMLLAMG (TP-4)

2.CF3CO,H

On a Tribute® solid phase peptide synthesiser Rink amide chem matrix resin (50 mg, 0.026 mmol, 0.52
mmol g*) was swelled in DCM (2.00 mL) for 30 min. Two 10 min agitations with 20% (v/v) solution
of piperidine in DMF (4.00 mL) was used to deprotect terminal Fmoc groups. Activation of Fmoc
protected amino acids (0.078 mmol, 3.00 equiv) was achieved using HATU (0.065 mmol, 2.50 eq) and
0.5 M DIPEA in DMF (2.00 mL). Activation of Fmoc Amidine 4.87 and Fmoc-Leu-OH position 6 was
achieved with DIC (11 pL, 0.070 mmol, 2.70 equiv.) and HOAt (10 mg, 0.074 mmol, 2.85 equiv.) in
DMF (2.00 mL). The reaction mixture of the activated esters of Fmoc amino acids, except amidine 4.87
and Fmoc-Leu-OH position 6, were then added sequentially to the resin and agitated for 20 min at room
temperature. Amidine 4.87 and Fmoc-Leu-OH position 6 activation solutions were added to the resin
and heated to 75 °C for 30 min. Upon final coupling of appropriate residue the resin was washed with
DCM (2.00 mL) and dried under N,. The resin was then removed from the automated synthesiser and
manually swelled in DCM (2.00 mL) for 30 min. After swelling the resin was washed with DMF
(4 x 2.00 mL) and two 10 min agitations with 20% (v/v) solution of piperidine in DMF (2.00 mL) was
used to deprotect the terminal Fmoc group. Separately in a 5.00 mL glass vial FITC (28 mg, 0.078
mmol) was dissolved in DMF (1.00 mL) and DIPEA (32 pL, 0.182 mmol) was added to form a bright
red solution. The red FITC solution was then added to the resin, protected from light and agitated for
16 h at room temperature. After the 16 h agitation the resin was washed with DMF (4 x 2.00 mL) before
being washed with MeOH (4 x 2.00 mL) and finally DCM (4 x 2.00 mL). The peptide was then cleaved
from the resin using a mixture of TFA:phenol:water: TIPS (90:5:5:2, 3.00 mL) and agitated for 4 h at
60 °C. The cleavage solution was then filtered from the resin and the peptide precipitated using cold
Et.O (30 mL, -20°C) to afford an orange precipitate. The solid was washed with Et,O (3 x 10 mL) to
remove excess TFA and the resulting orange solid was purified by RP-HPLC method A. Appropriate
HPLC fractions were lyophilised to afford a powder like orange solid (2 mg, 4%).

HRMS: CgsH125N19016S%". Theoretical: 933.9554 Observed: 933.9534.
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RP-HPLC (Analytical RP-HPLC method A, Kinetex 5 um RP 150 x 21.2 mm XB C18 column)
R{=28.2 min, 98%.

4.5.10 Cell culture

HeLa cells were maintained in medium consisting of Dulbecco’s modified Eagle’s medium (DMEM),
10% FBS, 1% L-Glutamine and 1% penicillin/streptomycin. Cells were cultured in a humidified
incubator at 37 °C with 5% CO- atmosphere. Cells were cultured in a humidified incubator at 37 °C
with 5% CO. and passaged twice a week at confluence > 80%. BSA, FBS, L-Glutamine,
penicillin/streptomycin and TrypLee Xpress were purchased sterile from sigma-aldrich or Thermo
fischer scientific and used without further treatment.

4.5.11 Flow cytometry

HeLa cells were cultured in 24 well plates (4.5 x 10° cells per well) for 24 h. On the day of the
experiment, the cells were incubated with 5 uM FITC-peptide in DMEM with 10% FBS at 37 °C or 4
°C for required time. The media was then removed and wells were washed with PBS (2 x 500 pL per
well) and then detached from the plate with TrypLee Xpress (500 pL per well). PBS containing 2%
bovine serum albumin (500 pL) was added to each well and cells transferred to 5 mL polystyrene FACS
tubes. Cells were centrifuged and washed with PBS containing 2% bovine serum albumin (2 x 500 pL)
before being suspended in PBS containing 2% bovine serum albumin (1.00 mL each). Cells were finally
analysed on a Thermo fischer Attune NXT flow cytometer with laser excitation/emission set at
490 nm/519 nm and a flow rate of 200 uL min=. Flow cytometry data was analysed using FlowJo
software with gating set at a range of 51K-285K side scatter and 251K-815K for forward scatter
variance for every sample. Median fluorescence intensity values were calculated from the gating range

using FlowJo.

4.5.12 Cell viability alamarBlue assay

HeLa cells were cultured in 96 well plates (2.6 x 10° cells per well) for 24 h. On the day of the
experiment, the cells were incubated with 100 uM, 30 uM, 10 uM, 3 uM, 1 uM, 0.3 uM, 0.1 uM, FITC-
peptide in DMEM with 10% FBS (100 uL total well volume) at 37 °C for 24 h. AlamarBlue® was then
added to each well (0.5 mM, 10 uL) and incubated for a further 6 h for HeLa cells and 24 h for U20S
cells. Cells were then analysed using a Hldex plate reader with laser excitation/emission set at
560 nm/595 nm. Fluorescence of untreated cells were used as a 100% viable control and viabilities were

calculated as a percentage of the control fluorescence values using OriginPro 2019b software.

4.5.13 Confocal microscopy

HeLa cells were cultured in 8 well plates ibidi plates (3.5 x 10* cells per well) for 24 h. On the day of
the experiment, the cells were incubated with 5 uM FITC-peptide in DMEM with 10% FBS (200 uL
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total well volume) at 37 °C for 4 h. After 3.5 h incubation, Hoescht 33258 was added at a concentration
of 5.6 UM and cells incubated at 37 °C for the final 0.5 h. Cells were removed from the incubator and
media removed. Each well was then washed with serum and phenol red free media (2 x 200 pL) then
incubated with 4% formaldehyde in PBS (200 pL) for 20 min at room temperature. After incubation
the 4% formaldehyde solution was removed and PBS (200 L) added to each well. The cells were then
imaged using Leica S8 confocal microscope. Excitation/emission was set at 352 nm/461 nm for Hoescht
33258 imaging and 495 nm/519 nm for FITC labelled peptides. Images were processed using ImagelJ

software.
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5.1 Conclusions and future directions of the project

This thesis describes the preparation and biological evaluation of fluorescently labelled CPPs in order
to compare levels of toxicity and uptake between arginine rich CPPs and low arginine containing CPPs.
In addition, investigations into the specific mechanisms of cell uptake and sub-cellular localisation were
undertaken for both arginine rich and low arginine containing CPPs. Synthetic methodology to directly
functionalise amidines was reported for potential use in CPPs and other biologically relevant
compounds. Finally, the synthesis and biological evaluation of peptidomimetics were described

including the use of amidines as guanidine mimetics.
The initially hypothesised advantages to low arginine containing CPPs and amidine mimetics were:

)} Lower toxicity than highly basic, arginine rich CPPs.

i) Similar levels of uptake relative to standard arginine-rich CPPs.

iii) Amidine mimetics maintain or even enhance cell uptake of CPPs through a similar cell
surface binding profile.

iv) The physiochemical properties of the amidine group could be modulated through
development of mild synthetic methodology.

The overall outcomes of this work were that low arginine containing CPPs TP-1 and TP-2 were less
toxic than arginine rich CPPs Tat and Pip6. Pip6 showed significantly higher toxicity than TP-1 and
TP-2 across two different cell lines at concentrations of 30 UM and higher, suggesting a general necrotic
mechanism of toxicity. The levels of uptake of both TP CPPs were similar to Pip6 and greater that Tat
after 4 h incubation time. Further investigation found that both arginine rich CPPs were initially taken
up into cells at higher quantities but suffered from a form of expulsion from cells that was not observed
with TP-1 or TP-2. The mechanism of uptake for each TP CPP was found to be via an energy dependant
pathway in both HelLa and U20S cells, though none of the three major classes of endocytosis (clathrin
mediated, caveolae mediated and macropinocytosis) appeared to majorly contribute to uptake.
Furthermore, both TP-1 and TP-2 appeared to be generally nuclear excluded within HelLa cells, with
both peptides appeared throughout the cells cytoplasm.

Synthetic methodology to mono-arylate aryl amidines was developed using the Chan-Evan-Lam
reaction. Two sets of conditions were developed, one using stoichiometric Cu(OAc) that could be
carried out at room temperature within 2 h, and a second that used only 20 mol% Cu(OAc). but required
heating to 50 °C and a reaction time of 24 h. Mechanistic investigation identified that the amidine was
the sole contributor to Cu(OAc). denucleation. An amidine-Cu'" species was identified and found to not
be active but in equilibrium with active Cu species in the main catalytic cycle. The Chan-Lam
amidination was successfully applied to a variety of aryl amidines and boronic acids coupling partners,

including some alkenyl boronic acids, though alkyl boronic acids proved unsuccessful in the reaction.
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Further investigation into the scope of the reaction could be employed in the future through the use of
alkyl amidines and also identification of deborination products from low yielding reactions. The
reaction was also used to make a series of mono-arylated pentamidine analogues though each analogue
did not show any therapeutic advantage over the free pentamidine. The low activity against
trypanosomes could be attributed to the N-arylated amidine group reducing the compounds ability to
bind to the adenosine uptake protein, which is essential for the uptake of pentamidine by

trypanosoma. !

A series of peptidomimetic TP CPPs were prepared, including an aryl amidine peptidomimetic TP-4.
All peptidomimetics were found to be relatively non-toxic to HelLa cells, even up to 100 uM
concentration. The peptidomimetics identified that cationic charge, and not the guanidinium group,
were required to maintain uptake of both TP CPPs. Replacement of the guanidine groups with aryl
amidines in TP-2 increased the amount of peptide within HelLa cells after 4 h, showing that TP-4 is a
reliable TP-2 peptidomimetic. Further investigation found that TP-4 was taken up via an energy-
dependant mechanism, likely using a similar pathway used for TP-2. The sub cellular localisation of
TP-4 was also found to be similar to TP-2 with general dispersion throughout the cytoplasm.

Overall low arginine CPPs, including arginine mimetics CPPs, generally had lower toxicity profiles
than arginine rich CPPs. Furthermore, the use of amidine mimetics were able to improve the uptake of

a low arginine containing CPP without changing its toxicity or cellular localisation profiles.

Due to the success of aryl amidine mimetics in the TP-4 CPP and development of the Chan-Lam
amidination, this work could provide the basis for the development of new delivery vehicles and

therapeutically relevant N-aryl amidines. Further developments of this work could include (Fig. 5.1):

i) Application of TP-4 to deliver of PMO cargos that have previously been delivered by CPPs
such as Pip6.

i) Investigation into the wider therapeutic application of monoaryl pentamidine analogues

iii) Synthesis of mono-arylated amidines by the Chan-Lam amidination for use in SPPS to
synthesise more amidine containing CPPs.

iv) Use of aryl amidines as arginine mimetics in other peptide systems such as mitochondrial
penetrating peptides, 5.2.

V) Further synthesis of less basic arginine bioisosteres which could include a-keto guanidine

5.3 and a-keto amidine 5.4.

Specifically, the series of pentamidine analogues that showed relatively low activity against
trypanosoma brucei brucei (chapter 3) could be further investigated for their effectiveness against
leishmania trypanosomes, as pentamidine resistance in leishmania was reported as early as 2002.22

Furthermore pentamidine has been reported to reverse RNA splicing defects associated with myotonic
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dystrophy.?®® Monoarylated analogues could be used to investigate the reversal of this splice switching
and the compounds would likely not suffer from the uptake issue that gave poor ECsg results in the
trypanosoma.

a"‘ )KC\‘H/:N)KGY )K©\f HaN___NH HN<_Me
HoN ‘ 02 \I\TH (o) T\I/H
AGY )W A )W A fw i L, E Ef

HN

j\ FmocHN™ “CO,H FmocHN™ “CO,H
FmocHN CO,H

5.1 5.3 5.4

Figure 5.1. Potential future compounds that could be used as bioisosteres and peptidomimetics. Mono-aryl
amidine 5.1, mitochondrial penetrating peptide mimetic 5.2 and a- keto mimetics 5.3 and 5.4.

The N-arylation of amidines will allow for the modulation of lipophilicity of amidine containing
peptides. To synthesise building block 5.1 a similar synthesis can be employed as discussed in chapter 4
but employing the Chan-Lam amidination reaction in place of a Pbf protecting step (Scheme 5.1A). In
addition to this synthesis Negishi couplings could be utilised to synthesise aryl amidine amino acids,
similar to previous reports for the synthesis of aryl amino acids (Scheme 5.1B).2%* Negishi couplings
have been reported by Cobb et al. for the synthesis of fmoc amino acid building blocks that bear an aryl
group on the side chain.?® To undertake this synthesis the Chan-Lam amidination could be employed
on an aryl halide amidine 5.9 to afford 5.11 before a Negishi coupling using iodo amino acid 5.12 could
yield the amidine amino acid 5.13. A subsequent acidic deprotection of 5.13 would give rise to building
block 5.14 that could be utilised in SPPS. The Negishi approach allows for a carbon-carbon linkage at

the side chain of the amino acid and therefore a more flexible side chain than the amide in 5.1.

Finally, the investigation of the serum stability of all amidine containing peptides could be carried out.
Enhanced stability to proteases could be a significant factor in the increased uptake observed with TP-4

against its natural arginine analogue TP-2 in chapter 4.
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Scheme 5.1. (A) Amide coupling route to N-aryl amidine amino acid 5.1. (B) Negishi coupling route to N-aryl

amidine amino acid 5.14.

The use of amidines as arginine mimetics in CPPs and the wider peptide field could yield novel peptides

with advantageous protease stability and toxicity profiles. New aryl amidine amino acids could be

synthesised with relative ease using Chan-Lam amidinations and previously reported Negishi

chemistry. Due to the importance of the arginine residue in CPPs, further development of new arginine

mimetics alongside amidines could open up a variety of opportunities in the peptide drug delivery field.
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Chapter 2: HPLC traces, HRMS, Flow cytometry histograms,
microscopy images



HPLC traces
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3 24.58 n.a. 2376.733  656.948  99.60 n.a. MB
Total: 2397.729 659.561 100.00 0.000
2 500 JR0O310 33 #2 [medified by Administrator] JRO310 UV VIS 1
! |mAU WVL:220 nm|
1 5-24.255
2,000;
1,500—_
1,00&7
500
i 4l 24.055
1 28 —-————"‘—"\\
4 -
-500- : ; ; : | min|
0.0 10.0 20.0 30.0 40.0 50.0 55.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 23.05 n.a. 3.780 0.300 0.03 n.a. BMB*
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HRMS
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Flow cytometry histograms

HelLa cell experiments

4 h incubation at 37 °C
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4 h incubation at 37 °C with 10 uM Chlorpromazine
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U20S cell experiments

4 h incubation at 37 °C
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4 h incubation at 37 °C with 10 uM Chlorpromazine
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Microscope images
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NMR spectra

(2)-N'-phenylbenzimidamide (3.125) - *H NMR
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(2)-N,N'-diphenylbenzimidamide (3.126) - *H NMR
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Current Data Parameters
2

NAME JRO217-P2 DMSO D324981

EXPNC 1

PROCNO 1

F2 - Acquisition Parameters

Date_ 20151008

Time 15.51 h

INSTRUM spact

PROEBHD 021 o

PULPRCG zg30
32564

SOLVENT DMSO

ne 4

Ds 2

SWH 8223.685 Hz

FIDRES 0.505078 Hz

ag 1.9798312 sec

RG 5

oW

DE

TE 300.0 K

nl 2.00000000 sec

TDOD 1

SFOL 400,1324710 MHz

NUC1 1B

PO 4.00 uszec

Pl 12.00 usec

PLWl 7.19985981 W

F2 - Processing parameters
ST 32768

SF 400.1300000 MHz
WOW

S8R o

1B 0.30 Hz
GB [

PO 1.00

4

25252525 He

3.082514 Hz

0.3244032 sec
50

2.00000000 asc
.03000000 sas

1
100.022828% Mz
13c

3.

10,00 u
35.00000000 W
200,1316005 MHe
1K
walbzl6
50,00 uaac
7.50000000 W
p.16379000 W
008238800 W

easing parameters
1

100.6129193 Mz
™

1.00 Hz

1.40



(2)-N'-(4-fluorophenyl)benzimidamide (3.149) - *H NMR
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N Current Data Parameters
I NAME JRDZ37B-E38730
EXPNO 1
NH; PROCNO 1
F2 - Acguisition Parameters
N | Date_ 20190106
k Time 19.01 h
L INSTRUM spect
PROBHD 2113652_0211 {
PULPROG zg30
T T T T T T T T ZD = 39-275
82 80 78 76 74 72 70 ppm 2 e
O — O CE-VJm%‘Y]kDGj\O\(\](\ = Ds 2
e S A B = o ~ of |~ SWH 10000.000 Hz
W@N S A O O o o o 5 @ j°r j“‘r j"m"r FIDRES 0.505331 Hz
L e e e e Sy S v- V- P - o @ e AQ 1.9789000 sec
RG 198.22
l\‘w W%/‘ | DW 50,000 usec
CE 6.50 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFO1 500.1330885 MHz
NucCl 18
Pl 10.00 usec
PLW1 20.00000000 W
F2 - Processing parameters
ST 65536
SF 500.1300143 MHz
WoW M
SSB 0
LE 0.30 Hz
GB o
PC 1.00
L
T T T T T T T T T T
10 9 8 7 6 5 4 3 1 ppm
< [N ~
o~ L] NN -
1
C NMR
m e = © <« @ g ao @
@ T o @ o N = m - -~
o r o= = s o @ v el a0 M
& o6 = = A oo NA o
‘”*” T |” ”‘” V ”V* BRUKER
F Current Data Parameters
NAME JRO237 Carbon-D311600
EXPNO
N PROCNO 1
| F2 - Requisition Parametars
Date_ 20190113
NH- Time 6.48
INSTRUM spect
PROEED 5 mm CPPBEO BB
PULPROG zgpg30
™ 16384
SOLVENT CpCl3
NS 8192
D3 4
SWH 25252.525 Hz
J FIDRES 1.541292 Hz
A A \ A0 0.3244032 sec
RG 2050
I T T T T T T T T T T DW 19.800 usec
160 155 150 145 140 135 130 125 120 ppm 5? §§,5‘f2 weee
o S P, D1 2.00000000 sec
@IS @ SwAdaTOnn D1l 0.,03000000 sec
o S wowwddn DO 1
0N = L R e ]
A P s i o i
CHENNEL £1
\| ! ‘ \ \\ V V 100.62282%8 MHz
13C
10.00 usec
5.00000000 W
CHENNEL £2
400.1316005 MHz
nNuc2 1H
CPDPRG [2 waltzlé
PCPD2 $0.00 usec
PLW2 7.50000000 W
PLW12 0.16379000 W
PLW13 0.08238400 W
F2 - Processing parameters
ST 32768
SF 100.6128193 MHz
WOW EM
SSB 1]
LB 1.00 Hz
GB a
PC 1.40
Li l ) N
T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm
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Current Data Parameters
NAME JR0237 Final fluorine-E42242
EXPNO 1
PROCHO 1
F2 - Acquisition Parameters
Date_ 20190719
Time 16.07 h
INSTRUM Epect
FPROBED z113652_0211 (
PULEROG zgflgn
130892
SCLVERT c©DCl3
NS ER
DS 4
SWH 113636.367 Hz
FIDRES 1.736338 Hz
AQ 0.5759248 =ec
RG 128.22
D 4.400 usec
DE 6.50 usec
TE 300.0 K
Dl 1.00000000 sec
TDO 1
sFol 470.54 Az
NUCl oF
1 15.00 usee
PLW1 35.00000000 W
F2 - Processing parameters
ST 5536
SF 470.5923772 MHz
WDW Bl
ssB 0
LB 0.30 Hz
GB 4]
FC 1.00
T T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm

(2)-N'-(4-(trifluoromethyl)phenyl)benzimidamide (3.146) - *H NMR
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WO WUMWOWWW =S T OO
e e e el e e e e e o o e e BRUKER
cF, A (>
Current Data Paramsters
HAME JRO242E-B54500
N EXPNO 1
| PROCNO 1
NH; F2 - Acquisition Parameters
‘n 1 Date 20190106
\ Time 17.21
A i INSTRUM AV400
A / [ PRCBHD 5 mm PABBO BE—
PULPROG zg30
TD 32768
T T T T T T SOLVENT oDels
80 78 76 74 72 ppm  : o
SHH 8276.146 Hz
= o ) @ FIDRES 0.252629 Hz
< < < @ AQ 1.9791873 sec
o o © ha RG 574.7
=M N~y T o0 e o oW 60.400 usec
WO O A A OO0 O o DE 6.00 usec
WMWY WWW W= == OO @ E Sobn K
[ el e e e o it S el ol o o o o = D1 2.00000
TessS—nyge——— |
~ CHRNNEL £1 -
1K
Pl 12,00 usec
PL1 -2.50 dB
PLIW 2.77515030 W
SFO1 400.0324703 MHz
F2 - Processing parameters
ST 32768
SF 400.0300028 MHz
WDW M
SSB 0
LB 0.30 Hz
GB 0
pC 1.00
S |
T T T T T T T T
10 9 6 4 3 2 1 ppm

[
1.65
Y
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BC NMR

g 3 BENEYRINLHASRED
e o R L T BRUKER
A ARNAG NN NN
CFy Current Data Farameters
NAME JROZ24Z Fluorine and carbon -D316978
EXPNO 2
N PROCNO 1
| F2 - Requisition Parameters
Date_ 20150414
N H? Time 3.17 h
INSTRUM spect
FROBHD Z122623_0021 (
PULPROG
SOLVENT
NS
DS
SWH
FIDRES
AQ 0.3244032 sec
J RG 2050
DW 19,800 useg
P -Jl\'«ww) LJ W oy 18.00 ueee
TE 300.0 K
Dl 2.000 000 sec
T T T T T T T T T T T T D11 0.03000000 ssc
160 155 150 145 140 135 130 125 120 115 ppm . :
sFo1 100.6228298 MHz
. o NG 13c
CnBEUBYdRSULHERRES PO 3.33 usec
Ghridaiiiiiidea e £1 10.00 uses
EERnERERRR R k) PLWL
SFO2
I sss\="
CPDPRG [2
PCFD2
PLWZ 7.50000000 W
PLul2 0.16379000 ®
PLUL3 0.08238400 W
F2 - Processing parameters
81 32768
sF 100.6128193 MHz
WDW A
3B [s]
LB 1.00 Hz
GE Q
c 1.40
| Jo
T T T T I T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm
F NMR
: C><)
CFy 5
§ BRUKER
NI CN
NH;
Current Data Parameters
NAME JR0242 Fluorine and carbon -D31687&
EXPNO 1
PROCHD 1
F2 - Acquisition Parameters
Date_ 20150413
Time 14.31 h
INSTROM apec
PROBHD  2122623_0021 |
PULPROG 2930
i) 261656
SOLVENT <DCL3
ns 32
DS 4
SWH 89285.711
FIDRES 0.681841
AQ 1.4666176
RG 25.4
oW 0 usec
DE 18,37 usec
TE 300.0 K
D1 2.00000000 sec
DO 1
SFO1 376.4607162 Mz
nuc1
PO .
P1 15.00 usec
PLWL 5.19999981 W
F2 - Processing parameters
s1 262144
SF 376.4983660 Miz
wow EM
SSB 0
LB 0.50 Hz
GE 0
pC 1.00
T T T T T T T T T T T
(1] -20 -40 -60 -80 -100 -120 -140 -160 -180  ppm
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(Z2)-N'-(4-(tert-butyl)phenyl)benzimidamide (3.151) -*

T

OO WA TOWNT OO m o m
T e el e e - = RN TS BRI IR R T oy
e T e R N o=
SR BRUKER
'‘Bu Lx)
Current Data Parameters
HNAME JRO236B-E38719
N EXPNO 1
| PROCNO 1
NH F2 - Rcquisition Parameters
2 Date 20190104
Time 15.12 h
INSTRUM spect
PROBHD 2113652_0211 ¢
PULPROG 2g30
TD 39578
SOLVENT CDCL3
MS 16
I D= 2
WH 10000.000 Hz
FIDRES 0.505331 Hz
AQ 1.9789000 sec
RG 198.22
T T T T T T T DW 50.000 usec
E .50 usec
80 78 76 T4 72 70 ppmZE L5.80
D1 2,00000000 sec
2 bk 2 TDO 1
COFLVWASFDONNATACNOMO™®m o 3 N > n > . -
OO~ OWWOWN oMo o e ol o o~ oi SFO1 500.1330885 MHz
WS P T T T T TR s} ™ HUC1
T T T T . Pl 10.00 usec
[ e e e e i el el e o ol o e e L R — PLW1 20.00000000 W
Teee—a—— | F2 - Processing parameters
sI 65536
SF 500.1300132 MHz
WDW EM
SSB [
LB 0.30 Hz
GB 0
PC 1.00
B N
T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0 ppm
o
oil [edlell i - @
13
C NMR
o o -« m e oo @ 1w
b 2 a3 2 383 a o~
< w I o @ e -]
b 3 a PR s a4
o an
|
NAME JRD236 Carbon-D316979
EXPNO
FPROCNO 1
F2 - Acquisition Parameters
Date_ 20190414
Time 8.47 h
INSTRUM
FROBHD
FULFROG
n ™
A, Wmweme  SOLVENT
RE]
T T T T T T T T s enen srh
155 150 145 140 135 130 125 PPM i TThEinad e
. b ememame ag 0.3244032 sac
b 8 ShofZarn co RG o
- W go@vnag b oW
a 4 SoHHEAEEH a8 DE
TE .
| \ \V // \ ! o1 2.00000000 sec
pil 0.03000000 see
™o 1
SFol 100.6226298 MHZ
HUCL 13¢
PO 33 usec
P1 10.00 usec
PLWL 35.00000000 W
SFo2 400.1316005 MHz
Hucz 10
waltzl6
90.00 usec
7.50000000 W
PLW13
F2 - Processing parameters
&1 32768
SF 100.6128193 MH=z
WDwW EM
S8B
LB 1.00 Hz
GB
FC 1.40
| .
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm

22



(2)-N'-(3-methoxyphenyl)benzimidamide (3.152) -*H NMR
9% SHesRSLRER TeISRe
[eelee) [To =R U e U - - s o B e | o [Negpte) uy
N P A LI ERERERERV

. s C><X)
VoSS /' BROKER
(<O

Current Data Paramsters
NAME JROZ35B-E38729
N OMe EXPHO 1
| PROCHO 1
NH; F2 - Acqulisition Parameters
Date_ 20120108
Time 16.38 h
INSTRUM spect
‘ PROBHD 2113852 _0211 ¢
PULPROG zg30
f\_ I'L_ } T 39578
'7 " SOLVENT CDC13
T T T T T T T T T T o e
8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 ppm :sus 10000.000 Hz
FIDRES 0.505331 Hz
a0 1.9789000 sec
Sr & &= (319— RG 198.22
o~ o olo Rl B3] Dw 50.000 usec
N AN ANOW O @A WS OS] (] DE 6.50 usec
MO O Y 00N S ) M) O OO DO o TE 300.0 K
[ R e e i e B R Rl R T o] (=] Dl 2,00000000 sec
~rc~rr~r~rc~rre~r~rc~r-r- - WD WO WD WO WD D s ™M TCO 1
SF01 500.1330885 MH=z
Tesss—— /S | woC1
Pl 10. usec
PLWL 20,00000000 W
F2 - Processing parameters
ST 65536
SF 500.1300133 MH=z
WDW EM
SS5B o
LB 0.30 Hz
GB 0
PC 1.00

10 9 8 7 6 5 4 3 2 1 0 ppm
g|aalE| (8|2 s =
Qlmiole N - L]
1
3C NMR
C e - L. o><)
8 5 A o IF3 A < 22
PR d AR . BRUKER
2 E1 2 839 A =
I AT L <
Current Data Parameters
NAME JRO235 Carbon-D311552
EXPNO 1
N OMe PROCHG 1
I F2 - Roquisition Parameters
NH- Date_ 20190113
2 Time 1.16
THSTRUM spect
HD 5 mm CPPEBO BB
2gpa30
16324
cpCl3
8192
4
25252.525 Hz
o PSR N J‘__v_ 1.541252 Hez
L u ¥ 0.3244032 sec
2050
T T T T T T T T T T T T T 16800 weee
165 160 155 150 145 140 135 130 125 120 115 ppm 18,00 usec
R formom oMo 300.0 K
A o n Aaman  Tuw - 2.00000000 sea
S @ g GO o Ge o @ o 0.03000000 sec
2 &n ARANN 485 o
588 R J pu g A 1
A /2 £ R — S
sFol 100.6228298 MHz
wUCL 13c
P1 10.00 usec
PLWL 35.00000000 W
———————— CHANNEL £2 ==mmm===
sFo2 400.1316005 MHz
NUc2 1H
CPDPRG[2 waltzlé
PCPD2 90,00 usec
PIWZ 7.50000000 W
PIWIZ 0.16379000 W
PLWIZ 0.08238400 W
F2 - Processing paramsters
5T 32768
SF 100.6128193 MHz
WO EM
S5B o
1B 1.00 Hz
GE a
| J Pe 1.40
e ‘ .
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm
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(2)-N'-(m-tolyl)benzimidamide (3.153) -*H NMR

+ o I Nl s T Wi = R o ey -
WO N e e T R I T e NN R BN
0w e A N i A U St o e 0 @ W oo M
r - T =~ = [~ [~ [~ W00 OO

NI Me
NH ' Current Data Parameters
H 1 NAME JRO239B-E38731
‘ EXPNO 1
VL J L PROCNO 1
— — — —  F2 - Acquisition Parameters
Date_ 20190106
: : : ' . : I Time 21,25 h
INSTRUM spect
7.8 7.6 7.4 7.2 7.0 PPM  PRGEED 2113652 0211 |
PULPROG 2930
- - ~ ol ™ 39578
S - ~ gla|8 SOLVENT S
o P - === us 16
D3 2
JognruRaTosaT genne o @ SWH 10000.000 Hz
-~ “ NO W o Ey FIDRES 0.505331 Hz
cemEmEEEmEETagaeaaen 9 ~ AQ 1.9789000 sec
ol el e e e e el el e e R €t - RV ™ RG 118.85
DW 50,000 usec
W | DE 6.50 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
sFo1 500.1330865 Mz
woel 18
Pl 10.00 usec
PLW1 20,00000000 W
F2 - Processing parameters
51 65536
sF 500.1300132 MHz
WoW EM
SSB o
LB 0.30 Hz
GB 0
BC 1.00

T
10 9 8 7 6

2.00
3.11
1.27
1.03
1.02
1.03,
s
1.87
3.18

= a m Cw 4 o °
- > © 8 Smam @~ s
o B ® “ Seamw oo e
& ] R SRR -
4 = 1 mAoaH HA =
. A
NEME JRO23% Carbon-0311789
EXPNO 1
N Me PROCNO 1
I F2 - Reoquisition Parameters
NH Date_ 20190116
2 Time 5.07
INSTRUM spect
FROBED 5 mm CPPEEO BB
PULPROG 2gpg30
D 16384
SOLVENT cpels
8192
D3 1
SWE 25252.525 Hz
| FIDRES 1.541292 He
L A4 20 0.3244032 sea
5G 50
W 19.800 usec
DE 15.00 usec
TE 300.0 K
T T T T T T T T b1 2.00000000 sec
155 150 145 140 135 130 125 ppm D11 0.03000000 =22
e e e OO 1
T % wHozomArg =
. P - e ! CHANNEL £1
how BARqad oo g sFol 100.6228298 MHz
NUC1 13¢
| | \\\\, /// Pl 10.00 usec
PLWL 35.00000000 W
CHANNEL £Z
SFOZ 400.1316005 MHz
Nucz 18
CPDPRG[2 waltzlé
PCPD2 90.00 ussc
PLWZ 7.50000000 W
PLW12 0.16372000 W
PLWL3 0.08238400 W
F2 - Processing parameters
s1 32768
sF 100.6128193 MHz
Wow
§SB a
LE 1.00 Hz
GB o
L | e
T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm
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(2)-N'-([1,1"-biphenyl]-4-yl)benzimidamide (3.154) - *H NMR

HAOW AN O™ SO NW S Q™D o
NODH O AN AN DM OW T MM OO DA
WOWWOWSTTTTTTTTONND O
[ e e e e S o M~ s ~

|
L___ Ik

|

_ L “'L J .
T T T T T T T T T T T T T
Current Data Parameters
82 81 80 79 78 7.7 76 75 74 73 7.2 71 ppm .. Rozicord-Tam123
EXPNG 1
— O W S M T O WD ) O D) YD i,
:N(‘O;—if‘:ﬁc}i“@\(‘(}l‘kLﬁLgi“mNmNcm‘QH Wgr b Wgﬁ - 2 PROCNO 1
WUWOWNMNFPrFFSFTFFN0N O CRN o é I-ﬂ‘ - ol -
F2 - Acguisition Parametsrs
[ T e Sl Bl S e e e S e e e e e B S S i e o Date_ 20190105
Time 15,32 h
INSTRUM spect
PROBHD  2113652_0211 ¢
PULPROG 2930
™ 39578
SOLVENT cpela
S 16
DS 2
SWH 10000.000 Hz
0.505331 Hz
1.9783000 sec
133
50,000 use
6.50 usec
300.0 K
D1 2.00000000 s=c
TDO 1
sFOL 500.1330885 Mz
wUCL 18
Pl 10,00 usec
PLWL 20.00000000 W
F2 - Processing parameters
51 65536
sF 500.1300132 MHz
a . ) WDW
SSB 0
LB 0.30 Hz
T T T T T T T T T T T cB o
10 9 8 7 6 5 4 3 2 1 ppm Fe L.oo
CERER e
el ||l -
13C NMR
Ph
5 S CETHEIE S
N s g gsgs5s8 4 <)
1 b = Sodooys o
NHa | N ¥ BRUKER
* (>
P o
b 5
- o Current Data Parameters
9 = NAME JRO246-P4-E38723
EXPNO 2
PROCNO 1
F2 - Acguisitlon Parameters
Date_ 20190106
Time 4.32 h
INSTRUM spect
PROBHD 2113652 0211 (
PULPROG zapg30
D 23806
SOLVENT ChCL3
Wit i A T ns 4096
DS 4
\ SWH 29761.904 Hz
FIDRES 2.500370 Hz
20 0.3999408 sec
; : , T T T T T T T T T RG 198.22
oW 16.800 usec
155 150 ppm 150 145 140 135 130 125 120 115 ppm 7 Lo heet
T e TE 300.0 K
g aagnenLagens D1 2.00000000 sec
B EERARaa399ad D1l 0.03000000 sec
Frippu e SRR ho )
| \ N‘\\v%‘/ sFO1 MHz
Nue1
Pl .00 usec
PLW1 76.00000000 W
sFo2 500.1320005 MHz
nNuc2 1H
CPDPRG (2 waltzls
FCPDZ2 80,00 usec
PLWZ 21,00000000 W
PLW12 0.31513000 W
PLW13 0.15851000 W
F2 - Processing parameters
s1 2768
SF 125.7577685 MHz
WoW EM
58B 0
LB 1.00 He
GB 0
PC 1.40
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm
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(2)-N'-(o-tolyl)benzimidamide (3.155) - 'H NMR

o (AN A N R R T T R T T B R = N
o OO @~ WIN M ™M 5~ O OO0 w0
w M IFTTTINNAAACNHO OO
~ Ll e e il ol ol ol o V= E e < =)

T T T T T T T T T T T
80 79 78 77 76 75 74 73 72 71 7.0 6.9

- r~ @ o™ )
< “ < '} <
o o - -

-

1.18

WO MR DMO AW O AT NN O [=}
NOONNEX--ONMM AN ON® o —
OO TTTTNNAAACDHNOOC ™~ o
o~~~ ~ ~ ~ O WD c

ppm

T T T T T T T T T T T

2.01
3.37\
148,
1.037
122N
1.05/
®

79

3.34

-

| VIEY
Me
N
|
NH,
T T T T T T T T
155 150 145 140 135 130 125  ppm
RNV 774
rJJA
T T T T T T T T T T T
180 160 140 120 100 80 60 40 20  ppm

26

o)
BRUKER
(<)

Current Data Parameters

NAME JRO234B-E38728
EXPNO 1
PROCNC 1

F2 - Acquisition Parameters

Date_ 20120106
Time 14.14 h
INSTRUM spect
PROBHD  2113652_0211 (
PULEROG zg30
39578
cocls
16
2
10000.000 Hz
0.505331 Hz
1. sec
usec
6.50 usec
300.0 K
2,00000000 sec
SFOL 500.1330885 MHz
Nuel 1H
Pl 10,00 usec
PLWL 20.00000000 W
F2 - Processing parameters
a1 65536
SF 500.1300145 MHz
wWowW EM
SSB a
Le 0.30 Hz
GB 0
BC 1.00

Co><)
BRUKER
(><)

Current Data Parameters

WAME JRO234 Carbon-D311551
EXPNO 1
PROCNO 1

F2 - Aequisitien Parameters
Date_ 20150112
Time 6.18
INETRUM spect
PROBED 5 mm CPPBEO BB
PULPROG 2gpg30

TD 16384
SOLVENT CDel3

NS alsz

Ds 4

SwH 25252.525 Hz
FIDRES 1.541292 Hz
2Q 0.3244032 sec
G 2050

DW 15.800 usec
DE 18.00 usec
TE 300.0 K
5 2.00000000 sec
D1l 0.03000000 sec
TDO 1

77777777 CHANNEL fl =mmm—===

SFol 100.6228298 MHz
nucl 13c

Pl 10.00 usec
PLW1 35.00000000 W

CHANNEL f2

sFoz 400.1316005
NUC2 1
CPDPRE [2

PCPDZ $0.00 usec
PLWZ 7.50000000 W
PLWLZ 0.16375000 W
PLW13 0.08238400 W
T2 - Processing parameters
sr 32768

aF 100.6128661 MHz
WDW EM
EE:S o

LB 1.00 Hz
GB o

FC 1.40
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(2)-N'-(2-methoxyphenyl)benzim de (3.156) - 'H NMR

M AW LW O RN O
DLW T T T MWW T 0 O Oy [ A W W T
= P T =}

Meoj@ BCR%R
N Current Data Parameters
| HMAME JRO240B-B54499
NH ™ q EXPNO 1
2 4 \ PROCNO 1
. L

F2 - Acguisition Parameters
Date_ 20180106
Time 14.286

T T T T INSTRUM AV400

PROBHD 5 mm PABBC BB—

T T T T T T T T
79 78 77 76 75 74 73 72 71 7.0
PULPROG zg30

ppm
D 52768
2 @ Q o 2 SOLVENT cpels
ol o =] - o s 16
o w D

5

[=23EaN] ™m oy N T HO WO T o DWW M PD!“{")DG\H SWH 82751"%1‘12
[~ [~ \D O W1 W TN A @MW S MO DA W W T M :
T LT DT LI TDTLDDDL AOODODODRNND NN © FIDRES 0.252629 Hz
0 1.9791873 sec
[t e e e e B e e e e e e Y R e e el e N < Ve RN R o e BV e RRN RN S o ] RG 362
W / /-‘ oW 60,400 usec
DE 6.00 usec
TE 300.0 K
D1 2.00000000 see
TDO 1
CHANNEL £1
1H
12.00 usec
-2.,50 dB

12.77515030 W
400.0324703 MHz

F2 - Processlng parameters
ST 32768

SE 400.0300028 MHz
WOW EM

S5B 0

LB 0.30 Hz
GB a

PC 1.00

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

HEEREm e 8

- PR T @
] g 3 BRE qeg &
T EST S @ mad o
R ioE SR 3
E 9 3 mHy ey g
MeO (O
Current Data Parameters
WAME E38192-JR0240
EXPHO 2
N PROCHO 1
| F2 - BRoquisition Parameters
Date 20181129
MNH- Tims 23.16 h
“‘ INSTRUM spect
PROBHD £113652_0211 |
PULERCG 2gpg30
TD 23806
SOLVENT DM3C
NS 2048
Ds 4
SWH 29761.904 Hz
FIDRES 2.500370 Hz
20 0.39992408 sec
RG 196.22
T T T T T T T T T DwW 16.800 usec
150 145 140 135 130 125 120 115 ppm o oo e
oo D1l 0.6929999% sec
an 2 D11 0,03000000 sec
4 ‘i TDO 1
inlal o SFOL 125.7703637 MHz
1 Nucl 130
P1 10.00 usec
PLW1 76.00000000 W
SFo2 500.1320005 MHz
wocz2 1H
CPDPRG[2 waltzl6
PCED2 80.00 usec
PLW2 21.00000000 W
PLWi2 0,31513000 W
PLW13 0.15851000 W
F2 - Processing parameters
SI 32768
SF 125.7577885 MHz
WDW EM
S5B o
LB 1.00 Hz
GB 0
{ J PC 1.40
ol .-
T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 0 ppm
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(2)-N'-(3-fluoro-4-methoxyphenyl)benzimidamide (3.148) - '*H NMR
OMe SN NN

4 <)

N F BRUKER
| (>
NH,

Jlf\‘ Current Data Parameters
HAME JRO244B-E38720

EXPNO 1
T T T T T T T T T FROCHD :
8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 PPM  r2 - Acquisition Parameters
Date_ 20190104
Time 15.20 b
Wg_f 72 b=t 5|2 TNSTRUM apect
- ] - i~ PROBHD 2113652 _0211 (
PULPROG zg30
DOm0 0w o O W W@ N o TD 39578
MOoOCO~L=TE>NTAO AN f=) el SOLVENT CDCl3
OWrrrrrrFTOHONN 0O o o 5] 16
=== =~ [~ O W W WLWw.Www L ™ Dz 2
SWH 10000.000 Hz
\‘w W% ‘ | FIDRES 0.505331 Hz
AQ 1.9789000 sec
RG 128.22
DW 50.000 usec
DE 6.50 usec
TE 300.0 K
D1 2.00000000 sec
TDO
SFO1 500.1330885 MHz
nHuClL
Pl 10.00 usec
PLW1 20,00000000 W
F2 - Processing parameters
ST 65536
SF 500.1300133 MHz
WDW EM
SEB 0
LB 0.30 Hz
GB 0
PC 1.00
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm
| (o f'- < Wv— ]
al =] |[elele [ -
=1l [l - ]

3C NMR

[ n ] o o
- @ ]

—155.73
—153.99
—152.03
——128.60
—117.07
114.74
114.7

—135.4

C><)

OMe BRUKER

NS (<O

NH:; Current Dats Paramsters
JROZ44-Fluorine and Carbon E41184
H

110,
T—110.14

—130.
— 126

EXPNO
PROCNO 1
F2 - Roquisition Parameters
Date, 20190414

1.12 h

INSTRUM
PROBHD 2113852 021
PULPROG E
TI

I | SOLVENT

A A, s

25761.904 Hz
2.500370 Ex
03999208 sec

T T T T T T
0 145 135 130 125 120 115

o

T T
123,22
o 355 ,1 oo - 1:'0 16.800 usec
a2 Les & f8s SERGS " §:50 usec
228 20% 8 RaEd nEassSs I 2.00000000 sec
4495 333 % oo™ jafajapals s 0.03000000 sec
1
VNS T WY 1237703637 wax
13C

3.33 usec
10.00 usec
76.00000000 W
500.1320005 MHz
18

waltzlé
80.D0 usee
21.00000000 W
0.31513000 W

PLHL3 0.15851000 W
F2 - Processing parametars
ST 2768

iy 125,7577845 MAz
WOW EM
88B o

LB 1.00 Hz
GB o

FC 1.40

Li L | ll I

T T T T T T T T T T T T 1 T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 ppm
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OMe
rﬂ F
NH,
T T T T T T T T T T
0 =20 -40 -60 -80 =100 =120 =140 =160 ppm
(2)-N'-(4-(methylthio)phenyl)benzimidamide (3.150) - *H NMR
[T \/
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[pveRy
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6.924
4.850

T
8 77 7T
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6 75 74

s
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3.23-
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0 ppm

<)
BRUKER
(<)

Current Data Parametsrs
NAME JROZ44 Flourine-E43450

ROCNO 1

- Acquisition Parameters
2

Date_ 0190816
Time 1.38 h
INSTRUM spect
PROBHD  2113652_0211 ¢
PULEROG zgfhigan.2
131072
SOLVENT [=el k]
Hs 16
DS 4
BWH 113636.367 Hz
1.733953 Hez
0.5767168 sec
198.22
4.400 usec
6.50 usec
300.0 K
1.00000000 z=c
0.03000000 sec

0.00002000 sec

1
470.5453180 MHz
12F

15.00 usec
35.00000000 W
500.1320005 MH=z

1H

waltzlé
80.00 usec
21.00000000 W
a.

PLW12 3000 W
F2 - Processing parameters
SI 131072

SF 470.5923772 MHz
WDW EM

ssB i

LB 0.30 Hz
GB 3}

PC 1.00

C><)
BRUKER
(>

Current Data Parameters

NAME JRO278-E40678
EXPNO

PROCHO 1

F2 - Requisition Parameters
Date_ 20190329
Time 16.32 h

Ik spect
PROBHD 2113652 0211 (
PULPROG zg30
39578

cpel3

16

2
10000.000 Hez
0.505331 Hz
1.9789000 sec

118.85
000 us
6.50 usee
300.0 K
2.00000000 ssc
1
1330885 MHz
18
3.33 usec
10,00 us
20.00000000 W
F2 - Processing paramsters
s1 65536
sF 500.1300142 MHz
WDW EM
s8B 0
LB Hz
GB [
BC 1.00



BC NMR

o - o oD O @
" o b ol d =
0 - 0 oo s <
i S A "R NN o B
4 3 a PR g3 3
SMe LXJ
N Current Data Parameters
| NAME JRO278-E40878
EXPNO 2
NH, EROCNO 1
F2 - Acquisition Parameters
Date_ 20120330
Time 2.28 h
INSTRUM spect
PROBHD  2113652_0211 (
PULPROG zgpg30
TD 23808
SOLVENT CDC13
NS 8192
Ds 1
e P (PO VP, SWH 29761,904 Hz
FIDRES 2.500370 Hz
T T T T T T T T T AQ 0.,3999408 sec
160 155 150 145 140 135 130 125 ppm RG 198.22
DW 16.800 usec
% § sgmeess 3 = B
oo Do ®® 0 - .
8 % ARENNdN 5 D1 2.,00000000 sec
D11 0.03000000 sec
NN 24 '
SFO1 125,7703637 MHz
NOUCL 13¢
PO 3.33 usee
Bl 10,00 usec
PLWL 76.00000000 W
sFO2 500.1320005 MHz
Huc2 1H
CPDPRG[2 waltzl6
PCPDZ2 80.00 usec
PLW2 21.00000000 W
PLW12 0.31513000 W
PLW13 0.15651000 W
F2 - Processing parameters
sI 32768
sF 125,7577885 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
EC 1.40
.I
I ! T T I ! T ! T T
200 180 160 140 120 100 80 60 40 ppm

(2)-N'-(pyridin-3-yl)benzimidamide trifluoroacetate (3.157) - 'H NM

= o 00 D
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oo OV 0 [ s R N A L -
&l O o R I ] o
@ oo - === -~ o

V
l

7
N SN
|
NH; |
CF,CO,H WL

Current Data Parameters

— HAME JRO241proton-E41447
EXPNO 1
PROCNC 1

T T T T I T T T T T T F2 — Rcguisition Parameters

T O o 0 O A 84 82 80 78 76 74 7.2 7.0 68 66 ppm Dare. 2ois0430

[l s AN e B T B e | INSTRUM spect.

e r“’ "j =’r j‘”r j“r W"l) PROBHD 2113652 nz?l%

gl |2 e |18 = 7113652_|

L e e e i o o ¢S lal lei ol e - PULPRCG zg30
TD 39578

N \\V// SOLVENT DMS0
us 16
DS 2z
SWH 10000.000 Hz
FIDRES 0.505331 Hz
Y 1.9785000 sec
RG 175.12
DR 50.000 usec
DE 6.50 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFO1 500.1330885 MHz
NUC1 1H
FO 3,33 usec
Pl 10.00 usec
PLW1 20.00000000 W
F2 - Processing parameters
81 65536
£ 500.1300000 MHz
WOW EM
55B ]
LB 0,30 Hz
GB i
BC 1.00

AN

ppm
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BC NMR
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125 120 ppm
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F NMR
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N
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.CF,CO.H
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0 -20 -40 -60 -80 -100 -120 -140 ppm
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Current Data Parameters
NAME JROZ41 Carben-D316994
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date
Time
INSTRUM
PROBHD
PULFROG

SOLVENT
NS

2050
19.800 usac
18.00 usec
300.0 K

2.00000000 sec
0.03000000 2e

1
100.62282%8 MHz
13c

3.33 usac
10.00 usec
35.00000000 W
400.1316005 MHz
1B

CEDFRG [2 waltzlé
PCPDZ 90.00 usec
PLUZ 7.50000000 W
PLW1Z 0.16379000 W
FLW13 0.08238400 W
Fz - Processing paramsters
81 32768

1.00 Hz

1.40

100.6128193 MHz

<)
BRUKER
(<)

Current Data Parameters
JROZ41 Fluorine-E4344%
1

NAME
EXPNG
PROCNO

F2 - Acguisition Parameters

Date_ 20190816
Time 1.30 h
INSTRUM speat
PROBHD 2113652 0211 (
PULPROG zgfhiggn.2

D 131072
SOLVENT DMSO

HS 16

Ds 4

SWH 113636.367 Hz
FIDRES 1.733953 Hz
20 0.5767168 sec
RG 198.22

DW 4.400 usec
DE 6.50 usec
TE 300.0 K
D1 1.00000000 sec
D11 0.03000000 sec
D12 0.00002000 sec
DO 1
sFol 470.5453180 MHz
HUC1 19F

Pl 15.00 usec
PLW1 35.00000000 W
SFo2 500.1320005 MHz
Nucz 18
CPDPRG([2 waltzlé
PCEDZ 80.00 usec
PLW2 21.00000000 W
PLW12 0.31513000 W
F2 - Processing parameters
51 31072

SF 470.5923772 MHz
WDW EM

SSB 0

LB 0.30 Hz
GE o

PC 1.00



Z)-N'-(4-methoxy-3,5-dimethylphenyl)benzimidamide (3.158) - *H NMR
(2)-N( y ylpheny

@
e T B N I e
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w AU S RS S R A L=}
-

_——1.85

ime r.OIVIe / S | B(R—(—%R
N| Me

NH.
L Current Data Parametsrs
NAME D321451
EXPNG 1
PROCHO 1
T T T T T T T T F2 - Acguisition Parameters
) 507
8.0 7.8 7.6 7.4 7.2 7.0 6.8 ppm bare s
INSTRUM spect
=] @ 2 PROBED  2122623_0021 |
< S 3 PULPROG zg30
o b - ™ 32564
SOLVENT cDels
e RS i o) — © o poos 4
R = o — ~ s
W T T T T T T T @ ~ o D3 2
S . . . SWH 8223.685 Hz
e~~~ = Lapl o~ FIDRES 0.505078 Hz
aQ 1.9798912 sec
RG 128
DW 60.800 usec
DE 10.00 usec
TE 300.0 K
Dl 2,00000000 sec
TDO 1
SFO1 400.,1324710 MHz
nuc1 1H
PO 4.00 usec
3 12,00 usec
PLW1 7.19999981 W
F2 - Processing parameters
51 32768
sF 400.1300108 MHz
WOW EM
558 0
LB 0.30 Hz
GB Q
EC 1.00
. e
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm
gl |2 2 jg 3 &
ail e - - ) ©
13C NMR
o - ~ @ W= oo™ o m
o o - “eed =
s o < 5 ao @ e S
2 5 8 8399 g BRUKER
Me | R | o)
OMe
Current Data Parameters
N Me NAME D321451
EXPNO 3
| PROCNO 1
NH2 F2 - Acquisition Parameters
Date_ 20190714
Time 23.10 h
INSTRUM spect
PROBHD  2122623_0021 (
PULPROG Zapg30
TD 16384
SOLVENT cpe13
NS 4096
A~ e of DS 4
SWH 25252.525 Hz
T T T T r T T T T FIDRES 082584 Hz
155 150 145 140 135 130 125 ppm A0 3244032 sec
RG 2050
A8 8 225833 - “ bW 19.800 usec
G W BLN®6o “ < DE 18.00 usec
a4 5 a0888y 5 a TE 300.0 K
D1 2.00000000 sec
\/ | \\\/ / D11 0.03000000 sec
TDO 1
SFO1 100.6228298 MHz
NuC1 13C
PO 3.33 usec
P1 10.00 usec
PLWL 35.00000000 W
SFO2 400.1316005 MHz
NUC2 1H
CPDPRG[2 waltz1l6
PCPD2 90.00 usec
PLW2 7.50000000 W
PLW12 0.16379000 W
PLWL3 0.08238400 W
F2 - Processing parameters
s 3276
SF 100.6128193 MHz
WDW EM
SSB 0
1B 1.00 Hz
GB 0
’ ) v 1.40
T T T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 0 Ppm
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N—r

6.603
6.587

~

Current Data Parameters

NAME
EXPNO
~ 'thl PROCNO
~

JRO286-E41137
1

1
F2 - Roquisition Parameters
Date_ 20190410
T T T J T T Time 22.39 h
80 78 76 74 72 70 638 ppmM  INSTRUM spect:
™ Oy D o 00 D M o PROBHD  2113652_0211 |
MM A OO QT O @ Wlﬂr elen o PULBROG zg30
R R R R R T RTe R R R a 8 ;M E] o ™ 39578
[ e e e e e el e e T SR te R te) - o ol Ol :(S)LVENT C['Cllg
'XWJ% | D3 2
SWH 10000.000
FIDRES 0.505331
AQ 1.9785000 sec
RG 198,22
oW 50.000 usec
DE 6.50 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFOL 500,1330885 MHz
nNuc1L '
=] 3,33 usec
Pl 10.00 usec
PLW1 20.00000000 W
F2 - Processing parameters
s3I 65536
aF 500,1300130 MHz
WOW EM
SSB o
LB 0.30 Hz
J GB o
rC 1.00
I — i
T T T T T T T T T T
10 9 8 7 6 5 3 2 1 ppm
[ | o4 o -
o|d|m & o
il ol -

4 2 oo soor
5 R g I3
8 5 4 2323
(11 { BRUKER
E (>
F Current Data Parameters
HAME JRO286-F42943
EXPNG 3
PROCNG 1
N I F2 — hegulisition Parameters
| at 20190720
- 1.05 &
N HZ INSTRUM spect
PROBHD  2113652_0211 (
PULEROG zgpg30
0 23806
SOLVENT cbe1s
Hs 3098
D5 4
ﬁ l SWH 29761,904 Hz
A TS N :ﬂ“‘-’ T " A M FIDRES 2.500370 Hz
a0 0.3999408 sec
RG 198,22
T T T T T T T T T ;:2 Lséagg geec
155 150 145 135 130 125 120 115 110 Ppm = 300.0 K
MO TCrh W eT e ©nala hw oo D1 000000 =ec
R i e e e e R e D11 0.03000000 sec
RN NhrrsRTIrTsEmnARm qs333 TDO 1
e i i o o s R e o e R sFo1 125.7703637 Mz
“M\\W///’ nocl 13C
PO 3 use
Pl 10.00 usec
PLW1 76.00000000 V
sFo2
HOC2
CEDPRG(2
PCPD2
PLW2 C
BLWLZ 0.31513000 W
PIWL3 0.15351000 W
- Processing parameters
32768
125,7579176 MHz
EM
0
1.00 Hz
[+]
1.40
L |
T T T T T T T T T T
200 180 160 140 120 80 60 40 20 ppm
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o o o=
408 J
F- 2 2 2
. 20503
& o T
a8
a2
N N C><)
N I ‘ |L‘. Current Data Parameters
/ \«'\ HNAME JRDZB6 Fluorine-E43444
| \ EXPNG 1
1 PROCNO 1
NHZ Fz - Acquizition Parametars
Datea_ 201390816
Time 10.52 h
INETRUM spect
PROBHD 2113652_0211 ¢
PULPROG zgfhiggn.2
D 131072
SOLVENT <pCl3
PO T ns 16
4
113636.367 Hz
FIDRES 1.733953 Hz
0.5767168 sec
T 198,22
ppm -168.2 4,400 usec
6.50 usec
B Nad 300.1 K
iy Py 1.00000000 sec
™o w0 00 0.03000000 sec
ne Il 0.00002000 sec
1
\\Lf 470.5453180 MHz
15F
15.00 usec
35,00000000 W
500.1320005 MHz
18
waltzlé
0.00 usec
21.00000000 W
0.31513000 W
FZ - Processing parameters
ST 3107
SF 470.5923772 MHz
WDW EM
85B a
LB
GB 0
FC 1.00
T T T T T T T T T T T
0o -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm
' .. . 1
(2)-N'-(cyclohex-1-en-1-yl)benzimidamide (3.161) - *H NMR
Ll B =2 NO oM< o™ )
NN H A D [ =T e TS s B B o B s e ] o~
Ll B B B ] il i e e e S BB TSR Nt = U s RN s e )
(S e e e e I e e B B B B B e ]

Current Data Parameters

NAM JROZ53 proton- E42519
T T T T T \ \ T T :
T T T T T ! PROCHO 1
7.8 7.7 21 1.9 1.6 ppm
F2Z - Acguisition Parameters
- Date_ 20130627
=] 2 Time 15.54 h
d < INSTRUM spect.
o PROBHD  2113652_0211 |
R e T i B AT R e o — o ~ oo o o ™ PULFROG zg30
W MM e O < O oo O W T ™ 39578
R A SRS R — o A = SOLVENT cpeld
e e e .. LT e e e 1e
O~ [~ 0~ 0~ 0= [~ 0= [~ - 10 RS RS RS — o e 2
SWH 10000.00
FIDRES 0.50533
R0 1.9783000 sec
G 111.03
oW 50.000 usac
DE 50 usec
TE 300,0
D1 2.00000000 sec
TDO 1
8FOl 500.1330885 MH=z
wucl 18
PO 3.53 usec
£l 10.58 usec
PLW1 20.00000000 W
F2 - Processing parameters
8T 5
SF 500.1300145 MHz
WDH EM
3B
LB 0.30 Hz
GB o
P 1.00
L
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm
(=] [x] wwlle @ [r~n
ef [N bt ol N2
o olelle- < leiled
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BC NMR

153.19
144.03

NH2

—135.65
—129.71
—127.%1
—126.10
——108.53

-

C><)

(>

Current Data Parameters
i JRO293- carbon HOESY D3IZ1004
EXENO 1
PROCND 1

F2 - Acquisition Parameters
20190705
2.33 h
spect
31226230021 {
2gpado

T T
150 145 140

T
135

130

125

120

115

ppm

4
25252.525
3.08258.
0.3244032

300.0

2.00000000
0.03000000

Hz

sec

usec
usee

aee
sec

—153.19
—144.03
——135.65
_—129.71
—127.91

T—126.10
——108.53

22.62
21.99

—_—27.48
_—23.93
=

T T T T T T
180 160 140 120 100

T
ppm

(Z)—N'—((E)—styryl)benzimidgmide (3.160) - H NMR N
\ s\ & i V/

/
N X
NH: J\ f
—_ J‘! —_—

1
100.6228208 MEz
13¢
usec
usec
35.00000000 W
400.1316005 MHz
18

3.33
10.00

NUCZ
waltzlé
90.00 usec
7.50000000 W
0.16379000 W
0.08238400 W

PCPD2

F2 - Processing parameters
(34 32768

100.6128193 MEZ
EM

1.00 Hz
1.40

<)
BRUKER
(<D

Current Data Parameters
NAME JR0265 proton HOESY-E42519
EXFNC 1
PROCNO 1
T T T T T T T T T L Bequisition Pars
8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 ppm Date 20190627
Time 15,45 1
INSTRUM spect
oo © | > ~ o PROBHD 2113652 0211 (
K||2 i el < ° < poLeRos
- ~len o o™ =] kol
SOLVENT
ns
2 o
TAMEMSNON Y AL O @O am enon oo B
A= 0 S D) YOS O O ot e
MO wEowTTLTOONNCAAD OO LeTERol mee
[ e e e e e S N e e e =] 5”[;"",5\‘(’):‘;’_:‘-‘;
2000
2.00000000
500,1330865 MHz
10
<52 usec
10.55 usec
20.00000000 W
F2 - Processing p
=1 55536
3 500.1300153 MAz
WO =
23B o
LB 0.30 Bz
GB [
Fe 1.00
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm
AR EN )
®|12|e2(=|e &
rl=le=lolailel <
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BC NMR
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& ER ] 888889 5
E a a8 n9yyay B}
NHz
Current Data Parametera
AME | JRO223-carbon and HSQC B42663
Exero
FROCHG 1
P2 - Aequisition Parameters
Date_ 20130708
ey Y
IHSTRUM spect
PROBHD 2113652_0211 (
EoreRos sy
™ Zan06
A soLveNT Dueso
ns zn4e
os 4
T T I ‘ I ‘ T SWH 28761.904
FIDRES 2.500370
155 150 145 140 135 130 ppm o e
2 CEEnLoRT ey =t 15 %08 casa
. TaenaTnand oE 6,50 uses
& I ™
o nMARSaNdNY i 3.00000800 o0
o1 2203000000 =
To0 L
sFo1 125,7703637 Mz
ael Lie
ko 133 uses
I nsee
trw W
sFoz iz
s W
CEDPRG (2
ecepz 0.00 useo
334 2100000000 W
pLwaz 0131823000 W
Pwas ol1sesio000 W
F2 - Processing parametsrs
1 ren
cF 1257577885 Mz
WoW BM
e 0
18 1.00 Bz
cs o
ec 10
. ol )

T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm

Z)-4-chloro-N'-phenylbenzimidamide (3.164) - 'H NMR
(2) pheny

e i
[=}

41

O m
M

Ll ol e

NV

N
|
NH2 )
cl A ‘j A Current Data Parameters
L I | NAME JRO273-E40761
\, Il EXPNO 1
T T T T T T

7.061

—7.075

—6.97
T—6.958

_~7.090

PROCNO 1

F2 - Acquisition Parameters

T T
78 77 76 75 74 73 72 71 7.0 ppm Date 20150322
Time 17.46 h
\‘o er © o~ © INSTRUM spect.
S S| (e = S PROBHD 2113652 0211 |
o ol el - o PULPROG zZg30
Wm0 O™ @ e} D 39576
DD M O W = SCLVENT CDC13
T MM OO0 000 @© NS 16
[al el e el ol [l e e Ll D5 2
SWH 10000.000 Hz
\N/W/‘ | FIDRES 0.505331 Hz
O 1.9769000 sec
RG 175.12
oW 50,000 usec
DE 6.50 usec
TE 300.0 K
D1 2.00000000 s=c
TDO 1
SFO1 500.1330865 MAz
NuC1 18
PO 3.33 usec
Pl 10.00 usec
PLW1 20.00000000 W
F2 - Processing parameters
i 65536
SF 500.1300152 MHzZ
WoW EM
55B o
LB 0.30 Hz
GB 0
J L { PC 1.00
T T T T T T T T T T T
10 9 8 7 3 2 1 ppm
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BC NMR

Current Data Parameters

NAME JRO273-E40761
EXPNO 2
PROCNO 1
F2 - Acquisition Parameters
Date_ 20190323
Time 3.41 h
INSTRUM spect
PROBHD 2113652_0211 (
PULPROG zgpg30
23806
SOLVENT CDC13
NS 8192
DS 4
SWH 29761.904 Hz
FIDRES 2.500370 Hz
AQ 0.3999408 sec
RG 198.22
DW 16.800 usec
DE 6.50 usec
TE 299.9 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
SFO1 125.7703637 MHz
NUC1 13C
PO 3.33 usec
Pl 10.00 usec
PLW1 76.00000000 W
SF02 500.1320005 MHz

NUC2 1H
CPDPRG[2 waltzl6é
PCPD2 80.00 usec

PLW2 21.00000000 W
PLW12 0.31513000 W
PLW13 0.15851000 W

F2 - Processing parameters

SI 32768

SF 125.7577885 MHz
WDW EM

SSB o

LB 1.00 Hz
GB 0

PC 1.40

Current Data Parameters

| I
N
|
NH;
cl
1 L
T T I T T I T I T
155 150 145 140 135 130 125 ppm
LT AW/
Ll
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm
(2)-3-methoxy-N'-phenylbenzimidamide (3.165) - 'H NMR
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NAME JRO281-D316653
EXPNO 1
PROCNO 1

F2 - Rcguisition Paramsters
Date_ 20190406
Time 14 10 h
INSTRUM peact
PROBHD 2122623 _1 0021 {
PULPROG 2930

D 32564
SOLVENT CDC13

N3 4

Ds 2

SWH B223.885 Hz
FIDRES 0.505078 Hz
RO 1.9798212 sec
RG 101

DwW 60.800 usec
DE 10.00 usec
TE 300.0 K
D1 2.00000000 sec
OO 1
SFCL 400,1324710 MHz
NUC1

PO 4.00 usec
Pl 12.00 usec
PLW1 7.19999981 W
F2 - Processing parameters
51 32768

SF 400.1300109 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB o

BC 1.00



BC NMR
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(2)-3-cyano-N'-phenylbenzimidamide — (3.169) *H NM
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Current Data Parameters

NAME JRO26B1-D316653
EXPNO 2
PROCHO 1

F2 - Acquisition Parameters
Date_ 20190407
Time 1.17 h
INSTRUM spect
PROBHD 2122623_0021 (
PULPRCG Zgpg30

TD 16384
SOLVENT CDC13

NS 8192

Ds 4

SWH 25252.525 Hz
FIDRES 3.082584 Hz
:te] 0.3244032 sec
RG 2050

DW 19.800 usec
DE 18.00 usec
TE 300.0 K
D1l 2.00000000 sec
D11 0.03000000 sec
TDO 1

SFO1 100.6228296 MHz
NOC1 13C

PO 3.33 usec
P1 10.00 usec
PLW1 35.00000000 W
sroz 400.1316005 MHz
NoC2 1H
CPDPRG[2 waltzlé
ECPD2 90.00 usec
PLW2 7.50000000 W
PLW12 0,16379000 W
PLW13 0.08238400 W
F2 - Processing parameters
SI 32768

SF 100.6128193 MHz
WDW EM

55B a

LB 1.00 Hz
GB Q

PC 1.40

C><)

(<O

Current Data Parameters

NAME JRO280-D316652
EXPNCQ 1
PROCNO 1

F2 - Acgquisition Parameters
20190406
14.02 h

8223.685 Hz
05078 Hz
1.9796912 sesc
128
60.800 usec
10.00 usec
300.0 K
2.00000000 sec
1

400,1324710 MHz
1H
4,00 usec
12.00 usec
7.19999981 W

F2 - Processing parameters

51 32768

5F 400.1300116 MH=z
WOW EM

55B o

LB 0.30 Hz
GB o

PC 1.00



BC NMR
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Current Data Parameters
I NAME JROZ80 Carbon-D316663

NC NH- s 1
2

F2 - RAcquisition Paramsters

Date_ 20190407
Time 6.48 h
INSTRUM spect
PROBHD 2122623 0021 (
PULPROG zgpg30
D 16334
SOLVENT CDCl3
NS 8192
T T T T T T T T T i :
155 150 145 140 135 130 125 120 ppm e 25252.525 He
FIDRES 3.082584 Hz
RO 0.3244032 sec
RG 2050
oW 15,800 usec
DE 18.00 ussc
95 N3ITHSSRCES TE 300.0 X
G m wmoomamAN D1 2.00000000 sec
H S mmARAd oo D1l 0.03000000 sec
T R i B i s s o 1
‘ | \\“V/// l SFo1 100.6228296 Mz
NUC1l 13c
PO 3,33 usec
¥l 10.00 usec
PLWL 35.00000000 W
sFO2 400.1316005 MHz
Nucz 18
CPDFRG[2 waltzlé
FCEDZ 20.00 usec
PLH2 7.50000000 W
PLWLZ 0.16372000 W
FLW13 0.08233400 W
F2 - Processing parameters
s1 32768
SF 100.6128193 MHz
WDW
S5EB 0
LB 1.00 Hz
GB o
X - i PC 1.40
T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm

(2)-2-fluoro-N'-phenylbenzimidamide (3.166)- *H NMR
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NHE Current Data Paramsters
NAME JRO28E-D317092

EXPNO 1

[ PROCHO 1

ukﬂi__m_

cquisition Parameters

Date_ 2019041¢
T T T T T T T Time 17.40 h
INSTRUM spect
8.2 8.0 7.8 7.6 7.4 7.2 ppm PROBHD Z122623_0021 |
PULPROG
jcr‘ - |e @ |o o‘ ru: O
S ==l 12 =S
- =l leil |=] I=l<] i
e e T e T B e B e B G R B T R T e T N Ds 2
DW= MM A OCO~N MU 0O = O~ SWH 8223.685 Hz
SEEEEEEE e aadaadae e a9 FIDRES 0.505076 Hz
e~~~ r-r-wwwm Fitel 1.9798912 sec
RG 57
WW/ %6
DE
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFO1 400.1324710 MHz
NUC1
PO usec
P1 usec
PLW1 W
F2 - Processing parameters
81 32768
SF 400.1300105 MHz
WDW EM
SSB o
LB 0.30 Hz
GB 0
PC 1.00
T T T T T T T T T T T
10 9 8 7 6 a 3 2 1 ppm

1.00
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BC NMR
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Current Data Parameters

NAME JRO288-D317092
EXPNO 3
PROCHC 1

F2 - Acquisition Parameters
Date_ 20190417
Time 1.3%9 h
INSTRUM spect
PROBHD 2122623_0021 (
PULPROG zapain

T| 16384
SOLVENT €DC13

K 8192

Ds 4

SWH 25252.525 Hz
FIDRES 3.082584 Hz
AQ 0.3244032 sec
RG 2050

oW 12.800 usec
DE 18.00 usec
TE 300.0 K
D1 2.00000000 s=ec
D11 0.03000000 sec
TDO 1

SFO1 100.6228298 MHz
Nuc1 13C

PO 3.33 usec
Pl 10.00 usec
PLW1 35.00000000 W
SF02 400.1316005 MHz
Nuc2 1H
CPDPRG[2 waltzlé
PCPD2 90.00 usec
PLWZ 7.50000000 W
PLW12 0.16379000 W
PLW13 0.,08238400 W
F2 - Processing parameters
51 32768

SF 100.6128193 MHz
WDW EM

35B a

LB 1.00 Hz
GB Q

PC 1.40
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Current Data Parameters

NAME JROZB8-D317092
EXFHC 2
PROCNO 1

F2 - Acquisition Parameters

Date_ 20120416
Time 17.44 h
INSTRUM spect
PROBHD 2122623_0021
PULPROG zg30

TD 261896
SOLVENT cDpCl13

HS 3z

Ds 4

SWH 89285,711 Hz
FIDRES 0.681841 Hz
AQ 1.4666176 sec
G 16

oW 5.600 usec
DE 18.37 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFOL 376.4607162 MHz
Hoc1 19F

PO 5.00 usec
Pl 15.00 usec
PLW1 5.19999981 W
F2 - Processing parameters
51 262144

SF 376.4983660 MHz
WDW EM

SSB Q

LB Q.50 Hz
GB o

PC 1.00



(2)-4-methyl-N'-phenylbenzimidamide - (3.168) 'H NMR
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Current Data Parameters

I NAME JR0287-E41220
vie EXPNO 1
PROCHO 1
L_ F2 - Acquisition Parameters
Date 20190416
Time 17,08 1
T T T T T T T T T INSTRUM
79 78 1.7 75 74 73 72 741 7.0 ppm  FROBHD
PULPROG
0
wn - © o =] 50I%
R R R R R e R T -~ = o 5 8 2 2 SorvEnT
R R R R i = - o o - - - X
R G R RS RS el =N == ) =} =3 bs 2
R . . sHH 10000.000 Hz
[~ 0~ 0 0 0 e IS FIDRES 0.505331 Hz
a0 1.9789000 sec
RG 175.12
oW 50.000 usec
DE 6.50 usec
TE 300.0 K
D1 2.00000000 sec
DO 1
SFOL 500,1330885 Miz
NUC1 18
PO 3.33 usec
Pl 10,00 usec
PLW1 20,00000000 W
F2 - Processing parameters
] 65536
S 500.1300141 MHz
WOW EM
s 0
LB 0.30 Hz
GB 0
PC 1.00
L T
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm
e (0o & 0 n
e e ] bt bt -
mloilelel e - I
NMR
a ~ @ w  ow & = n
st 5 S © 2 R [
0 @ o o aw el oA
2 2 e 5 48 8 R
4 3 3 Soo98 8 S
r‘de Current Data Parameters
NAME JRO287- Carbon D321197
EXPNO 1
PROCNO 1
FZ - Acquisition Parameters
Date 20190709
Time 5.18 h
INSTRUM spect
PROEHD 2122623_0021 ¢
J PULEROG Zgpu 0
TD 16384
CLVENT epCl3
T T T T T T T Slon
155 145 140 1356 130 125 ppm
4~ @ moweon
oo omannne =
- 2 Raaeads o 12,800 usec
503 5 S2dddy g 16,00 usec
300.0 X
2.00000000 sac
0.03000000 sac
1
100.6228298 MHz
13¢
3.33 usec
10,00 usec
35.00000000 W
400.1316005 MHEz
1
PCPDZ 50.00 usec
7.50000000 W
0.16375000 W
0.08238400 W
FZ - Processing parameters
8T 32768
&F 100, 6125193 MHz
WOW EM
88B
l LB 1.00 Hz
. . . B
eC 1.40
T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm
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(2)-3-bromo-N'-phenylbenzimidamide — (3.167) *H NMR
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Current. Data Parameters

HAME JR0O329-E43459
EXPHO 1
T T T T T T T T T T T T T T FROCHO S
81 80 79 78 77 76 75 74 73 72 71 ppm F2 - Requisition Parameters
Date_ 20190816
o 3 o - o © ™ Time 17.06 b
R U T | P - 2 b 2 2 M THSTROM . spect
mET MO GM~N S O®OWEN~nwnD e~ - - - - PROBHD 2113652 0211
OEEODMmMEIMANS oo SO @ POLEROG
[+ 2wl el B e e e T e e e R (e R o) = SOLVENT
us
D3
SWH 10000.000 Hz
FIDRES 0.505331 He
a0 1.9769000 sec
RG 66.63
oW 50.000 usec
DE 6.50 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFOL 500,1330885 MHz
HUCL 1H
BO 3.53 usec
P1 10.58 usec
PLWL 20.00000000 W
F2 - Processing parameters
SI 6
sF 500.1300142 MHz
WDW EM
s5B 0
LB 0.30 Hz
GE o
4 J - B . . X BC 1.00
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm
o g o= |n|o|o o
el (ee s *
] ) -] ey N -
13C
NMR
- o o - nwm e oma
3 B} © iy 533 5 ans
o a o o oo W e o
a 3 5 3 R85 a4 dad
4 3 1 1 20d g a9
Br
NH- Current Data Parameters
< NAME JR0329-E43459
EXPNO 4
PROCNO 1
F2 - Acquisition Parameters
Date_ 20190817
Time 3.52 h
INSTRUM spect
! J e \__  PROBHD 2113652 0 [
PULPROG zgpg30
D 23806
SOLVENT cDel3
T T T T T T T T ns 8192
DS 4
ro Spmansape 155 150 145 140 135 130 125 ppm 0, SeTel.a04 He
B FIDRES 2.500370 Hz
wow mMBRddd SN 1O 0.3999408 sec
RG 198.22
| ‘ \\W f / oW 16.800 usec
DE 5.50 usec
TE 299.92 K
D1 2,00000000 sec
D11 0.03000000 sec
TDO 1
SFO1 125.7703637 MHz
NUC1 13¢
Po 3.33 usec
Pl 10.00 useec
PLW1 76.00000000 W
sFoz 500.1320005 MHz
nucz 1H
CPDPRG 2 waltz16
PCPD2 80,00 usee
PLWZ 21.00000000 W
PLW12 0.31513000 W
PLW13 0.15851000 W
F2 - Processing parameters
sI 32768
SF 125.7577885 MHz
WoW EM
SSB 0
1B 1.00 Hz
| GB o
PC 1.40
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

42



(2)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)-N'-phenylbenzimidamide (3.174) - 'H NMR
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07 "0 2CF,CO,H
Current Data Parameters
. NAME JRO305-D322176
| I EXPNO 1
/ 7y y . PROCNO 1
F2 - Acquisition Parameters
Date_ 20190803
T T T T T T T T Time 15.51 h
11.0 10.0 9.5 9.0 8.5 8.0 ppm  TNSTROM spect
PROBHD  2122623_0021
- ® . . o(w] (o]0 PULPROG 2g30
- -
@ © a| |= @S| larl |5 1D szoes
“ o S -l lei ~leilIFleil || sorvent DMS0
— CoOWMANMM MW O N0 oo own o™ W ®D O N us 4
ol TOHMOOM AC WO =00 @0 M~ oy WS T ey o O o3 2
. W 000NN T T T O At W W W@ AS 0D N W SWH 8223.685 Hz
— FIDRES 0.505078 Hz
— O\ OV O = 0= [ [~ [~ [ (= 0= =0~ [~ =~ oo A A AQ’ 1.8798518 =os
‘ \\\“ N%%’J W ‘&W RG 128
oW 60.6800 usec
DE 10.00 usec
TE 300.0 K
D1 2.00000000 sec
TDOD 1
SFO1 400.1324710 MHz
Nuc1 1H
PO 4,00 usec
Pl 12.00 usec
PLW1 7.19999981 W
F2 - Processing parameters
31 327
SF 400,1300000 MHz
WOW EM
S5B o
LB 0.30 Hz
GB 0
PC 1.00
\ —
T T T T T T T T T T T T T
11 10 9 8 7 6 5 4 3 2 1 0 ppm
) o] (oo o(o(o|o 0 oo
2 I EIE e a E1ES
o ol lrla rleil—|eilr 5] e
e
NMR
v Gend @ o o
A Bt o B
= ocooo = =K -
3 8843 4 g3 o
o aodd d a4 =
HzN
Cu. nt Data Parameters
HAME JRO305 Carbon-D
EXPNO 1
1 { PROCNO 1
] J. e A J ) IJ_ F2 - Roquisition Parameters
20190808
1.15 h
spact
2122623_0021
T T T T T T T T T T T T FULFROG 2gpg30
165 160 155 150 145 140 135 130 125 120 ppm © Lesad
SOLVENT DHSO
P ns 8192
2EER © e @ w B
= e 38 - B P,
TE0E - . 2525 5 He
e =R o o~ EN &4 Hz
0.3244032 sec
2050
19.800 usec
18.00 usec
300.0 K
2.00000000 sec
0.03000000 sec
1
100.6228298 MHz
13¢
3.33 usec
P1 .00 usec
PLWL 35.00000000 W
SFoz 400.1316005 MHz
nucz H
CPDFRG [2 waltzlé
PCPDZ 90.00 usec
PLWZ 7.50000000 W
PLW 0.16379000 W
PLW13 0.08238400 W
F2 - Processing parameters
a1 32768
SF 100.6128193 MHz
WDW M
s3B o
l | ‘ LB 1.00 Hz
=) 0
= ‘ . ! ‘ Fe 1.40
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm
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Current Data Parameters
NAME JRO305-D322176
EXPNC 2
PROCHNO 1
F2 - Acquisition Paramsters
Date_ 20190803
Time 15.54 b
INSTRUM spect
PROBED  Z122623_0021 (
PULPROG zg30
TD 261896
SOLVENT DMSO
us 32
DS 4
SWH 89285.711 Hz
FIDRES 0.681841 Hz
a0 1.4666176 sec
RG 16
D 5.600 usec
DE 18.37 usec
TE 300.0 K
D1 2.,00000000 sec
TDO 1
sFOl 376.4507162 MHz
NUCL 19F
PO 5.00 usec
Pl 15.00 usec
PLW1 5.19999951 W
F2 - Processing parameters
51 262144
sF 376.4983660 MHz
WDW EM
SSB 0
LB 0.50 Hz
GB 0
PO 1.00

T T T T T T T T

0 -20 -40 -60 -80 -100 -120 -140 PpPm

(2)-N'-([1,1"-biphenyl]-4-y1)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)benzimidamide (3.178) - H

NMR
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— B R e e el ol e e o e e e
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HaN NH,
0" """ 2CF.CO,H
Current Data Parameters
HAME JRO323-B42944
EXPNO 1
PRGCNO 1
F2 - Aequisition Parameters
T ! ! T T T T T T T T Date 20190719
11.0 105 10,0 95 9.0 8.5 8.0 75 7.0 ppm Time 16.23 n
INSTRUM spect
PROBHD  2113652_0211 (
5 raj rg ’&: 87 ﬁétrgrara)gja e 5o
=] = ~lel< el el el ™ 39578
- SOLVENT DMEO
L NN O OMMe AN 0 MO A O OWASOW WD A MO 0] D) o ns 16
L =R BT R e =] M A NMO T AT AT AN OWE T M 0T MO0 bs 2
T R @M DWW T T TN A A A~ 0000 M0 AS 8 O AD N SWH 10000.000 Hz
B B R B PR FiDRes ;505331 te
— © R I R N e R R R ] L ara000n see
| eSS e SN TR [ 175.12
50,000 usec
6.50 ussc
300.0 K
2.00000000 ssc
500.1330885 MHz
3.53 usec
10.58 usec
20.00000000 W
F2 - Processing parameters
sI 65556
SF 500.1300000 MHz
WDW 12
s5B 0
LB 0.30 Hz
GB 0
BC 1.00
| |
T T T T T T T T T T T
11 10 9 8 7 6 5 3 2 1 pPpm
g g || D[ (|20 wlo
R E RN E SRS a(S
o D= I P = P ] P o P B B ) ool
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BC NMR
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Current Data Parameters
HzN LYNH" NAME JRO323 Carbon-D322457
PN ~ - PO 1
0 o 2CF,C0H PROCHO 1
F2 - BAcguisition Parameters
Date_ 20190809
Time 1.23 h
INSTRUM spect
—-J-«J, » vl A I A Jw PROBHD  2122623_0021 [
FPULPROG zgpy30
16384
SOLVENT DM50
us a192
T T T T T T T T T T T 3
160 155 150 145 140 135 130 125 120 25252.525 Hz
3.082584 Hz
P ] cworDTen . 20
LsaY  noAdnAdgoRRRadn 8 53 15,800 usec
TE8Y  ARARRLSLE0843 %@ @ < 12.00 vece
5555 A0OOOHENSEASS 28 BN 300.0 K
2.00000000 sec
0.03000000 sec
1
100.62282%8 MH=z
3.33 usec
10.00 usec
35,00000000 W
1316005 MHz
1R
waltzlé
90.00 usec
7.50000000 W
0.16379000 W
0.08238400 W
- Processing parameters
32768
100.6128193 MHz
EM
o
1.00 Hz
0
1.40
1l L [ J i |
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm
19
FNMR
NH N l &
| o
HoN NH 5
PR _ |
o © 2CFCOM BRUKER
Current Data Parameters
NAME JRO323-E42944
EXPNG 2
PROCNO 1
F2 - Requisition Parameters
Date_ 20190719
Time 16.26 1
INSTRUM spect
PROBED  Z113652_0211 |{
PULPROG zgflgn
TD 130892
SOLVENT DMSO
ns 3z
DS 1
SWH 367 Hz
FIDRES He
A0 sec
RG
oW usee
DE usec
TE K
D1 sec
TDO
SFO1 Mz
NOC1
Pl usec
PLNL W
F2 - Processing parameters
sI &
SF MHz
WoW
SSB o
1B 0.30 Hz
GB a
pC 1.00
T T T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm
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(2)-4-((5-(4-carbamimidoylphenoxy)pentyl)oxy)-N'-(quinolin-3-yl)benzimidamide (3.179) - *H NMR
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Current Data Parameters

HAME JRO324-D321850
EXPHO 1
PROCNO 1
F2 - Acquisition Parameters

Date_ 20190723
Time 18.52 h
INSTRUM spect
PROBHD 2122623 0021 (
PULERCG zg30
T 32564
o
SWH 8223.685 Hz
FIDRES 0.505078 Hz
AQ 1.
RG
oW
DE
TE .0
D1 2.00000000 sec
TDO 1
SFO1 400.1324710 MHz
HUC1 1H
PO
P1 .00
PLW1 7.19999381 W
- Processing parameters
32768
400.1300000 MHz
EM
a
0.30 Hz
0
1.00
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Current Data Parameters

NAME JR0324-D321650
EXPNO 4
PROCHO 1
F2 - Acquisition Parameters
Date_ 20190724
Time 2.48 h
INSTRUM spect
PROS 2122623_0021 (
PULPROG zgpg30
TD 16384
DMSO
1098

25252.525 Hz
3.082584 Hz
0.3244032 sec
2050

19.800 usec
18.00 usec
300.0 K

2.00000000 sec
0.03000000 sec

100,6228298 MAz
13C

3.33 usec

10.00 usec
35.00000000 W
400.1316005 MHz

uc2 1H
CPDPRG[2 waltzl16
PCED2 90,00 usec
PLW2 7.50000000 W
PLW12 0.16379000 W
PLW13 0.08238400 W

F2 - Processlng parameters

32768
SF 100.6126193 MHz
EM

LB 1.00 Hz

PC 1.40
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X-ray crystallography tables

Complex 3.135

Table 3.1 Crystal data and structure refinement for Complex 3.135.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 70.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C15H16 Cu N4 O3

363.86

123(2) K

1.54184 A

Orthorhombic

P212:2;

a=9.9702(5) A o= 90°.
b=11.3577(4) A B=190°.
c=13.1156(5) A y =90°.
1485.19(11) A3

4

1.627 Mg/m3

2.271 mm1

748

0.40 x 0.08 x 0.03 mm?

5.151 to 73.200°.

-12<=h<=11, -7<=k<=13, -15<=I<=16
5091

2919 [R(int) = 0.0301]

100.0 %

Semi-empirical from equivalents
1.00000 and 0.22234

Full-matrix least-squares on F2
2919/41/230

1.030

R1 =0.0337, wR2 = 0.0886

R1 =0.0360, wR2 = 0.0908

-0.05(2)

n/a

0.471 and -0.286 e.A-3
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Table 3.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for bur_cu_purple. U(eq) is defined as one third of the trace of the orthogonalized U'l tensor.

X y z U(eq)
Cu(l) 1414(1) 85(1) 3900(1) 15(1)
O(1) 1043(3) 1082(2) 2701(2) 16(1)
0(2) 1353(3) -815(2) 2613(2) 17(1)
o)) 903(3) 187(2) 1176(2) 19(1)
N(1) 1264(4) 1237(2) 4984(2) 18(1)
N(2) 163(4) 2737(3) 4191(3) 21(1)
N(3) 1928(3) -1217(3) 4780(2) 16(1)
N(4) 618(4) -2638(3) 4024(3) 24(1)
C@) 659(4) 2263(3) 5031(3) 15(1)
C(2) 481(3) 2899(3) 6019(3) 15(1)
C@3) -276(4) 3937(3) 6063(3) 20(1)
C(4) -420(4) 4547(4) 6973(3) 23(1)
C(5) 177(4) 4121(4) 7853(3) 24(1)
C(6) 928(4) 3100(3) 7816(3) 24(1)
C(7) 1086(4) 2501(3) 6902(3) 20(1)
C(8) 1517(4) -2306(3) 4715(3) 15(1)
C(9) 2058(4) -3256(3) 5395(3) 18(1)
C(10) 2296(4) -3030(4) 6422(3) 21(1)
C(11) 2817(4) -3913(4) 7029(4) 29(1)
C(12) 3132(4) -4998(4) 6630(4) 31(1)
C(13) 2909(4) -5217(4) 5598(4) 29(1)
C(14) 2360(4) -4345(3) 4991(3) 22(1)
C(15) 1090(3) 154(3) 2117(3) 16(1)
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Table 3.3. Bond lengths [A] and angles [°] for Complex 3.135.

Cu(1)-N(1) 1.938(3)
Cu(1)-N(@3) 1.945(3)
Cu(1)-0(1) 1.973(3)
Cu(1)-0(2) 1.974(2)
Cu(1)-C(15) 2.362(4)
0(1)-C(15) 1.304(4)
0(2)-C(15) 1.305(4)
0(3)-C(15) 1.249(4)
N(1)-C(1) 1.314(5)
N(L)-H(IN) 0.88(5)
N(2)-C(1) 1.322(5)
N(2)-H(2N) 0.874(14)
N(2)-H(3N) 0.884(14)
N(3)-C(8) 1.306(5)
N(3)-H(4N) 0.80(5)
N(4)-C(8) 1.329(5)
N(4)-H(5N) 0.869(14)
N(4)-H(6N) 0.874(14)
C(1)-C(2) 1.494(5)
C(2)-C(7) 1.382(5)
C(2)-C(3) 1.402(5)
C(3)-C(4) 1.388(5)
C(3)-H(3) 0.9500
C(4)-C(5) 1.386(6)
C(4)-H(4) 0.9500
C(5)-C(6) 1.382(6)
C(5)-H(5) 0.9500
C(6)-C(7) 1.387(5)
C(6)-H(6) 0.9500
C(7)-H(7) 0.9500
C(8)-C(9) 1.500(5)
C(9)-C(14) 1.379(5)
C(9)-C(10) 1.391(6)
C(10)-C(11) 1.382(6)
C(10)-H(10) 0.9500
C(11)-C(12) 1.376(7)
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C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-H(14)

N(L)-Cu(1)-N(3)
N(L)-Cu(1)-0(1)
N(3)-Cu(1)-0(1)
N(1)-Cu(1)-0(2)
N(3)-Cu(1)-0(2)
0(1)-Cu(1)-0(2)
N(L)-Cu(1)-C(15)
N(3)-Cu(1)-C(15)
O(1)-Cu(1)-C(15)
0(2)-Cu(1)-C(15)
C(15)-0(1)-Cu(1)
C(15)-0(2)-Cu(1)
C(1)-N(1)-Cu(1)
C(1)-N(1)-H(1N)
Cu(1)-N(1)-H(1N)
C(1)-N(2)-H(2N)
C(1)-N(2)-H(3N)
H(2N)-N(2)-H(3N)
C(8)-N(3)-Cu(1)
C(8)-N(3)-H(4N)
Cu(1)-N(3)-H(4N)
C(8)-N(4)-H(N)
C(8)-N(4)-H(6N)
H(5N)-N(4)-H(6N)
N(1)-C(1)-N(2)
N(1)-C(1)-C(2)
N(2)-C(1)-C(2)
C(7)-C(2)-C(3)
C(7)-C(2)-C(1)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)

0.9500
1.393(7)
0.9500
1.384(6)
0.9500
0.9500

95.64(13)
100.52(11)
163.55(12)
167.01(12)

97.01(12)

67.04(10)
133.90(13)
130.46(13)

33.51(11)

33.53(11)

89.8(2)

89.8(2)
132.0(3)
116(3)
112(3)
119(4)
124(4)
117(5)
126.8(3)
114(3)
118(3)
124(3)
125(4)
109(4)
119.6(4)
121.6(3)
118.8(3)
118.4(4)
121.1(3)
120.4(4)
120.8(4)

55



C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(2)-C(7)-C(6)
C(2)-C(7)-H(7)
C(6)-C(7)-H(7)
N(3)-C(8)-N(4)
N(3)-C(8)-C(9)
N(4)-C(8)-C(9)
C(14)-C(9)-C(10)
C(14)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(9)-C(14)-C(13)
C(9)-C(14)-H(14)
C(13)-C(14)-H(14)
0(3)-C(15)-0(1)
0(3)-C(15)-0(2)
0(1)-C(15)-0(2)

1196
1196
119.9(4)
120.1
120.1
119.7(4)
120.1
120.1
120.3(4)
119.9
119.9
121.0(4)
1195
1195
121.6(3)
122.0(3)
116.4(3)
120.1(4)
119.7(4)
120.3(4)
119.2(4)
120.4
120.4
121.1(4)
1195
1195
119.5(4)
120.2
120.2
119.7(4)
120.2
120.2
120.4(4)
119.8
119.8
123.4(3)
123.2(3)
113.3(3)
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0(3)-C(15)-Cu(1) 179.3(3)
0(1)-C(15)-Cu(1) 56.65(17)
0(2)-C(15)-Cu(1) 56.69(17)

Symmetry transformations used to generate equivalent atoms:
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Table 3.4. Anisotropic displacement parameters (A2x 103)for Complex 3.135. The anisotropic

displacement factor exponent takes the form: -2r?[ h2a*2U + ... + 2 h k a* b* U12]

Ull U22 U33 U23 U13 U12
Cu(1) 20(1) 10(1) 14(1) 0(1) -2(1) 1(1)
o(1) 24(1) 11(1) 15(1) 1(1) -1(1) 1(1)
0(2) 25(1) 10(1) 16(1) -2(1) -1(1) 2(1)
0(3) 27(1) 15(1) 15(1) 0(1) 1(1) -3(1)
N(L) 27(2) 12(1) 13(1) -2(1) -1(2) 3(1)
N(2) 34(2) 14(2) 15(2) -1(1) 0(1) 7(1)
N(3) 22(2) 12(1) 16(2) 3(1) -6(1) 1(1)
N(4) 30(2) 16(2) 26(2) 7(1) -10(2) -6(1)
c(1) 18(2) 10(2) 17(2) 1(1) -1(2) -4(1)
c(2) 17(2) 12(2) 18(2) 0(1) 2(2) -4(1)
c@) 19(2) 18(2) 23(2) 1(2) -3(2) 5(1)
C(4) 19(2) 24(2) 25(2) -8(2) 3(2) 5(2)
C(5) 25(2) 26(2) 21(2) 7(2) 3(2) -5(2)
C(6) 33(2) 24(2) 16(2) 3(2) -3(2) -4(2)
c(7) 28(2) 12(2) 21(2) 0(1) 1(2) 0(1)
Cc(8) 17(2) 12(2) 16(2) 0(1) 0(2) 3(1)
Cc(9) 14(2) 16(2) 22(2) 6(2) -3(2) -3(1)
C(10) 18(2) 18(2) 26(2) 3(1) -3(2) -5(1)
C(11) 23(2) 35(2) 29(2) 12(2) -10(2) -9(2)
C(12) 17(2) 28(2) 47(2) 23(2) 7(2) -4(2)
C(13) 20(2) 15(2) 53(3) 9(2) 4(2) 2(1)
C(14) 22(2) 16(2) 30(2) 4(2) 6(2) 0(1)
C(15) 15(1) 12(2) 20(2) 1(1) 2(1) -2(1)
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Table 3.5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for Complex 3.135.

X y z U(eq)
H(1N) 1650(50) 1000(40) 5560(30) 21
H(4N) 2530(50) -1120(40) 5170(40) 20
H(3) -696 4227 5463 24
H(4) -926 5255 6993 27
H(5) 71 4530 8480 29
H(6) 1338 2806 8418 29
H(7) 1617 1807 6883 24
H(10) 2102 -2278 6702 25
H(11) 2960 -3768 7734 35
H(12) 3499 -5594 7054 37
H(13) 3134 -5960 5314 35
H(14) 2190 -4498 4290 27
H(2N) 310(60) 2390(40) 3610(20) 41(16)
H(3N) -220(60) 3440(30) 4170(40) 49(17)
H(5N) 280(40) -2170(30) 3570(30) 18(12)
H(6N) 160(50) -3290(30) 4040(40) 40(15)
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Table 3.6. Torsion angles [°] for Complex 3.135.

Cu(1)-N(1)-C(1)-N(2)
Cu(1)-N(1)-C(1)-C(2)
N(1)-C(1)-C(2)-C(7)
N(2)-C(1)-C(2)-C(7)
N(1)-C(1)-C(2)-C(3)
N(2)-C(1)-C(2)-C(3)
C(7)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(3)-C(2)-C(7)-C(6)
C(1)-C(2)-C(7)-C(6)
C(5)-C(6)-C(7)-C(2)
Cu(1)-N(3)-C(8)-N(4)
Cu(1)-N(3)-C(8)-C(9)
N(3)-C(8)-C(9)-C(14)
N(4)-C(8)-C(9)-C(14)
N(3)-C(8)-C(9)-C(10)
N(4)-C(8)-C(9)-C(10)
C(14)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(10)-C(9)-C(14)-C(13)
C(8)-C(9)-C(14)-C(13)
C(12)-C(13)-C(14)-C(9)
Cu(1)-0(1)-C(15)-0(3)
Cu(1)-0(1)-C(15)-0(2)
Cu(1)-0(2)-C(15)-0(3)
Cu(1)-0(2)-C(15)-0(1)

-9.3(6)
168.8(3)
7.9(5)

-173.9(3)
-174.0(4)

4.2(5)
-0.3(5)

-178.4(3)

-0.7(6)
0.9(6)
0.0(6)
1.3(6)

179.4(3)
-1.1(6)
-2.7(6)

175.7(3)

-137.6(4)

40.9(5)
40.3(5)

-141.2(4)

-0.9(6)

-178.9(3)

1.5(6)
-0.7(6)
-0.7(6)
-0.5(6)

177.4(3)
1.3(6)

179.1(3)
-1.0(3)

-179.1(3)

1.0(3)

Symmetry transformations used to generate equivalent atoms:
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Table 3.7. Hydrogen bonds for Complex 3.135 [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(3)-H(4N)...0(3)#1 0.80(5) 2.30(5) 3.066(4) 161(4)
N(2)-H(2N)...0(1) 0.874(14) 2.04(3) 2.850(4) 154(5)
N(2)-H(3N)...O(3)#2 0.884(14) 2.146(18) 3.017(4) 168(5)
N(4)-H(GN)...0(2) 0.869(14) 2.26(4) 2.872(4) 128(4)
N(4)-H(6N)...O(3)#3 0.874(14) 2.045(16) 2.911(4) 171(5)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1/2,-y,z+1/2  #2 -x,y+1/2,-z+1/2 #3 -x,y-1/2,-z+1/2

Complex 3.136

Table 3.8. Crystal data and structure refinement for 3.136.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.474°
Absorption correction

Max. and min. transmission

burley purp_check

C24 H34 CuN4 04

506.09

123(2) K

1.54184 A

Monoclinic

P 2i/c

a=10.8059(9) A o=90°.
b=11.1884(7) A B=109.134(10)°.
¢ =10.8233(11) A y=90°.
1236.25(19) A3

2

1.360 Mg/m3

1.546 mm-!

534

0.38 x 0.14 x 0.02 mm?

4.331to 67.473°.

-12<=h<=12, -12<=k<=13, -10<=I<=12
5457

2072 [R(int) = 0.1456]

93.2%

Semi-empirical from equivalents

1.00000 and 0.33808
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Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Extinction coefficient

Full-matrix least-squares on F2
2072 /63 /188

0.971

R1 =0.0895, wR2 = 0.2349
R1=0.1390, wR2 = 0.2743

n/a

0.753 and -0.807 e.A*3

Table 3.9. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

Largest diff. peak and hole

for 3.136. U(eq) is defined as one third of the trace of the orthogonalized U' tensor.

X y z U(eq)
Cu(1) 0 0 10000 64(1)
N(1) 647(6) 298(5) 8557(6) 58(2)
N(2) -429(6) 1987(5) 7519(9) 78(2)
C(2) 1153(7) 1114(5) 6677(6) 58(2)
C(7) 1538(7) 2177(6) 6282(6) 64(2)
C(3) 1434(6) 44(6) 6168(7) 60(2)
0(1) -1658(9) 828(10) 8895(9) 50(2)
0(2) -2129(10) 1871(9) 10434(10) 57(2)
C(8) -2482(17) 1446(17) 9329(19) 49(3)
C4) 2094(8) 53(7) 5273(7) 73(2)
C() 430(6) 1113(5) 7627(8) 62(2)
C(6) 2202(9) 2175(7) 5378(7) 74(3)
C(5) 2466(9) 1104(8) 4868(7) 74(2)
C(©9) -3855(15) 1513(12) 8345(14) 59(3)
C(10) -3800(15) 2190(14) 7126(13) 71(3)
C(11) -4373(15) 231(13) 7994(18) 75(3)
C(12) -4679(14) 2181(15) 9036(16) 73(3)
C(12A) -4261(14) 2445(12) 8065(16) 73(3)
C(10A) -4138(16) 491(14) 7031(13) 71(3)
C(11A) -4650(14) 416(15) 8963(16) 75(3)
C(8A) -2381(15) 1055(15) 9082(18) 49(3)
C(9A) -3826(14) 1160(11) 8334(14) 59(3)
O(1A) -1844(8) 46(9) 8967(8) 50(2)
O(2A) -1783(10) 1894(9) 9733(9) 57(2)
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Table 3.10. Bond lengths [A] and angles [°] for 3.136

Cu(1)-N(1)#1
Cu(1)-N(1)
Cu(1)-0(1A)
Cu(1)-O(1A)#1
Cu(1)-O(1)#1
Cu(1)-0(1)
N(1)-C(1)
N(L)-H(IN)
N(2)-C(1)
N(2)-H(2N)
N(2)-H(3N)
C(2)-C(7)
C(2)-C(3)
C(2)-C(1)
C(7)-C(6)
C(7)-H(7)
C(3)-C(4)
C(3)-H(3)
0(1)-C(8)
0(2)-C(8)
C(8)-C(9)
C(4)-C(5)
C(4)-H(4)
C(6)-C(5)
C(6)-H(6)
C(5)-H(5)
C(9)-C(12)
C(9)-C(10)
C(9)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)

1.937(7)
1.937(7)
1.940(8)
1.940(8)
2.023(9)
2.023(9)
1.321(9)
0.878(10)
1.327(8)
0.877(10)
0.876(10)
1.374(10)
1.393(9)
1.481(12)
1.390(12)
0.9500
1.378(12)
0.9500
1.329(18)
1.226(19)
1.519(9)
1.361(11)
0.9500
1.388(11)
0.9500
0.9500
1.532(10)
1.538(10)
1.541(10)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
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C(12)-H(12B)
C(12)-H(12C)
C(12A)-C(9A)
C(12A)-H(12D)
C(12A)-H(12E)
C(12A)-H(12F)
C(10A)-C(9A)
C(10A)-H(10D)
C(10A)-H(10E)
C(10A)-H(10F)
C(11A)-C(9A)
C(11A)-H(11D)
C(11A)-H(11E)
C(11A)-H(11F)
C(8A)-0(2A)
C(8A)-O(1A)
C(8A)-C(9A)

N(L)#1-Cu(1)-N(1)
N(L)#1-Cu(1)-O(1A)
N(L)-Cu(1)-O(1A)
N(L)#1-Cu(1)-O(1A)#1
N(L)-Cu(1)-O(1A)#1
O(1A)-Cu(1)-O(1A)#1
N(L)#1-Cu(1)-O(1)#1
N(L)-Cu(1)-O(1)#1
N(L)#1-Cu(1)-O(1)
N(L)-Cu(1)-0(1)
O(L)#1-Cu(1)-0(1)
C(1)-N(1)-Cu(1)
C(1)-N(1)-H(1IN)
Cu(1)-N(1)-H(1N)
C(1)-N(2)-H(2N)
C(1)-N(2)-H(3N)
H(2N)-N(2)-H(3N)
C(7)-C(2)-C(3)
C(7)-C(2)-C(1)
C(3)-C(2)-C(1)

0.9800
0.9800
1.511(9)
0.9800
0.9800
0.9800
1.533(9)
0.9800
0.9800
0.9800
1.532(10)
0.9800
0.9800
0.9800
1.224(18)
1.294(16)
1.510(9)

180.0
84.0(3)
96.0(3)
96.0(3)
84.0(3)

180.0
85.9(3)
94.1(3)
94.1(3)
85.9(3)

180.0

135.4(5)

115(5)

109(5)

129(5)

128(6)

100(2)

119.6(8)

120.0(6)

120.5(6)
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C(2)-C(7)-C(6)
C(2)-C(7)-H(7)
C(6)-C(7)-H(7)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(8)-0(1)-Cu(1)
0(2)-C(8)-0(1)
0(2)-C(8)-C(9)
0(2)-C(8)-C(9)
C(5)-C(4)-C(3)
C(5)-C(4)-H4)
C(3)-C(4)-H(4)
N(1)-C(1)-N(2)
N(1)-C(1)-C(2)
N(2)-C(1)-C(2)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(8)-C(9)-C(12)
C(8)-C(9)-C(10)
C(12)-C(9)-C(10)
C(8)-C(9)-C(11)
C(12)-C(9)-C(11)
C(10)-C(9)-C(11)
C(9)-C(10)-H(10A)
C(9)-C(10)-H(10B)
H(L0A)-C(10)-H(10B)
C(9)-C(10)-H(10C)
H(L0A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(9)-C(11)-H(11A)
C(9)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(9)-C(11)-H(11C)

119.8(7)
120.1
120.1
120.1(8)
119.9
119.9
126.5(9)
121.1(13)
125.8(14)
113.1(13)
120.6(8)
119.7
119.7
121.4(9)
121.8(6)
116.8(7)
120.1(8)
119.9
119.9
119.8(9)
120.1
120.1
105.8(12)
108.8(13)
111.7(14)
108.6(13)
110.6(14)
111.1(14)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(11A)-C(11)-H(11C) 109.5

H(11B)-C(11)-H(11C) 109.5
C(9)-C(12)-H(12A) 1095
C(9)-C(12)-H(12B) 1095
H(12A)-C(12)-H(12B) 109.5
C(9)-C(12)-H(12C) 109.5
H(12A)-C(12)-H(12C) 109.5
H(12B)-C(12)-H(12C) 109.5
C(9A)-C(12A)-H(12D) 1095
C(9A)-C(12A)-H(12E) 1095
H(12D)-C(12A)-H(12E) 1095
C(9A)-C(12A)-H(12F) 1095
H(12D)-C(12A)-H(12F) 1095
H(12E)-C(12A)-H(12F) 1095
C(9A)-C(10A)-H(10D) 109.5
C(9A)-C(10A)-H(10E) 109.5
H(10D)-C(10A)-H(10E) 109.5
C(9A)-C(10A)-H(10F) 109.5
H(10D)-C(10A)-H(10F) 109.5
H(10E)-C(10A)-H(10F) 109.5
C(9A)-C(11A)-H(11D) 109.5
C(9A)-C(11A)-H(L1E) 1095
H(11D)-C(11A)-H(11E) 1095
C(9A)-C(11A)-H(L1F) 1095
H(11D)-C(11A)-H(11F) 1095
H(11E)-C(11A)-H(11F) 1095
0(2A)-C(8A)-O(1A) 123.7(13)
0(2A)-C(8A)-C(9A) 120.5(12)
O(1A)-C(8A)-C(9A) 115.8(12)
C(8A)-C(9A)-C(12A) 112.3(11)
C(8A)-C(9A)-C(11A) 111.6(13)
C(12A)-C(9A)-C(11A) 114.4(14)
C(8A)-C(9A)-C(10A) 109.4(12)
C(12A)-C(9A)-C(10A) 109.1(12)
C(11A)-C(9A)-C(10A) 99.2(13)
C(8A)-O(1A)-Cu(1) 112.1(9)

Symmetry transformations used to generate equivalent atoms:
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#1 -X,-y,-z+2

Table 3.11. Anisotropic displacement parameters (A2x 103)for 3.136. The anisotropic

displacement factor exponent takes the form: -2r?[ h2a*2U + ... + 2 h k a* b* U12]

Ull U22 U33 U23 U13 U12
Cul)  44(1) 68(1) 58(1) -28(1) -13(1) 17(1)
N(1) 50(3) 36(3) 70(3) -4(2) -3(3) 16(2)
N(2) 56(4) 27(3) 133(6) 2(3) 3(4) 13(2)
c(2) 54(4) 26(3) 62(4) -6(3) -27(3) 703)
c(7) 67(4) 39(4) 54(4) -1(3) -24(4) 10(3)
c(@3) 47(3) 42(4) 64(4) -9(3) -20(3) 9(3)
0(1) 37(3) 54(5) 49(3) 5(4) 0(2) 11(4)
0(2) 52(5) 41(3) 60(5) -15(4) -6(3) A(3)
C(8) 40(4) 34(9) 61(6) 6(4) 2(4) 18(5)
C(4) 71(5) 53(5) 63(4) -12(4) -20(4) 13(4)
c(1) 43(3) 27(3) 88(5) -15(3) -16(3) 5(2)
C(6) 90(6) 47(5) 56(4) 13(3) -17(4) 7(4)
C(5) 78(5) 71(6) 52(4) 9(3) -9(4) 11(4)
Cc(9) 42(3) 47(7) 70(4) 9(4) -5(3) 10(4)
C(10) 61(6) 69(6) 60(5) -4(4) -11(4) 14(5)
c(11) 50(6) 80(6) 82(7) -7(5) 4(5) -6(5)
C(12) 53(5) 66(7) 82(7) -3(5) -2(5) 5(5)
C(12A)  53(5) 66(7) 82(7) -3(5) -2(5) 5(5)
C(10A)  61(6) 69(6) 60(5) -4(4) -11(4) 14(5)
C(11A)  50(6) 80(6) 82(7) -7(5) 4(5) -6(5)
C(8A)  40(4) 34(9) 61(6) 6(4) 2(4) 18(5)
C(OA)  42(3) 47(7) 70(4) 9(4) -5(3) 10(4)
O(1A)  37(3) 54(5) 49(3) 5(4) 0(2) 11(4)
0(A)  52(5) 41(3) 60(5) -15(4) -6(3) 4(3)
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Table 3.12. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for 3.136.

X y z U(eq)
H(1N) 1270(50) -210(50) 8600(80) 69
H(2N) -910(70) 2370(70) 6820(40) 94
H(3N) -850(70) 2180(80) 8060(60) 94
H(7) 1352 2911 6626 77
H(3) 1171 -694 6438 72
H(4) 2290 -681 4935 87
H(6) 2475 2909 5108 89
H(5) 2906 1104 4238 89
H(10A) -3236 1756 6732 107
H(10B) -3445 2993 7380 107
H(10C) -4685 2253 6492 107
H(11A) -3764 -218 7669 113
H(11B) -5235 259 7316 113
H(11C) -4447 -164 8775 113
H(12A) -5596 2198 8468 109
H(12B) -4353 3001 9227 109
H(12C) -4615 1771 9855 109
H(12D) -4126 2863 8895 109
H(12E) -5192 2470 7540 109
H(12F) -3746 2837 7585 109
H(10D) -3762 925 6453 107
H(10E) -5090 434 6617 107
H(10F) -3762 -314 7191 107
H(11D) -4361 -419 9030 113
H(11E) -5575 464 8424 113
H(11F) -4541 728 9839 113
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Table 3.13. Torsion angles [°] for 3.136.

C(3)-C(2)-C(7)-C(6) 0.1(8)
C(1)-C(2)-C(7)-C(6) -179.2(5)
C(7)-C(2)-C(3)-C(4) -0.1(8)
C(1)-C(2)-C(3)-C(4) 179.3(5)
Cu(1)-0(1)-C(8)-0(2) 22(3)
Cu(1)-0(1)-C(8)-C(9) -156.2(11)
C(2)-C(3)-C(4)-C(5) -0.6(9)
Cu(1)-N(1)-C(1)-N(2) -1.3(10)
Cu(1)-N(1)-C(1)-C(2) 177.2(4)
C(7)-C(2)-C(1)-N(1) -141.4(6)
C(3)-C(2)-C(1)-N(1) 39.3(8)
C(7)-C(2)-C(1)-N(2) 37.2(8)
C(3)-C(2)-C(1)-N(2) -142.1(6)
C(2)-C(7)-C(6)-C(5) 0.5(9)
C(3)-C(4)-C(5)-C(6) 1.2(10)
C(7)-C(6)-C(5)-C(4) -1.1(10)
0(2)-C(8)-C(9)-C(12) -1(3)
0(1)-C(8)-C(9)-C(12) 176.6(16)
0(2)-C(8)-C(9)-C(10) 119(2)
0(1)-C(8)-C(9)-C(10) -63(2)
0(2)-C(8)-C(9)-C(11) -120(2)
0(1)-C(8)-C(9)-C(11) 58(2)
O(2A)-C(8A)-C(9A)-C(12A) 22(3)
O(LA)-C(8A)-C(9A)-C(12A) -157.1(16)
O(2A)-C(8A)-C(9A)-C(11A) -108(2)
O(LA)-C(8A)-C(9A)-C(L1A) 73(2)
O(2A)-C(8A)-C(9A)-C(10A) 143.2(19)
O(LA)-C(8A)-C(9A)-C(10A) -36(2)
0(2A)-C(8A)-O(1A)-Cu(1) 2(3)
C(9A)-C(8A)-O(1A)-Cu(l) -178.7(12)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y,-z+2
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(2)-N'-(4-(trifluoromethyl)phenyl)benzimidamide (3.146)
Table 3.14. Crystal data and structure refinement for 3.146.

Identification code bur_aug19

Empirical formula Cl14 H11 F3 N2

Formula weight 264.25

Temperature 123(2) K

Wavelength 1.54184 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a="5.4166(7) A o= 76.595(11)°.
b =8.4710(11) A B=84.634(11)°.
¢ =13.9435(19) A y = 86.123(11)°.

Volume 618.93(14) A3

Z 2

Density (calculated) 1.418 Mg/m3

Absorption coefficient 1.004 mm-1

F(000) 272

Crystal size 0.40 x 0.20 x 0.10 mm?

Theta range for data collection 5.623 to 69.996°.

Index ranges -6<=h<=4, -10<=k<=10, -16<=I<=16

Reflections collected 3917

Independent reflections 2344 [R(int) = 0.0344]

Completeness to theta = 69.996° 99.4 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.30576

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2344/01/180

Goodness-of-fit on F2 1.044

Final R indices [1>2sigma(l)] R1 =0.0601, wR2 = 0.1651

R indices (all data) R1 =0.0750, wR2 = 0.1850

Extinction coefficient n/a

Largest diff. peak and hole 0.381 and -0.318 e. A3
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Table 3.15. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for 3.146. U(eq) is defined as one third of the trace of the orthogonalized U' tensor.

X y z U(eq)
F(1) 6528(5) 960(2) 557(1) 82(1)
F(2) 7395(5) 3427(3) 308(2) 88(1)
F(3) 3805(5) 2860(4) 120(2) 100(1)
N(1) 3415(3) 2582(2) 4737(2) 35(1)
N(2) -897(4) 2437(3) 4734(2) 45(1)
C@1) 5600(6) 2390(4) 697(2) 52(1)
C(2) 4898(5) 2386(3) 1754(2) 40(2)
C(3) 3361(5) 3641(3) 1995(2) 42(1)
C(4) 2818(4) 3707(3) 2974(2) 39(1)
C(5) 3774(4) 2516(3) 3730(2) 34(1)
C(6) 5291(4) 1251(3) 3478(2) 36(1)
C(7) 5858(4) 1193(3) 2498(2) 39(1)
C(8) 1184(4) 2575(3) 5161(2) 35(1)
C(9) 865(4) 2607(3) 6228(2) 35(1)
C(10) -1061(4) 1825(3) 6850(2) 39(1)
C(11) -1262(5) 1781(3) 7854(2) 42(1)
C(12) 468(5) 2525(3) 8248(2) 43(1)
C(13) 2373(5) 3329(3) 7633(2) 42(1)
C(14) 2596(4) 3369(3) 6627(2) 38(1)
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Table 3.16. Bond lengths [A] and angles [°] for 3.146.

F(1)-C(1)
F(2)-C(1)
F(3)-C(1)
N(1)-C(8)
N(1)-C(5)
N(2)-C(8)
N(2)-H(IN)
N(2)-H(2N)
C(1)-C(2)
C(2)-C(7)
C(2)-C(3)
C(3)-C(4)
C(3)-H@3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(6)-C(7)
C(6)-H(6)
C(7)-H(7)
C(8)-C(9)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-H(14)

C(8)-N(1)-C(5)
C(8)-N(2)-H(IN)
C(8)-N(2)-H(2N)
H(IN)-N(2)-H(2N)

1.330(3)
1.344(4)
1.302(4)
1.294(3)
1.413(3)
1.347(3)
0.86(3)
0.88(3)
1.488(4)
1.382(4)
1.389(4)
1.383(4)
0.9500
1.391(3)
0.9500
1.396(3)
1.384(3)
0.9500
0.9500
1.489(3)
1.392(3)
1.397(3)
1.386(4)
0.9500
1.383(4)
0.9500
1.386(4)
0.9500
1.389(4)
0.9500
0.9500

119.31(19)
121.6(19)
118(2)
118(3)
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F(3)-C(1)-F(1)
F(3)-C(1)-F(2)
F(1)-C(1)-F(2)
F(3)-C(1)-C(2)
F(1)-C(1)-C(2)
F(2)-C(1)-C(2)
C(7)-C(2)-C(3)
C(7)-C(2)-C(1)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-N(1)
C(6)-C(5)-N(1)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(2)-C(7)-C(6)
C(2)-C(7)-H(7)
C(6)-C(7)-H(7)
N(1)-C(8)-N(2)
N(1)-C(8)-C(9)
N(2)-C(8)-C(9)
C(10)-C(9)-C(14)
C(10)-C(9)-C(8)
C(14)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)

108.0(3)
104.2(3)
104.6(3)
114.2(3)
113.3(2)
111.7(2)
119.8(2)
120.7(2)
119.5(2)
120.1(2)
120.0
120.0
120.8(2)
1196
1196
118.5(2)
123.1(2)
118.3(2)
120.8(2)
1196
1196
120.1(2)
120.0
120.0
125.5(2)
118.2(2)
116.2(2)
119.1(2)
121.3(2)
119.6(2)
120.9(2)
1196
1196
119.8(2)
120.1
120.1
119.8(2)
120.1
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C(13)-C(12)-H(12) 120.1

C(12)-C(13)-C(14) 120.7(2)
C(12)-C(13)-H(13) 1196
C(14)-C(13)-H(13) 1196
C(13)-C(14)-C(9) 119.6(2)
C(13)-C(14)-H(14) 120.2
C(9)-C(14)-H(14) 120.2

Symmetry transformations used to generate equivalent atoms:
Table 3.16. Anisotropic displacement parameters (A2x 103)for bur_aug19. The anisotropic

displacement factor exponent takes the form: -2r?[ h2a*2U + ... + 2 h k a* b* U12]

Ull U22 U33 U23 U13 U12
F(1) 148(2) 49(1) 49(1) -20(1) 5(1) 20(1)
F(2) 124(2) 81(2) 58(1) -21(1) 32(1) -30(1)
F(3) 105(2) 152(3) 52(1) -43(1) -29(1) 42(2)
N(1) 39(1) 30(1) 38(1) -10(1) -4(1) -2(1)
N(2) 36(1) 61(1) 40(1) -16(1) -2(1) -6(1)
c(1) 71(2) 41(1) 44(2) -12(1) -6(1) 8(1)
c(2) 47(1) 33(1) 42(1) -13(1) -4(1) -3(1)
c(3) 54(1) 31(1) 38(1) -4(1) -6(1) 2(1)
c(4) 44(1) 29(1) 44(1) -11(1) -2(1) 3(1)
C(5) 35(1) 30(1) 40(1) -11(1) -5(1) -6(1)
Cc(6) 40(1) 28(1) 41(1) 7(1) -6(1) -3(1)
c(7) 44(1) 31(1) 45(1) -13(1) -3(1) 0(1)
C(8) 38(1) 25(1) 42(1) -8(1) -5(1) -1(1)
C(9) 36(1) 27(1) 42(1) -11(1) -4(1) 4(1)
C(10) 41(1) 33(1) 44(1) -11(1) -6(1) -1(1)
C(11) 42(1) 36(1) 46(1) 7(1) 2(1) -1(1)
C(12) 50(1) 42(1) 39(1) -14(1) -5(1) 9(1)
C(13) 44(1) 39(1) 46(1) -17(1) -10(1) 4(1)
C(14) 38(1) 33(1) 43(1) -11(1) -3(1) 0(1)
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Table 3.17. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)
for 3.146.

X y z U(eq)
H(3) 2681 4455 1485 50
H(4) 1781 4576 3132 47
H(6) 5941 419 3986 43
H(7) 6909 332 2336 47
H(10) -2254 1313 6582 46
H(11) -2584 1241 8270 50
H(12) 351 2485 8937 52
H(13) 3539 3858 7903 50
H(14) 3919 3912 6213 45
H(1N) -2340(50) 2490(30) 5040(20) 38(7)
H(2N) -800(50) 2530(40) 4090(30) 47(8)
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Table 3.18. Torsion angles [°] for 3.146.

F(3)-C(1)-C(2)-C(7)
F(1)-C(1)-C(2)-C(7)
F(2)-C(1)-C(2)-C(7)
F(3)-C(1)-C(2)-C(3)
F(1)-C(1)-C(2)-C(3)
F(2)-C(1)-C(2)-C(3)
C(7)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-N(1)
C(8)-N(1)-C(5)-C(4)
C(8)-N(1)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
N(1)-C(5)-C(6)-C(7)
C(3)-C(2)-C(7)-C(6)
C(1)-C(2)-C(7)-C(6)
C(5)-C(6)-C(7)-C(2)
C(5)-N(1)-C(8)-N(2)
C(5)-N(1)-C(8)-C(9)
N(1)-C(8)-C(9)-C(10)
N(2)-C(8)-C(9)-C(10)
N(1)-C(8)-C(9)-C(14)
N(2)-C(8)-C(9)-C(14)

C(14)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(9)
C(10)-C(9)-C(14)-C(13)
C(8)-C(9)-C(14)-C(13)

143.4(3)
19.2(4)
-98.6(3)
-39.9(4)

-164.0(3)
78.1(3)

0.8(4)

-176.0(2)
-0.8(4)
-0.1(3)
175.6(2)
61.6(3)

-122.7(2)

0.8(3)

-175.11(19)

-0.1(4)
176.7(2)
-0.7(3)
3.1(3)
178.60(19)
-147.3(2)
28.6(3)
29.6(3)
-154.5(2)
-0.6(4)
176.3(2)
0.1(4)
0.9(4)
-1.3(4)
0.7(4)
0.2(3)
-176.7(2)

Symmetry transformations used to generate equivalent atoms:



Table 3.19. Hydrogen bonds for 3.146 [A and °]

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)

N(2)-H(IN)...N(L)#1 0.86(3) 2.37(3) 3.074(3) 140(2)

Symmetry transformations used to generate equivalent atoms:
#1x-1y,z
(2)-N'-(3-fluoro-4-methoxyphenyl)benzimidamide (3.148)

Table 3.20. Crystal data and structure refinement for 3.148.

Identification code burley_jr0244_nmr

Empirical formula Cl14H13FN20O

Formula weight 244.26

Temperature 123(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group P 2:/c

Unit cell dimensions a=13.3307(4) A a=90°.
b=10.3332(3) A =99.032(3)°.
c=8.6427(3) A y = 90°.

Volume 1175.76(6) A3

Z 4

Density (calculated) 1.380 Mg/m3

Absorption coefficient 0.822 mm-!

F(000) 512

Crystal size 0.4 x0.25x 0.2 mm3

Theta range for data collection 3.357 to 73.080°.

Index ranges -14<=h<=16, -8<=k<=12, -9<=I<=10

Reflections collected 6721

Independent reflections 2315 [R(int) = 0.0289]

Completeness to theta = 70.000° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.07105

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2315/0/172

Goodness-of-fit on F2 1.073

Final R indices [I1>2sigma(l)] R1 = 0.0446, wR2 = 0.1235

R indices (all data) R1=0.0511, wR2 = 0.1292
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Extinction coefficient n/a
Largest diff. peak and hole 0.251 and -0.236 e. A3

Table 3.21. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)

for 3.148. U(eq) is defined as one third of the trace of the orthogonalized U' tensor.

X y z U(eq)
F(1) 13896(1) -508(1) 8081(1) 44(1)
O(1) 14579(1) 1120(1) 6134(1) 34(1)
N(1) 10196(1) -614(1) 6934(2) 31(1)
N(2) 10616(1) 1588(1) 7469(1) 25(1)
C@) 10009(1) 600(1) 7415(2) 24(1)
C(2) 8977(1) 818(1) 7820(2) 25(1)
C@®3) 8137(1) 193(1) 6976(2) 29(1)
C(4) 7168(1) 458(2) 7283(2) 31(1)
C(5) 7024(1) 1349(2) 8425(2) 33(1)
C(6) 7860(1) 1959(1) 9289(2) 32(1)
C(7) 8830(1) 1695(1) 8996(2) 27(2)
C(8) 11607(1) 1429(1) 7101(2) 25(1)
C(9) 12287(1) 469(1) 7778(2) 29(1)
C(10) 13250(1) 420(1) 7417(2) 30(1)
C(11) 13607(1) 1292(1) 6401(2) 27(1)
C(12) 12941(1) 2251(1) 5756(2) 28(1)
C(13) 11957(1) 2317(1) 6105(2) 27(1)
C(14) 14925(1) 1977(2) 5029(2) 36(1)
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Table 3.22. Bond lengths [A] and angles [°] for 3.148.

F(1)-C(10) 1.3544(17)
0(1)-C(11) 1.3631(18)
0(1)-C(14) 1.4306(19)
N(1)-C(1) 1.3566(18)
N(1)-H(1N) 0.889(19)
N(1)-H(2N) 0.86(2)
N(2)-C(1) 1.2995(19)
N(2)-C(8) 1.4165(18)
C(1)-C(2) 1.4882(19)
C(2)-C(3) 1.395(2)
C(2)-C(7) 1.398(2)
C(3)-C(4) 1.386(2)
CR)-H(B) 0.9500
C(4)-C(5) 1.385(2)
C(4)-H(4) 0.9500
C(5)-C(6) 1.392(2)
C(5)-H(5) 0.9500
C(6)-C(7) 1.384(2)
C(6)-H(6) 0.9500
C(7)-H(7) 0.9500
C(8)-C(13) 1.389(2)
C(8)-C(9) 1.407(2)
C(9)-C(10) 1.369(2)
C(9)-H(9) 0.9500
C(10)-C(11) 1.393(2)
C(11)-C(12) 1.388(2)
C(12)-C(13) 1.3928(19)
C(12)-H(12) 0.9500
C(13)-H(13) 0.9500
C(14)-H(14A) 0.9800
C(14)-H(14B) 0.9800
C(14)-H(14C) 0.9800
C(11)-0(1)-C(14) 116.49(12)
C(1)-N(1)-H(1N) 120.0(12)
C(1)-N(1)-H(2N) 122.0(14)
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H(IN)-N(1)-H(2N)
C(1)-N(2)-C(8)
N(2)-C(1)-N(2)
N(2)-C(1)-C(2)
N(1)-C(1)-C(2)
C(3)-C(2)-C(7)
C(3)-C(2)-C(1)
C(7)-C(2)-C(1)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(6)-C(7)-C(2)
C(6)-C(7)-H(7)
C(2)-C(7)-H(7)
C(13)-C(8)-C(9)
C(13)-C(8)-N(2)
C(9)-C(8)-N(2)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
F(1)-C(10)-C(9)
F(1)-C(10)-C(11)
C(9)-C(10)-C(11)
0(1)-C(11)-C(12)
0(1)-C(11)-C(10)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)

116.3(17)
119.88(12)
126.44(14)
117.73(12)
115.71(13)
119.14(13)
120.17(13)
120.63(13)
120.33(14)
119.8
119.8
120.32(14)
119.8
119.8
119.67(14)
120.2
120.2
120.32(14)
119.8
119.8
120.20(14)
119.9
119.9
117.83(13)
118.57(13)
123.45(13)
119.80(14)
120.1
120.1
119.14(14)
117.81(14)
123.05(14)
126.18(14)
116.77(13)
117.05(14)
120.84(14)
1196
1196
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C(8)-C(13)-C(12) 121.41(13)

C(8)-C(13)-H(13) 119.3
C(12)-C(13)-H(13) 119.3
0(1)-C(14)-H(14A) 1095
O(1)-C(14)-H(14B) 1095
H(14A)-C(14)-H(14B) 109.5
0(1)-C(14)-H(14C) 109.5
H(14A)-C(14)-H(14C) 109.5
H(14B)-C(14)-H(14C) 109.5

Symmetry transformations used to generate equivalent atoms:
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Table 3.23. Anisotropic displacement parameters (A2x 103) for 3.148. The anisotropic

displacement factor exponent takes the form: -2r?[ h2a*2U + ... + 2 h k a* b* U12]

Ull U22 U33 U23 U13 U12
F(1) 34(1) 43(1) 57(1) 21(1) 12(1) 14(1)
0(1) 26(1) 35(1) 42(1) 7(1) 9(1) 1(1)
N(1) 30(1) 21(1) 46(1) -4(1) 13(1) -2(1)
N(2) 25(1) 21(1) 30(1) -1(1) 5(1) -1(1)
c(1) 28(1) 20(1) 25(1) 1(1) 4(1) 0(1)
C(2) 29(1) 19(1) 29(1) 4(1) 6(1) 0(1)
c@) 30(1) 24(1) 32(1) -1(1) 5(1) -1(1)
C(4) 27(1) 27(1) 38(1) 1(1) 4(1) -3(1)
C(5) 29(1) 30(1) 42(1) 4(1) 12(1) 3(1)
C(6) 38(1) 24(1) 35(1) -2(1) 13(1) 0(1)
c(7) 31(1) 21(1) 29(1) 1(1) 7(1) -3(1)
Cc(8) 25(1) 22(1) 27(1) -3(1) 4(1) -1(1)
C(9) 31(1) 24(1) 32(1) 4(1) 7(1) 0(1)
C(10) 30(1) 25(1) 34(1) 3(1) 3(1) 4(1)
C(11) 24(1) 26(1) 30(1) -3(1) 4(1) -2(1)
C(12) 30(1) 24(1) 32(1) 2(1) 5(1) -4(1)
C(13) 26(1) 21(1) 33(1) 0(1) 2(1) 0(1)
C(14) 29(1) 36(1) 46(1) 5(1) 12(1) -4(1)
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Table 3.24. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for 3.148.

X y z U(eq)
H(3) 8229 -416 6188 34
H(4) 6600 26 6707 37
H(5) 6358 1543 8617 39
H(6) 7764 2561 10085 38
H(7) 9398 2109 9596 32
H(9) 12078 -144 8483 34
H(12) 13159 2871 5067 34
H(13) 11516 2985 5651 32
H(14A) 14476 1907 4020 55
H(14B) 15619 1743 4898 55
H(14C) 14915 2868 5414 55
H(1N) 10786(15) -794(18) 6620(20) 33(5)
H(2N) 9836(15) -1260(20) 7130(20) 43(5)
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Table 3.25. Torsion angles [°] for 3.148.

C(8)-N(2)-C(1)-N(1)
C(8)-N(2)-C(1)-C(2)
N(2)-C(1)-C(2)-C(3)
N(1)-C(1)-C(2)-C(3)
N(2)-C(1)-C(2)-C(7)
N(1)-C(1)-C(2)-C(7)
C(7)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(2)
C(3)-C(2)-C(7)-C(6)
C(1)-C(2)-C(7)-C(6)
C(1)-N(2)-C(8)-C(13)
C(1)-N(2)-C(8)-C(9)
C(13)-C(8)-C(9)-C(10)
N(2)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-F(1)
C(8)-C(9)-C(10)-C(11)
C(14)-0(1)-C(11)-C(12)
C(14)-O(1)-C(11)-C(10)
F(1)-C(10)-C(11)-O(1)
C(9)-C(10)-C(11)-O(1)
F(1)-C(10)-C(11)-C(12)
C(9)-C(10)-C(11)-C(12)
0(1)-C(11)-C(12)-C(13)
C(10)-C(11)-C(12)-C(13)
C(9)-C(8)-C(13)-C(12)
N(2)-C(8)-C(13)-C(12)
C(11)-C(12)-C(13)-C(8)

-4.5(2)
179.70(12)
140.81(15)
-35.5(2)
-36.2(2)
147.53(14)
1.2(2)

-175.84(13)

0.3(2)
-1.4(2)
1.02)
0.5(2)
-1.6(2)

175.45(13)

133.80(15)

-50.8(2)
-1.4(2)

-176.77(13)

179.83(14)
0.4(2)
-3.0(2)

176.96(14)
1.3(2)

-179.28(14)
-178.76(13)

0.7(2)
179.17(14)
-0.8(2)
1.3(2)
176.90(13)
-0.2(2)

Symmetry transformations used to generate equivalent atoms:
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Table 3.26. Hydrogen bonds for 3.148 [A and °].

D-H..A d(D-H) d(H...A)

d(D...A)

<(DHA)

N(L)-H(@2N)...N(2)#1 0.86(2) 2.34(2)

3.1579(18)

159.6(18)

Symmetry transformations used to generate equivalent atoms:

#1 -x+2,y-1/2,-2+3/2

85



Chapter 4: NMR spectra, HPLC traces, HR mass spectra, Flow
cytometry histograms and microscope images.
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NMR Spectra
Methyl 4-(N-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)carbamimidoyl)benzoate
(4.85) — *H NMR
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(oo © ~ o(m|®) (o )
Q2= < ] 22 |12 «Q
ol o ™~ Ny L) ['+]
13
C NMR
NHo o Me
W
- &5
N BRUKER
o 2
Me~ We o Ve
C e
Current Data Parameters
NAME JRO423-E48413
EXPNO 2
o oo PROCNO 1
Qe R 5 Aa 2
S aa - - : FE F2 - Acquisition Parameters
5 i3 5 q 02 & any = 20200924
1.48 b
spect
2113652_0211 |
2gpqg30
23806
0.69999999 sec
0.03000000 sec
1
125.7703637 MHz
13c
3.33 usec
10,00 usec
76.00000000 W
500,1320005 MHz
1R
waltzlé
80.00 usec
PLW2 21.00000000
PLW1Z 0,31513000 W
PLW13 0.15651000 W
F2 - Processing parameters
a1 3276
\ “ l I i F 125,7577985 MHz
I Wou EM
" 35B o
LB 1,00 He
GB 0
T T T T T T T T T T T e 1.40
200 180 160 140 120 100 80 60 40 20 ppm
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4-(N-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)carbamimidoyl)benzoic acid

(4.86) — 'H NMR

MHG o Me
b
W Me
N
e M o Me
(s Ma

=1
o O T oY oy
o [~ OO
. [N
)
— W @ W = -

N

—3.002
2.464
.041
—1.432

T T
13 12 11 10 9 8 7 6

4 :Ii 2I 1 pPpm
g 8 58 EEE
o =] Slaile ol leslleil |&
13C NMR
NHQ o Me
L
NS Mg
HO H.-"E o Me
. Ma
L NV
L LU I / l
T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm
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Current Data Paramsters

NAME JR0424-P1-E46536
EXPNO 1
PROCHO 1
F2 - Acquisition Parameters
Date_ 20200929
T 17.08 h
spect
2113652_0211 (
zg30
39578
DMS0
16

2
10000.000 Hz
0.505331 Hz
1.9769000 sec

50.000 usec
6,50 usec

Current Data Paramsters

NAME JRO424-P1-E48536
EXPNO 2
PROCHNO 1

\cquisitlen Parameters

20200929
18.45 h

INSTRUM sct

PROBED  2113652_0211 |

PULPROG zgpg30

TD BOG

SOLVENT MSO

NS 2048

DS 1

SWH 29761.%04 Hz

FIDRES

RO

RG

DW

DE =

TE 300.0 K

D1 0.69999999 sec

D11 0.03000000 sec

TDO

5FO1 MHz

HUC1

20 3.33 usec

Pl usec

PLW1 76.00000000 W

SF02 500.1320005 MHz

nuc2 18

CPDPRG[2 waltzl6

POPD2 80.00 usec

PLW2 21.00000000 W

PLW12 0.31513000 W

PLW13 0.15851000 W

F2 - Processing parameters

51 32768

SF 125,7577885 MHz

WDW EM

S8B 0

LB 1.00 Hz

GB [¢]

PO 1.40



(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-(N-((2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-yl)sulfonyl)carbamimidoyl)benzamido)propanoic acid (4.87) — *H NMR

Current Data Parameters
NAME JR0422-P 812
AT =) MENTONCONOON ALY RO NTNRANON AN AT MO0 o EXENG 1
o~ MmN OO0 NN ™M 400N HONOONN W TWOHSPTMHWLM OO ™M W PROCNO 1
FRoCOOULITANNNAA A A AT TN AAAAD OO0 W00 -, m
S S e T Tl T T e F2 - Acquisition Parameters
Date_ 20201009
w% Iﬁ%&l&w—ﬁ%//"/ Time 16.54 h
THSTRUM spect
PROBED  %113652_0211 (
PULPROG 2930
TD 39578
SOLVENT Me0D
NS 16
DS 2
SWH 10000.000 Hz
FIDRES 5 Hz
20 s sec
RG
oW
DE
TE
D1 2.00000000 sec
TDO 1
SFOL 500.1330885 MHz
NUC1
PO 3.53 usec
Pl 10,58 usec
PLW1 20.00000000 W
F2 - Processing parameters
sI 65536
LIJ SF 500.1300611 MHz
i | NS V' .
LE 0.30 Hz
T T T T T T T T T T T cB 0 )
10 9 8 7 6 5 4 3 2 1 ppm e e
a[R|2|R||S a@S@@ (af|la@ @ (S
P P e P P slelrlale | leileil led ©
Current Data Parameters
NAME JRO422-P1-E48812
EXPNO 2
PROCND 1
- - . PR - "o . F2 - Acguisition Parameters
2 = L Loa8 3 Date_ 20201009
o < R b oad o Time 21,46 b
@ © N e INSTRUM spect
| | ‘ v ‘ V | PROBHD  2113652_0211 (
PULPROG Zapg30
™ 23806
SOLVENT MeOD
E] 2096
B 4
SWH 29761.904 Hz
FIDRES 2.500270 Hz
a0 0.3999408 sec
RG 196,22
oW 16.6800 usec
DE 6,50 usec
TE 300.0 K
01 2.00000000 sec
Dll 0.03000000 sec
DO 1
SFOL 125,7703637 MHz
Nuc1 130
20 3,33 usec
21 10.00 usec
PLW1 76.00000000 W
SFO2 500.1320005 MHz
nue2 iH
CEDERG[2 waltzlé
PCPD2 80,00 usec
PLWZ 21,00000000 W
PLW12 0.31513000 W
PLW13 0,15851000 W
F2 - Processing parameters
sI 32768
Lol IHI h i [ i | SF 125.7577685 MHz
L : WDW EM
SSB
LE 1.00 Hz
T T T T T T T T T T T GB
200 180 160 140 120 100 80 60 40 20 ppm PC 1.40
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HPLC traces

TP-5
2 200-JR0401_02 #2 [modified by Administrator] JR0401 UV _VIS 1
N {mAU WVL:220 nm
E 2-30.602
] |
1,750
1,500
1,250
1,000+
7501
500+
250+
] | 12078 3767
1 I | ISP S
-200H ' , : : __ mi
0.0 10.0 200 30.0 400 50.0 55.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 30.12 n.a. 84.407 22,538 2.38 n.a. BM
2 30.60 n.a. 1887.515 919.439 97.20 n.a. MB
3 33.77 n.a. 16.673 3912 0.41 n.a. BMB
Total: 1988.596 945889 100.00 0.000
TP-6
500 JR03592 RP3 #1 [modified by Administrator] JRO392 RP3 Uv VIS 1
7mAU WVL:220 nm|
400-{
| 2-33738
300-{
200
100+
j R
O_WM
-100 T T T T T L
0.0 10.0 20.0 30.0 40.0 50.0 55.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU min %
1 33.30 n.a. 10.626 1.423 2.09 n.a. BM *
2 33.74 n.a. 347.483 66.587 97.91 n.a. MB*
Total: 358.109 68.010 100.00 0.000
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TP-7

1.200 JR0417_18 #2 [modified by Administrator] JRO417 UV VIS 1
7T ImAU WVL:220 nm)
. 1-31.092
1,000
800+
600
400+
200
: -
o B PSSR
-200 : : : : ——mn
0.0 10.0 20.0 30.0 40.0 50.0 55.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 31.09 n.a. 1042.011  230.254 100.00 n.a. BMB
Total: 1042.011 230.254 100.00 0.000
TP-8
mAU
] @ PDA Multi 3 220nm,4nm|
[Ze]
1 N
750+ @
500
250 ‘
i |:’
4 .'% e
0-— — — ~———
T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
0 10 20 30 40 50
min
PDA Ch3 220nm
Peak#| Ret. Time Area Area%
1 34.107 58400 0.721
2 34.646 8038552 99.279
Total 8096953 100.000
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TP-9

2500 JR0401_02 #3 [modified by Administrator] JRO402 UV VIS 1
! |mAU WVL:220 nm|
| 1-27.959
2,000
1,500—_
1,000—_
500
1 - 28.289
1 3-31.227 —_— |
500 : : : : —
0.0 10.0 20.0 30.0 40.0 50.0 55.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 27.96 n.a. 2090.558 527.678 97.05 n.a. BM *
2 28.29 n.a. 112.754 13.566 250 n.a. MB*
3 31.23 n.a. 14.880 2.476 0.46 n.a. BMB
Total: 2218.192 543.720 100.00 0.000
TP-10
450 JR0393 _RP3 B #1 [modified by Administrator] JRO393 RP3 UV _Vis 1
mAU WVL:220 nm|
1 1-30.335
400+
300+
200+
100+
D_
-100 T T T T T T T T T T T T T T T T T T T T T min
0.0 10.0 20.0 30.0 40.0 50.0 55.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 30.34 n.a. 388.774 82.938 100.00 n.a. BMB
Total: 388.774 82.938 100.00 0.000
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TP-11

1.000 JR0417_18 #3 [modified by Administrator] JR0418 UV VIS 1
! {mAU WWVL:220 nm
875 2 - 28.554
750
625
500
375+
250
195 28.254
: W N
S
A0 | : | ___min
0.0 10.0 20.0 30.0 40.0 50.0 55.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 28.25 n.a. 75.311 4.702 3.03 n.a. BM *
2 28.55 n.a. 820.761  150.641 96.97 n.a. MB*
Total: 896.072 155.343 100.00 0.000
TP-12
mAU
i 5 PDA Multi 1 220nm, 4nm|
500
250
: E | _F_ A
] g — \
o+ ——]
L ) A L
0 10 20 30 40 50
min
PDA Ch1 220nm
Peak#] Ret. Time Area Area%
1 28.471 170812 2.314
2 31.127 7212014 97.686
Total 7382826 100.000
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TP-4

mAU
1000+
5004
0 3 o
I
0 10
PDA Ch2 220nm
Peak#| Ret. Time Area Area%
1 26.144 52118 0.244
2 26.564 92292 0.432
3 27.557 379693 1.777
4 28.149| 20843234 97.547
Total 21367338 100.000

PDA Multi 2 220nm,4nm)|

28.149




High resolution mass spectra
TP-5

Intens. JRO401_hpmix_00000L.d: +MS
x109 2+

80496472

5]

24+

205.96202

hpmikg 00001, d:CaaHizsMisDhes, M+nH, B04.36475

20004

1500

1000

500
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Intens. | JR0392_000001.d: +MS
x109])
1 2+
i 833.95479
2+
1 834.45602
1.25-
1.00-
0.75
T 2+
1 834.95710
0.50
1 | 2+
0.254 835.45831
. I
i 2+
| I | f 835.96122
0.00 J\ 4 A /
JRo0392000001.d:CaaH1z3Niz04sS, M+nH, 833.95491
] 2+
2000 833.95491
1 2+
i 834.45659
1500+
1000+ 2
- 834.95816
5001
] I+
| 835.45967
T 2+
i 835.96117
834.0 834.5 835.0 835.5 836.0 836.5 837.0 837.5m'z
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TP-7

Irns,
PRl

20004

15004

1000

500

8330

8340

97

35



24
805.91001

10.99084

816.90085

2+
24 824.88870
814.42324

JR 438 _000001.d: +M5

2+
832.86729

5004

JR433000001.d:CeaHnsMNi3 0205, M+nH, 805.91238

98

835 miz




TP-9

Iri=ns. RO402_hpmix_0DOD0L.d: +M5

]

B29.5 8300 8305 1.0 kg 8320 8325 B330 8335 miz

TP-10

Iriens. R0353_hpmix_ 000001 d: +M5
x10?

254

2104

0.5

04 JL J L FLY l Jll

gsap Bsas ' 8o =@bs elD 0 @lE | omz
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TP-11

Irans,
X107

2000

15004

1000 '

001

T T = . T T whs mn  me
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TP-12

Intens.
%1081
1.25-
1.001
0.751

0.50

0.25+

0.00]

24

830.90043

JR 435_000001.d: +M5

24
841.89120

24 24
§39.41362 849.87955

llljll.: A L A 1 . |

20004

1500

1000

5004

2
8309

0201

JR439000001.d:Ca3HnsN130S, M+nH, 830.90201

830.0

83

o

835.0

=

83T,

o

840.0 ‘8425 8450 8475 8500  miz

101



TP-4

Infens. | JR 435_000002.d: +MS
x106
2+
8 934.45533
2+
933.95358
6_
24
934.95710
A4
24 24
935.45939
1 I 24
-
934.20355 534.70604 |L ] 93526137
0 oo el st i o Ayt L v.».-J i '--JIM-M‘;JM ﬂu" L..wAI Pt Mot AN 9 b 0 o g vl gt ]
| JR435000002.d:CasHiz3N190455, M+nH, 53395544
] 2+
934.45693
2000 7
1 24
] 933.95544
15004
] 2+
1 934.95806
1000+
1 24
] 935.45902
500+
] 2+
935.95993
] 24
1 936.46093
n T T T T T T T T T T T T T T T T T T T T T T T T - T T T T T AI
9335 9340 9345 9350 935.5 936.0 936.5 miz
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Flow cytometry

TP-1 analogues - 4 h incubation at 37 °C

Subset Hame

15K 7]

TP-8

TP-5

TP-7

TP-6

TP-1

B[ =][s]{=][=]

Untreated

Count

BL1-AFITC-A

TP-2 analogues - 4 h incubation at 37 °C

Subset Hame

TP-4

TP-12
TP-11

TP-10

TP-9

TP-2

Untreated

0 2 3 4 5 8
o 10 10 10 10 o 10
EL1-A D FITC-A

TP-4 and Pip6 - 4 h incubation at 4 °C

1.2K T

Subset Hame

TP-4

[E]Fies

||:| Untreated

Count

BL1-ACFITC-A
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TP-4 and Pip6 - 1 h incubation at 37 °C

Subset Hame
TF-4
1.2K 7] O|Fipe
Untreated
200 T
=
3
< -
600
300 T
o b
B SEESHEE SR
1 4
10 10 10 10 10 10 10
BL1-AFITC-A
Microscope images
TP-11 TP-4
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